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Are Changes in Atmospheric Circulation Important

for Black Carbon Aerosol Impacts on Clouds,
Precipitation, and Radiation?

B. T. Johnson1 , J. M. Haywood1,2 , and M. K. Hawcroft2,3

1Met Office Hadley Centre, Exeter, UK, 2College of Engineering, Mathematics, and Physical Sciences, University of Exeter,

Exeter, UK, 3Centre for Applied Climate Science, University of SouthernQueensland, Toowoomba, Queensland, Australia

Abstract Black carbon (BC) aerosols strongly absorb solar radiation, but their effective radiative forcing

and impacts on regional climate remain highly uncertain owing to strong feedbacks of BC heating on clouds,

convection, and precipitation. This study investigates the role of large‐scale circulation changes in governing

such feedbacks. In the HadGEM3 climate model BC emissions were increased to 10 times present‐day values

while keeping sea surface temperatures fixed, to assess the rapid adjustments to increased BC absorption.

The BC perturbation led to an effective radiative forcing of 2.7 W/m2 and a 0.13‐mm/day reduction in global

precipitation. There were also large shifts in the spatial distribution of tropical convection, increased low

cloud over oceans, and a weakening and poleward shift of midlatitude storm tracks, especially in the

Northern Hemisphere. In a parallel experiment, horizontal winds were nudged toward meteorological

reanalyses to deliberately suppress circulation responses while allowing changes to the thermodynamic

structure of the atmosphere. Surprisingly, BC had approximately the same impact on global‐mean radiation

and global precipitation in the nudged experiment, even though regional changes in clouds and convection

were not fully captured. The results show that large‐scale dynamical responses to BC are important for

regional impacts but have a limited role in determining the effective radiative forcing and global‐mean

climate response. The rapid adjustments of clouds, radiation, and global precipitation were primarily a

response to increased radiative absorption and atmospheric stability. This implies that short nudged

simulations may be sufficient to assess absorbing aerosol impacts on global‐mean radiation

and precipitation.

Plain Language Summary Black carbon (BC) aerosols are emitted during the combustion of

various types of fuel. These soot‐like particles absorb solar radiation and therefore exert a warming

influence on climate. However, their impact is highly uncertain as localized heating of the atmosphere also

alters clouds, convection, and atmospheric circulation. This leads to strong feedbacks and changes in

regional precipitation that vary widely among global models. This study investigates how important changes

in atmospheric circulation are in explaining such feedbacks by comparing experiments where BC emissions

were increased but changes in atmospheric flow were either permitted or deliberately suppressed via

nudging. We find that regional changes in precipitation and cloud over the tropics and midlatitude storm

tracks are indeed strongly linked to changes in atmospheric circulation, especially vertical motion. However,

some of the impacts on regional cloud and precipitation were connected to more basic thermodynamic

adjustments in the atmosphere. Moreover, the impact of BC on global‐mean radiation and precipitation was

approximately the same whether the atmospheric flow was constrained or free to respond and adjust. We

conclude that accurately capturing the feedback of BC on atmospheric circulation is essential to predicting

regional changes in precipitation but may be less important for global‐mean climate impacts.

1. Introduction

Black carbon (BC) aerosols strongly absorb solar radiation in the atmosphere and are expected to exert a

warming influence on the climate system due to their positive radiative forcing (Bond et al., 2013; Myhre

et al., 2013; Ramanathan & Carmichael, 2008; Zhang & Wang, 2011). Due to radiative heating in the atmo-

sphere and reduction of solar radiation at the surface, BC also increases atmospheric stability, leading to

reduced global precipitation and strong impacts on cloud cover and convection. The impact of BC on clouds

was previously termed the semidirect aerosol effect (Hansen et al., 1997) and was originally proposed as a

positive feedback since BC heating was expected to reduce cloud cover, particularly in the boundary layer
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(Ackerman et al., 2000; Johnson et al., 2004). Most current general circulation models, however, show that

BC induces a net negative feedback due to a broader range of rapid adjustments (RA) in the atmosphere. The

term rapid adjustments encapsulates feedbacks in the atmosphere and land system that occur in response to

the forcing but prior to the more slowly evolving changes in sea surface temperatures (SSTs; Forster et al.,

2016). In the case of BC, the dominant RA affecting the radiation budget are reductions in high cloud,

increasing outgoing longwave (LW) radiation; increases in low‐level stratocumulus, increasing outgoing

shortwave (SW) radiation (Koch and Del Genio, 2010; Stjern et al., 2017); and negative LW feedback due

to warming of the upper troposphere (Sand et al., 2015; Smith et al., 2018). These adjustments in cloud

and temperature are linked to BC increasing the static stability of the troposphere and associated reductions

in convection at the global scale (Andrews et al., 2010; Frieler et al., 2011; Ming et al., 2010; Myhre et al.,

2018; Samset et al., 2016). However, at regional scales absorbing aerosol can increase or decrease precipita-

tion and convection as atmospheric dynamics adjust to the inhomogeneous distribution of radiative heating

(Menon et al., 2002; Meehl et al., 2008; Wang, 2009; Liu et al., 2018). The impacts of BC on convection are

complex and highly dependent on its vertical distribution (e.g., Wang, 2013a; Samset & Myhre, 2015). For

instance, BC heating in the boundary layer may reduce shallow convection but enhance the buildup of

moisture and convective available potential energy for subsequent deep convection (Fan et al., 2015; Lin

et al., 2016). The impacts of BC on climate may therefore be felt most keenly at regional scales and may

be disproportionate to the global‐mean forcing or global‐mean temperature response.

Due to the complex nature of such interactions and disagreement among models, the role of BC in anthro-

pogenic climate change remains uncertain and poorly understood (Andreae & Ramanathan, 2013; Boucher

et al., 2013; Wang, 2013b). The problem is compounded by difficulties in constraining the emissions, trans-

port, and atmospheric lifetime of BC, leading to large uncertainties in the BCmass concentrations in models

(Bond et al., 2013; Boucher et al., 2016). A further source of uncertainty is the high sensitivity of BC absorp-

tion to particle properties and mixing state (Jacobson, 2001; Matsui et al., 2018; Peng, 2016; Samset et al.,

2018). These uncertainties pose a major challenge when using observations to constrain the BC absorption

in global models (Chung et al., 2012; Koch et al., 2009; Sato et al., 2003; Wang et al., 2014, 2016). Differences

in the vertical profile of BC also strongly affect radiative forcing uncertainty (Samset et al., 2013; Zarzycki &

Bond, 2010). Consequently, there remains a lack of consensus on the magnitude of BC radiative forcing

(Myhre et al., 2013). Moreover, due to the strong negative RA, estimates of instantaneous radiative forcing

(IRF) have proven an unreliable guide to impacts of increased BC on temperature and precipitation in

coupled models (e.g., Baker et al., 2015; Sand et al., 2015; Stjern et al., 2017).

The study by Stjern et al. (2017) examined the climate response of nine global coupled models to increas-

ing present‐day BC emissions by a factor of 10. This BC perturbation led to surprisingly weak temperature

increases (a multimodel median response of 0.67 K), mainly due to negative RA. The degree of negative

RA varied considerably between the models and the effective radiative forcing (ERF) was between 35%

and 88% of the magnitude of the IRF (of the five models that had diagnosed IRF). One reason why RA

vary between models is that BC can lead to differing responses in clouds. For instance, while most global

models show increases in low clouds and decreases in cirrus associated with suppression of convection,

both these responses are highly sensitive to the vertical distribution of BC in models (Johnson et al.,

2004; Koch & Del Genio, 2010; Samset & Myhre, 2015). Differences in the baseline simulation of clouds

and the prescription of subgrid cloud processes may also influence the magnitude of cloud responses to

BC in large‐scale models (Johnson, 2005). Myhre et al. (2018) and Smith et al. (2018) also showed that

LW feedbacks from changes in tropospheric temperature and water vapor were important contributors

to BC RA and its uncertainty among models, alongside differing SW and LW cloud feedbacks. Another

potential reason for uncertainty in BC RA could be different dynamical feedbacks among models. This fac-

tor has not been well investigated, and we do not yet know whether dynamical feedbacks are important in

determining RA at the global scale.

While there are many sources of uncertainty in quantifying BC climate impacts, one fundamental difficulty

is that the inhomogeneous heating associated with BC has strong influences onmoist dynamical processes at

local to regional scales. This means that RA are more important for BC than for other more uniform climate

forcers (such as greenhouse gases) and explains why RA dominate the global precipitation response from BC

(Samset et al., 2016). Many studies have also shown connections between BC absorption and changes in

regional circulation and monsoon precipitation (e.g., Lau & Kim, 2006; Meehl et al., 2008; Menon et al.,
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2002). For example, BC absorption has also been linked to broader impacts on global circulation, such as an

expansion of the tropics (i.e., the Hadley circulation) in the Northern Hemisphere (NH; Kovilakam &

Mahajan, 2015), northward shifts in the Intertropical Convergence Zone (Roberts & Jones, 2004; Wang,

2004; Yoshimori & Broccoli, 2008) and poleward displacement of the mid‐latitude jets (Allen et al., 2012).

Understanding of these regional circulation changes is growing (Wang et al., 2013b) though it remains a

challenge to link this back to uncertainties in how BC affects the global radiation budget and hydrological

cycle. One question is whether BC‐driven changes in circulation are important only at regional scales or

whether they play a key role in global‐scale fast feedbacks. This question is difficult to assess with

conventional aerosol perturbation experiments and is explored in this study using the technique of nudging.

Nudging relaxes the large‐scale flow toward a reanalysis so that only minimal changes in large‐scale atmo-

spheric flow can occur in parallel simulations. This strategy has been used to gain more robust assessments

of aerosol‐cloud interactions (ACI; Zhang et al., 2014; Kooperman et al., 2012; Ghan et al., 2016) where

feedbacks on the large‐scale flow are assumed to be of secondary importance. In the case of BC forcing

we expect dynamical feedbacks to be more important and use nudging to deliberately suppress these. By

contrasting results from nudged and nonnudged (free‐running) experiments, we aim to show how impor-

tant such dynamical responses are in explaining global and regional changes to clouds, precipitation, and

the radiation budget. This study examines how changes in the distribution of convection and cloud cover

relate to thermodynamic and dynamic adjustments. We use fixed SST simulations to isolate these RA from

slower SST‐driven climate feedbacks. A secondary, more pragmatic, aim of the study is to assess how well

the ERF of highly absorbing aerosol can be assessed with nudged simulations. One major advantage of

using nudging is that it greatly increases signal‐to‐noise ratio in aerosol perturbation experiments, allowing

more robust results from smaller perturbations and/or shorter simulations. While this has proven valuable

in assessing indirect aerosol forcing (e.g., Malavelle et al., 2017), it remains unclear whether this approach

is valid, or sufficiently accurate, for aerosols such as BC that generate more substantial changes in

atmospheric circulation.

Section 2 explains the methods and experimental design. Section 3 compares results from the free‐running

and nudged experiments, including the analysis of ERFs, cloud changes, precipitation changes, and an ana-

lysis of changes to the atmosphere's heat budget. Conclusions are provided in section 4.

2. Methods

2.1. HadGEM3 Climate Model Configuration

This study uses HadGEM3‐GA7.1, an atmosphere‐only configuration of the U.K. climate model using the

Global Atmosphere 7.1 (GA7.1) science configuration (Mulcahy et al., 2018; Walters et al., 2019). The model

has a resolution of N96 (1.25° × 1.875°) and 85 vertical levels. The model physics includes the Global Model

for Aerosol Processes (GLOMAP)‐mode aerosol scheme (Mann et al., 2010) running using precalculated oxi-

dants. The climatology of oxidants was generated from a previous 20‐year simulation that included online

gas‐phase atmospheric chemistry using the U.K. Chemistry and Aerosol combined tropospheric and strato-

spheric chemistry scheme (Morgenstern et al., 2009; O'Connor et al., 2014). The simulations were set up to

represent present‐day climate with greenhouse gas concentrations and aerosol emissions based on the year

2014 using inputs from the sixth Coupled Model Intercomparison Project (CMIP6; Hoesly et al., 2018). SSTs

and sea ice were prescribed based on the climatological average for the period 2000–2014 based on data from

Reynolds et al. (2007).

The microphysical and chemical processes represented in GLOMAP‐mode are fully described in Mann et al.

(2010), with updates for HadGEM3‐GA7.1 detailed in Mulcahy et al. (2018). The modal aerosol scheme

simulates the full life cycle of aerosols including emissions, microphysical and chemical processes, large‐

scale and convective transport, and deposition via dry and wet deposition. The scheme simulates ACIs

including impacts on cloud brightness and cloud lifetime, and represents direct aerosol‐radiation interac-

tions (ARI). Semidirect effects are included as BC absorption modifies radiative heating rates in the atmo-

spheric model and therefore the evolution of clouds. In GLOMAP‐mode, BC aerosols are emitted as

insoluble Aitken‐mode particles and are internally mixed with co‐emitted organic carbon. These particles

can be deposited via dry deposition or impaction scavenging (washout), can coagulate with other soluble

particles, or may age via condensation of sulfate and subsequently transfer to the soluble Aitken or
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accumulation mode. In the soluble modes BC is assumed to be internally and homogeneously mixed with

other chemical components in that mode, which may include sulfate, sea salt, organic carbon, and water.

In this way, BC emissions can affect the concentration, mass, and hygroscopicity of soluble aerosols

acting as cloud condensation nuclei (CCN). There is no microphysical link between simulated aerosols

and ice nucleation processes. The soluble‐mode particles can be lost via dry deposition, impaction

scavenging, or nucleation scavenging (rain‐out), including in‐plume nucleation scavenging by

convective precipitation.

The introduction of convective plume scavenging significantly improved the vertical distribution of BC aero-

sol in HadGEM3 compared to extensive observations from HIPPO (High‐Performance Instrumented

Airborne Platform for Environmental Research Pole‐to‐Pole Observations; Kipling et al., 2013). This reduced

the lifetime of BC (global mean is around 4–5 days in HadGEM3‐GA7, depending on experimental setup)

and helped to address an overestimation of BC in the upper troposphere. A full evaluation of BC aerosol

properties was conducted by Mollard (2017), and a subsequent update to BC absorption properties for

HadGEM‐GA7.1 is described and evaluated in Mulcahy et al. (2018).

2.2. Experimental Design

This study involves two experiments, one where the atmosphere evolves freely (free running) and one where

nudging is applied to relax horizontal winds toward meteorological reanalyses. Each experiment included a

pair of simulations with both ARI and ACI and a pair including only ARI (Table 1). In the second pair

ACI were disabled by prescribing cloud droplet number concentrations using a simple land/sea climatology

(100/cm3 over ocean, 350/cm3 over land). Each pair included a simulation with present‐day (2014) aerosol

emissions and a simulation with BC emissions from fossil fuel and biofuel (BCFFBF) set to 10 times

present‐day values (amounting to 80 Tg/yr). This provides a large perturbation to the radiation budget, com-

parable to that of doubling CO2. Increasing BCFFBF emissions by a factor of 10 proved a successful strategy in

the Precipitation Driver Response Model Intercomparison Project (Myhre et al., 2017) and in other BC mod-

eling studies where similar or larger scaling factors were employed (Mahajan et al., 2013; Sand et al., 2015;

Yoshimori & Broccoli, 2008). We also completed experiments with 1xBC, 2xBC, and 5xBC and found global‐

mean impacts on cloud cover, radiation, and precipitation scaled linearly with BC emission (as found in

Mahajan et al., 2013). However, regional changes were more statistically significant for 10xBC and are there-

fore presented in this study. All simulations included a 3‐month spin‐up followed by a further 20 years that

were used for the analysis.

In the nudged simulations the large‐scale flow in the model is relaxed toward reanalysis data, here the

ERA‐Interim data set (Dee et al., 2011). Nudging was applied to horizontal winds but not to temperature,

to enable thermodynamic adjustments to BC heating. In this study reanalyses from the period 1997–2018

were used as a representative sample of present‐day climate. As recommended in Telford et al. (2008),

nudging was applied above 1.5 km, to enable low‐level winds to adapt more naturally to local surface

conditions and the freely evolving boundary layer structure. The e‐folding time scale was set to 6 hr, as

recommended in Telford et al. (2008), as this keeps the large‐scale flow in step with the reanalysis but

enables small dynamical adjustments that maintain the flow in a balanced state. Because the reanalyses

Table 1

List of Simulations Used in This StudyNudged/free running

Aerosol interactions BCFFBF emission scaling factor Purpose

Free ARI and ACI 1 (control) Main (free‐running) experiment to assess BC impacts

Free ARI and ACI 10

Free ARI 1 Separate RA into ARI and ACI components

Free ARI 10

Nudged ARI and ACI 1 Nudged experiment to assess BC impacts with dynamical responses suppressed

Nudged ARI and ACI 10

Nudged ARI 1 Separate RA into ARI and ACI components for nudged experiment

Nudged ARI 10

Note. ARI = aerosol‐radiation interactions; ACI = aerosol‐cloud interactions; BC = black carbon; BCFFBF = BC from fossil fuel and biofuel; RA = rapid
adjustments.
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originate from a different modeling system to HadGEM3, the baseline climate differs somewhat from

that in the free‐running control simulation. This may have an additional influence on the nature of dyna-

mical responses.

2.3. Method for Calculating of Aerosol Radiative Effects

In this study the ERF has been calculated as the change in net radiative flux at the top of the atmosphere

(TOP; F) between the 10xBC and control simulations (equation (1)), with SSTs, sea ice, and greenhouse

gas concentrations held fixed. This follows the general definition of ERF in Forster et al. (2016), except that

our control simulations represent present‐day climate rather than preindustrial conditions. The IRF (due to

direct absorption and scattering by aerosol) was calculated using a double call to the radiation scheme, as in

Ghan et al. (2012). First, the aerosol radiative effect was diagnosed as (F − Fclean), which gives the change in

net TOA flux between the main radiation call including aerosol (providing F) and a second “clean” call that

omits ARI (providing Fclean). Then the IRF was calculated as the change in the aerosol radiative effect

between the 10xBC and control simulations (equation (2)).

The influence of RA on net TOA radiation was then evaluated as the difference between ERF and IRF

(equation (3)). The RA associated with ARI is denoted RAARI and was evaluated in a similar manner to

RA, except that it is based on ERFARI and IRFARI, that is, the ERF and IRF values calculated from the

ARI‐only simulations (equation (4); also see Table 1 for a list of simulations). The RAARI term includes feed-

backs of BC absorption on cloud properties (i.e., the semidirect effect) and on atmospheric temperature and

humidity and land surface temperature. Note that the cloud droplet number concentrations are idealized in

the ARI‐only simulation (see section 2.2), which could affect the sensitivity of the clouds to ARI (i.e., the

semidirect effect). The RA due tomicrophysical ACI of BC (RAACI; i.e., changes in cloud albedo and lifetime)

were then evaluated as the residual of RA − RAARI (equation (5)). This assumes that ARI and ACI processes

add linearly in the main simulation; any nonlinear interaction between the two is essentially hidden within

the diagnosed RAACI term:

ERF ¼ F10xBC−Fcontrol (1)

IRF ¼ F−Fcleanð Þ10xBC− F−Fcleanð Þcontrol (2)

RA ¼ ERF−IRF (3)

RAARI ¼ ERFARI−IRFARI (4)

RAACI ¼ RA−RAARI (5)

3. Results

The impacts of the 10xBC perturbation on global‐mean radiation, clouds, convection, and precipitation are

summarized in Table 2. The uncertainties in global‐mean values give the 10–90% confidence interval based

on a one‐sample Student's t test with the variance derived from the interannual variability of the BC impact

through the 20 years of the experiment. This gives the confidence in diagnosing a clear impact above the

noise of chaotic variability in meteorological patterns. This source of uncertainty is much lower in the

nudged experiment as the atmospheric flow in each simulation is anchored to the same reanalyses. This

aspect of the experimental design also means that the impacts of BC on such variables are generally statis-

tically significant over a greater proportion of the globe than in the free‐running experiment. In the follow-

ing figures, stippling has been used to mark regions where the local change in a variable is not statistically

significant at the 80% confidence level. Note the symbol ∆ denotes the time‐mean change in any given vari-

able (i.e., 10xBC − control) and ∆ denotes the global‐mean time‐mean change.

3.1. Aerosol Radiative Effects

The 10xBC perturbation leads to an ERF of 2.70 ± 0.07W/m2 in the free‐running experiment and 2.77 ± 0.01

W/m2 in the nudged experiment (Figures 1a and 1g), with the uncertainty range reflecting the 10–90% con-

fidence interval based on the interannual variability of the diagnosed ERF. The 0.07‐W/m2 difference in ERF

between the nudged and free‐running experiments is therefore not statistically significant (based on a
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Student's t test at the 80% confidence level). The parity in results between the nudged and free‐running

experiments is somewhat surprising, given the conceptual difference in experimental design. In both

experiments the ERF is dominated by the IRF (Figures 1b and 1h), which has almost the same global‐

mean value as the ERF. For reference, the BC aerosol absorption optical depth from the free‐running

control and 10xBC simulations are shown in Figure S1. This highlights the impact of the 10xBC

perturbation on column‐integrated absorption and predominantly explains the distribution of IRF shown

in Figures 1b and 1d. To put the 10xBC results into context, the preindustrial to present‐day BC ERF for

this model is 0.30 W/m2 based on the 1850–2014 CMIP6 emissions or 0.17 W/m2 based on the CMIP5

1850–2000 emissions. The corresponding IRF estimates were 0.41 and 0.21 W/m2, respetively. These

estimates fit well within the range of BC ERF and IRF estimates from the recent assessments of Myhre

et al. (2013) and Bond et al. (2013). More detailed information and discussion of the historical BC forcing

is provided in the supporting information and Table S1.

Surprisingly, in this model the RA lead to almost no change in global‐mean net radiation at the TOA (the RA

term was −0.15 ± 0.07 W/m2 in the free‐running experiment and −0.01 ± 0.01 W/m2 in the nudged experi-

ment). On regional scales there are strong and statistically significant negative and positive RA of up to ±15

W/m2 in magnitude (Figures 1c and 1i). For instance, the RA term is negative over many subtropical ocean

regions but positive over tropical Africa and Asia. These regional‐scale adjustments to TOA radiationmainly

originate from feedbacks associated with ARI (i.e., RAARI; Figures 1e–1f and 1k–1l). These lead to strong

changes in outgoing SW and LW radiation that approximately cancel one another globally, though not

regionally. The spatial patterns are broadly similar in the nudged and free‐running experiments though

the nudging seems to favor stronger local changes in the tropics and weaker changes over the subtropics

and midlatitudes. These strong heterogeneous region patterns predominantly relate to changes in cloud

cover, as explored in the next section. Changes in atmospheric temperature, humidity, surface temperature,

and albedo also contribute but to a lesser extent, as indicated by the comparatively weak ARI adjustments to

clear‐sky radiation (Figure S2). As shown by Smith et al. (2018), RA from changes in atmospheric

Table 2

Changes in Global Multiannual Mean Radiation, Cloud, and Other Related Variables Due to 10xBC in the Free‐Running and Nudged Experiments

Climate variable/metric

Global‐mean

free‐running

control simulation

(0xBC)

Global‐mean change in the free‐running

experiment due to 10xBC

Global‐mean change in the nudged

experiment due to 10XBC

Difference with

10–90% uncertainty

range

% change

relative to

control

Difference with

10–90% uncertainty

range

% change relative

to control

ERF (W/m
2
) n/a 2.70 ± 0.07 n/a 2.77 ± 0.01 n/a

IRF (W/m
2
) n/a 2.84 ± 0.02 n/a 2.78 ± 0.01 n/a

RA (W/m
2
) n/a −0.15 ± 0.07 n/a −0.01 ± 0.01 n/a

ACI (W/m
2
) n/a −0.14 ± 0.07 n/a −0.11 ± 0.01 n/a

ARI adjustments (W/m
2
) n/a 0.00 ± 0.07 n/a −0.10 ± 0.02 n/a

ARI adjustments SW (W/m
2
) n/a 1.34 ± 0.08 n/a 1.26 ± 0.02 n/a

ARI adjustments LW (W/m
2
) n/a −1.34 ± 0.07 n/a −1.16 ± 0.01 n/a

Net absorption in atmosphere (W/m
2
) −109.0 5.62 ± 0.05 5.2% 5.55 ± 0.03 7.1%

Net radiation at surface (W/m
2
) 109.0 −2.92 ± 0.04 2.7% −2.78 ± 0.02 −2.5%

Surface sensible flux (W/m
2
) 17.9 −1.69 ± 0.03 −9.5% −1.69 ± 0.02 −9.5%

Surface latent flux (W/m
2
) 90.3 −3.93 ± 0.07 −4.3% −3.85 ± 0.03 −4.2%

Precipitation (mm/day) 3.12 −0.136 ± 0.002 −4.3% −0.133 ± 0.001 −4.3%

Associated latent heat (W/m
2
) 90.3 −3.93 ± 0.07 −3.85 ± 0.03

Column‐max convective mass flux (Pa/s) 0.0593 −0.0039 ± 0.0001 ‐6.6% −0.0044 ± 4e−5 −7.4%

Low cloud fraction (%) 32.9 0.50 ± 0.05 1.5% 0.53 ± 0.01 1.6%

Middle cloud fraction (%) 16.6 −0.76 ± 0.02 −4.6% −0.74 ± 0.01 −4.5%

High cloud fraction (%) 36.0 −1.04 ± 0.06 (−2.8%) −0.08 ± 0.02 (−0.2%)

Total cloud fraction (%) 63.6 −0.69 ± 0.07 (−1.1%) 0.23 ± 0.02 (0.4%)

LWP (g/m
2
) 47.9 −0.42 ± 0.10 (−0.9%) −0.49 ± 0.01 (1.0%)

IWP (g/m
2
) 49.9 −1.99 ± 0.09 (−4.0%) −1.36 ± 0.02 (−2.7%)

Note. ERF = effective radiative forcing; IRF = instantaneous radiative forcing; RA = rapid adjustments; ACI = aerosol‐cloud interactions; ARI = aerosol‐
radiation interactions; LWP = liquid water path; IWP = ice water path; n/a = not applicable.
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Figure 1. Impacts of 10xBC on top of atmosphere radiation balance (W/m
2
) for the free‐running and nudged experiments: (a, g) Effective radiative forcing

(ERF), (b, h) instantaneous radiative forcing (IRF), (c, i) rapid adjustments (RA), (d, j) aerosol‐cloud interactions (ACI; microphysical), and (e–f, k–l) rapid

adjustments associated with the aerosol‐radiation interactions (ARI), segregated into shortwave (SW) and longwave (LW) components. Stipples indicate regions

where changes are not statistically significant at the 80% confidence level. (top two rows) From the free‐running experiment and (bottom two rows) from the nudged

experiment.
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temperature and humidity changes can be relatively strong for BC, but their impact on TOA radiation may

cancel, which is the case in our model experiments.

In these simulations BC leads to weak negative ACI adjustments (free: −0.14 ± 0.07 W/m2, nudged: 0.11 ±

0.01 W/m2) that are only significant over limited regions (Figures 1d and 1j). Scaling up BC emissions in our

model increases the number concentration of insoluble Aitken‐mode particles, and many of these subse-

quently age into soluble particles (via condensation of H2SO4), generally increasing the concentration of

CCN. However, in some polluted regions (e.g., Asia) very large increases in BC particle emissions actually

reduced the effective number of CCN. This is because fresh BC particles act as a sink for the limited supply

of aerosol precursor gases, and this can limit nucleation, ageing, and the growth rate of existing soluble par-

ticles. As found in some other models, these competing factors may reduce the concentration of particles

developing into viable CCN (Koch et al., 2011). Nudging the winds does not appear to alter the magnitude

or spatial characteristics of the ACI response but does improve the statistical significance of the results by

limiting the influence of meteorological variability. This greatly reduces the uncertainty in global‐mean esti-

mates of radiative impacts and also increases the global area where statistically significant radiative impacts

can be diagnosed. This is true for all components in Figure 1 but particularly aids the diagnosis of the rela-

tively weak ACI term. This corroborates previous studies showing nudging to be a suitable and computation-

ally efficient framework for quantifying ACI in global models (Ghan et al., 2016; Kooperman et al., 2012;

Zhang et al., 2014).

In summary, BC RA have virtually no impact on global‐mean TOA net radiation in HadGEM3‐GA7.1, for

either experiment. This result is uncharacteristic, since many other modeling studies have shown RA to

be overall negative for BC and to diminish the ERF of BC to substantially less than the IRF (e.g., Mahajan

et al., 2013; Sand et al., 2015; Stjern et al., 2017). Further analysis is necessary to understand why this is

not the case for our model. Perhaps difficulties associated with modeling clouds in large‐scale models

(e.g., Johnson et al., 2005) still frustrate drawing concrete conclusions.

3.2. Impacts on Cloud and Precipitation

Figure 2 shows the impacts of BC on large‐scale cloud properties and related changes in precipitation and

lower tropospheric stability (LTS).

3.2.1. High Clouds

As found in earlier global modeling studies (e.g., Koch &Del Genio, 2010; Stjern et al., 2017), we find that BC

absorption leads to an overall reduction of high cloud (Figures 2a and 2g) and ice water path (IWP;

Figures 2c and 2i) due to the suppression of deep convection. There are also statistically significant regional

changes including increases of high cloud, IWP, and liquid water path (LWP) in a belt stretching over tropi-

cal Africa and Asia. High cloud fraction and IWP are reduced over most midlatitudes zones, particularly in

the NH, and across many other parts of the tropics. The nudged experiment captures most of the high cloud

changes in the tropics (Figure 2c), except for those over South America and the Tropical West Atlantic, and

has much weaker changes in the midlatitudes. In the tropics, high cloud is mainly produced by detrainment

from deep precipitating convective systems and spreads out laterally due to divergence in the upper tropo-

sphere. This explains why the changes in high cloud fraction and IWP are broadly consistent with

regional‐scale changes in precipitation (Figures 2e and 2k). The patterns of LW radiation adjustments

(RAARI) shown in Figures 1f and 1l are also consistent with the changes in high cloud and IWP, since

high‐altitude cirrus cloud is effective at reducing outgoing LW radiation. The changes in IWP correlate best

with the LW RAARI term in the tropics, particularly in the nudged experiment (linear regression R2 = 0.81;

see Table S2). The changes in cloud are statistically significant over a greater proportion of the globe in

the nudged experiment as nudging reduces the uncertainty associated with chaotic variability in

atmospheric flow.

3.2.2. Precipitation

BC absorption reduces global precipitation by 0.136 ± 0.002 mm/day in the free‐running experiment and

0.133 ± 0.001 mm/day in the nudged experiment (Table 2 and Figures 2e and 2k). This matches the reduc-

tion in the surface latent heat flux associated with evaporation (Table 2) and is consistent with the stabilizing

influence of BC on the atmosphere. The reductions in global precipitation are also consistent with the

requirement to rebalance the atmosphere's heat budget (e.g., Myhre et al., 2018; Richardson et al., 2018),

which is explored later in section 3.4. The global‐mean and local changes in precipitation are almost
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Figure 2. Impacts of black carbon on multiannual mean cloud, precipitation, and associated variables in the (top two rows) free‐running and (bottom two rows)

nudged experiments. Variables include (a, g) high cloud fraction, (b, h) low cloud fraction, (c, i) ice water path (IWP), (d, j) liquid water path (LWP), (e, k) preci-

pitation, (f, l) lower tropospheric stability (θ700mb − θsfc). Stipples indicate regions where changes are not statistically significant at the 80% confidence level.
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entirely due to changes in convective (parameterized) precipitation, with weak or mostly insignificant

changes in stratiform precipitation (Figure S5). This is not a complete surprise as convective precipitation

accounts for just over 70% of global precipitation in the control climate and almost all precipitation in the

tropics (Figure S5). The model's response is therefore understandable, but it should be noted that the high

proportion of convective precipitation in this model, andmany other models, does not necessarily agree with

observations (e.g., Dai, 2006).

BC also leads to statistically significant increases and decreases in regional precipitation due to changes in

the spatial distribution of deep convection (Figures S5e and S5k). Local enhancements in precipitation are

greatest in the tropics and reach 2–4 mm/day (750–1,500 mm/year) over parts of Tropical Asia and

Tropical Africa. The greatest reductions of −2 to −4 mm/day occur over the Indian Ocean and tropical

West Pacific. The enhancements to precipitation over Tropical Asia and Africa also occur where BC radia-

tive heating is strong, as indicated by the large TOA IRF in Figures 1b and 1h, and where annual preci-

pitation is already high (Figures S5a and S5g). The greatest suppression of precipitation occurs in

adjacent regions where BC heating is weak or close to zero, but annual precipitation is high in the control

simulation. The changes in precipitation correlate very strongly with local changes in convective mass flux

and vertical velocity, especially in the tropics (Table S2). Significant shifts in the distribution of tropical

convection have been shown in previous modeling studies that perturb global emissions of BC (e.g.,

Sand et al., 2015; Stjern et al., 2017; Wang, 2009). As discussed in the aforementioned studies, this indi-

cates some feedback between BC heating, vertical motion, and latent heat release via convection. The

result here also echoes the findings of Chadwick et al. (2013) where strong regional changes in tropical

precipitation due to CO2 forcing were explained via adjustments to the baseline thermodynamic state of

the atmosphere and the modulation of preexisting circulations. The free‐running experiment also shows

statistically significant reductions in precipitation in the NH storm tracks, North America, and central

to southern Europe, which are broadly consistent with findings from previous studies (e.g., Tang et al.,

2018; Yoshimori & Broccoli, 2008). The regional precipitation changes in the nudged experiment are simi-

lar to those in the free‐running experiment, except that changes in midlatitudes are weaker with the

nudging. Precipitation responses to BC in the extratropics are therefore strongly connected to changes

in large‐scale circulation that the nudging has suppressed. The reductions of precipitation in the Indian

Ocean and tropical West Pacific also appear stronger in the nudged experiment. One reason for this is that

the nudging only allows small changes in flow so that the adjustments in circulation are more confined to

the region around the BC forcing. Another factor could be differences in the baseline climate in the

nudged and free‐running simulations. For instance, the spatial distributions of annual mean precipitation

in the Eastern Tropics (30°S–30°N, 0–180°E) are slightly different in the nudged and free‐running control

simulations (Figures S5a and S5g), and this may affect the spatial pattern and magnitude of the BC

response at local to regional scales.

3.2.3. Low Clouds Over Ocean and Tropospheric Stability

Low cloud fraction (Figures 2b and 2h) and LWP (Figures 2d and 2j) generally increase over oceans, espe-

cially in the NH. The strongest increases, of up to 15%, are in the Northeast Pacific in the free‐running experi-

ment. This tendency to thicken low cloud is consistent with BC heating leading to increased LTS (Figures 2f

and 2l), which favors the formation of marine stratocumulus (Johnson et al., 2004; Koch & Del Genio, 2010;

Stjern et al., 2017; Wilcox, 2010). This response is in essence captured in the nudged experiment, although

the changes in low cloud fraction and LWP are less pronounced over the North Pacific and North Atlantic

(Figures 2b, 2d, 2h, and 2j), related to weaker or more globally uniform increases in LTS (Figures 2f and

2l). The increased low cloud fraction and LWP over the marine stratocumulus regions most likely explain

the negative ARI adjustments (RAARI) in the SW radiation budget over the Northeast Pacific, Northeast

Atlantic, Southeast Pacific, and Southeast Atlantic (Figures 1e and 1k). Indeed, RAARI (SW) correlates well

with ∆LWP, ∆total water path, and ∆total cloud fraction, even at the global scale (Table S2).

3.2.4. Low Cloud Over Continents

Low cloud changes over the continents vary, but there are strong decreases (of up to 10%) over North

America, Europe, and parts of Asia. As land surface temperatures are free to respond in these experiments,

BC heating does not necessarily lead to increased LTS over continental regions (Figures 2f and 2l). Instead,

the combination of BC warming and drying associated with decreased precipitation (Figures 2e and 2k)

leads to reduced low‐level relative humidity and cloud cover over many land areas in the NH (Figure S3).
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Figure 3. Impacts of 10xBC on zonal‐mean multiannual mean cloud and thermodynamic variables from the (top two rows) free‐running and (bottom two rows)

nudged experiments. Variables include (a, g) stratiform cloud fraction, (b, h) relative humidity (RH), (c, g) total cloud condensate (liquid + ice), (d, j) convective

mass flux summed from shallow, midlevel, and deep convection parameterizations, (e, k) air temperature, (f, l) net radiative heating rate due to black carbon

increases and rapid adjustments. Dashed line indicates multiannual mean height of tropopause, and stipples mask regions where changes are not statistically

significant at the 80% confidence level.
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Although this simple “cloud burn‐off”mechanism does not dominate the low‐cloud response to BC globally

(as originally proposed by Hansen et al., 1997), it clearly has a role in some continental regions. As in Allen

and Sherwood (2010), the impacts are larger in the summer season (not shown). The response is much

weaker in the nudged experiment (Figures S3e–S3h), showing that the warming and drying is not simply

a local response to BC heating. Changes in larger‐scale atmospheric circulation also evidently contribute

to, or augment, this response. The associated reductions in low cloud fraction and LWP contribute to the

positive SW ARI adjustments (RAARI SW) over NH continents (Figures 1e and 1k), accompanied by

decreases in high cloud fraction and IWP.

3.2.5. Changes in Zonal‐Mean Cloud and Moist Thermodynamic Variables

Figure 3 further illustrates the impacts of BC on clouds by showing changes in annual‐mean

zonal‐mean cloud properties and related thermodynamic variables. The pattern of radiative heating

change is almost identical in the free‐running and nudged experiments (Figures 3f and 3l), but the

patterns of changes in temperature (Figures 3e and 3k) and other variables (Figures 3a–3d and 3g–3j)

are considerably different.

The free‐running experiment shows large statistically significant reductions of cloud fraction (Figure 3a) and

cloud condensate (Figure 3c) in the NH midlatitudes (30–60°N), indicating a likely reduction in frontal

cloud. These correspond to a 2–5% reduction in relative humidity (Figure 3b) and 2–3 K increase in tempera-

ture from 800 to 200 mb around 40–50°N (Figure 3e). The convective mass flux and cloud condensate also

reduce in the NH midlatitudes from 850 to 350 mb (Figures 3d and 3c), which is indicative of suppressed

deep convection and reduced frontal activity, as the model's midlevel convection scheme typically triggers

around frontal zones. The zonal‐mean analysis also highlights the overall decrease in deep convective mass

flux across the tropics (Figure 3d), and the corresponding decrease in relative humidity (Figure 3b) and high‐

altitude cirrus (Figure 3a) in the tropical upper troposphere (150–200 mb), plus a warming of up to 3 K

around the tropopause (150 mb; Figure 3e).

The pattern of zonal‐mean temperature change (Figure 3e) does not directly match the change in zonal‐

mean radiative heating (Figure 3f), indicating that thermodynamic adjustments and changes in circulation

largely explain the changes in thermal structure, relative humidity, and cloud. The spatial pattern of zonal‐

mean temperature change is very consistent with those shown in other coupled model experiments

(Kovilakam & Mahajan, 2015; Sand et al., 2015; Yoshimori & Broccoli, 2008). The transport of heat into

the NH midlatitude upper troposphere therefore appears to be a consistent dynamical adjustment in

global models.

In the nudged experiment, changes in zonal‐mean cloud fraction and condensate are considerably different

(Figures 3g–3l). There is a much weaker indication of reduced frontal cloud across the NH extratropics

between 40°N and 90°N, but there are stronger reductions in condensate and convective mass flux

(Figures 3i and 3j) in the tropics. The pattern of changes in zonal‐mean temperature is also much smoother.

These differences in results indicate that large‐scale dynamical feedbacks play a major role in how the ther-

modynamic structure of the atmosphere adjusts to BC heating.

3.3. Dynamical Adjustments

3.3.1. Changes in Vertical Motion

Figures 4a and 4b show the changes in multiannual mean vertical velocity at 500 mb in the two experiments.

In the free‐running experiment there are strong statistically significant increases in ascent in a belt from the

Tropical East Atlantic through Africa and Tropical Asia. Compensating descent (or decreased ascent) occurs

elsewhere in tropics especially the Indian Ocean andWest Pacific. There are also negative changes in vertical

velocity in the NH midlatitudes, especially the Northeast Pacific and across the North Atlantic storm track

into Europe. Vertical ascent, convective mass flux, and precipitation are all physically linked and highly cor-

related, especially in the tropics (Table S2). Note the parameterized convective mass flux does not imply an

additional source of gridbox‐mean ascent as the upward mass flux is assumed to be balanced by down-

draughts and more gradual descent elsewhere within that gridbox.

The nudged experiment shows similar patterns of vertical velocity changes (Figure 4b) in the tropics, with

strong increases over Tropical Africa and Asia and decreases in vertical motion in the Indian Ocean and

West Pacific. The changes in those regions are in fact more exaggerated in the nudged experiment, but
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changes elsewhere in the tropics and in the midlatitudes are weaker. The sign of change reverses to a weak

increase in the North Pacific. These results indicate that nudging restricts some dynamical adjustments,

particularly those in midlatitudes, but permits changes in circulation in the tropics. To preserve mass

continuity, the vertical velocity field must remain consistent with the divergent/convergent component of

the horizontal flow (Figure 4d). Indeed, Figures 4c and 4d show that the changes in vertical velocity at

500 mb are coherent with changes in divergence at 200 mb. One might therefore expect nudging the

horizontal winds to suppress changes in vertical motion. However, local‐ to regional‐scale changes in

vertical motion do still occur in the tropics. Here adjustments to the relatively slow thermally direct

circulations require only small deviations (~1 m/s) in u and v away from the reanalysis, and these are able

to develop despite nudging. Reducing the nudging relaxation time scale from 6 to 3 hr did suppress

changes in vertical velocity by around 30–40% in the tropics, but the connection between diabatic heating

and vertical motion was still essentially retained.

3.3.2. Adjustments to Zonal‐Mean Large‐Scale Flow

BC heating leads to some interesting shifts in the general atmospheric circulation of the atmosphere, as

revealed by the changes in zonal‐meanwind shown in Figure 5. The changes in u, v, andwwind components

are statistically significant in most regions but differ quite markedly between the free‐running and

nudged experiments.

In the free‐running experiment the changes in zonal‐mean vertical velocity and meridional flow (Figures 5b

and 5h) are indicative of a northward shift of the Intertropical Convergence Zone and the associated Hadley

cells. This is signaled by the increase in vertical velocity (w) at 20°N and by the decreases in w across

10°S–10°N. There is also decreased w around 50°N, indicating an expansion of the subtropics descent zones

into the NH midlatitudes, and increases in w at 60–70°N, indicating a related poleward displacement of the

upward branch of the Ferrell cell. The decrease inw around 50°N, associated with these circulation changes,

explains the large decrease in relative humidity and increase in temperature in this latitude zone (Figures 3b

and 3i).

Figure 4. Impacts of 10xBC on (a, b) multiannual mean vertical velocity at 500 mb and (c, d) divergence of the horizontal wind flow at 250 mb for the (left column)

free‐running and (right column) nudged experiments. Stipples indicate regions where changes are not statistically significant at the 80% confidence level.

10.1029/2019JD030568Journal of Geophysical Research: Atmospheres

JOHNSON ET AL. 7942



The free‐running experiment also indicates a northward shift in the upper‐level jet in the NH midlatitudes,

indicated by increases in zonal wind (U component) on the poleward side of the jet (45–70°N) and decreases

on the equatorward side (20–40°N). This is consistent with the temperature change pattern in Figure 3i,

which implies a lower meridional temperature gradient on the southern side of the jet (20–40°N) and stron-

ger gradients on the northern side 50–70°N. There is also a slight poleward shift of the subtropical jet in the

Southern Hemisphere, along with consistent changes in zonal‐mean temperature gradients. The changes in

the position of the NH jets were largest during summer (not shown), implicating the role of BC absorption in

shifting the midlatitude circulations poleward.

The changes in the nudged experiment are totally different and resemble a single large cell with ascent

across 20–50°N and descent across 15°S–10°N. This could be a thermally direct circulation responding to

the peak in BC heating across 20–40°N (Figure 3l). This circulation adjustment leads to stronger changes

in meridional winds than those in in the free‐running experiment. However, the changes in zonal flow

are an order of magnitude smaller than those in the free‐running experiment and do not reflect any pole-

ward shift in the upper‐level jets.

Figure 5. Impact of 10xBC on multiannual mean zonal mean wind components, including vertical velocity (W), zonal wind component (U), and meridional wind

component (V). Plots show data from the (left) control simulation and the impact of 10xBC in the (middle) free‐running and (right) nudged experiments. Stipples

indicate regions where changes are not statistically significant at the 80% confidence level.
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3.3.3. Changes in Large‐Scale Flow

Figure 6 shows the spatial distribution of changes in wind flow at 850 and 250 mb. Once again, there are sig-

nificant changes in flow patterns in the free‐running experiment but much more subdued responses in the

nudged experiment. For the free‐running experiment, the biggest decreases in 250‐mb flow (Figure 6a) are

across subtropical Asia and the North Pacific. This may relate to the strong BC absorption in the Asian

region (indicated by strong positive TOA forcing in Figure 1a). This is accompanied by increases in atmo-

spheric thickness and 250‐mb geopotential height over subtropical Asia and the subtropical North Pacific

(Figures S4c and S4e). Over the Tropical Atlantic there is also a strong easterly change in the flow at 250

mb and a westerly change at 850 mb, consistent with weakening of the Atlantic Walker circulation. This cor-

responds with the reduction in precipitation on the western side of the Tropical Atlantic and increased pre-

cipitation over Africa (Figure 2i). Aside from this, the most significant changes in low‐level winds

correspond to a weakening and poleward shift of low‐level westerlies associated with the midlatitude storm

tracks, especially across the North Pacific and North Atlantic and to a less extent the Southern Ocean. This

weakening and/or poleward shift of surface winds correspond with reduced ascent and precipitation in these

storm track regions (Figures 4a and 2i) and increased surface pressure (Figure S4a).

The nudging prevents large changes to the mean flow from developing (Figures 6e and 6f). Since the model's

pressure and geopotential height fields must also be consistent with the flow, large regional perturbations in

these fields do not develop either (Figures S4b and S4d). The responses that do develop are small adjustments

to broad overturning circulations that involve smaller velocities. Midlatitude dynamics involving large

eddies and strong jets (i.e., large wind speeds that change rapidly with time) are constrained to follow

the reanalysis.

3.4. Atmospheric Energy Budget Changes

The energy budget of the global atmosphere involves a balance between net radiative cooling, and heating

from surface sensible heat fluxes (SH) and the release of latent heat associated with precipitation (LP).

Figure 6. Impacts of 10xBC on multiannual mean horizontal winds at (top row) 250 mb and (bottom) 850 mb. Colors indicate the wind velocity in the zonal

direction (U), and wind vectors show the speed and direction of mean horizontal wind. Plots show values from the (left) control simulation and the impact of

10xBC in the (middle) free‐running and (right) nudged experiments. Gray indicates where wind changes were not statistically significant at the 80% confidence level

or where 850‐mb data are missing due to orography.
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Figure 7. Impacts of 10xBC on the multiannual mean atmospheric energy budget components in the free‐running experiment. Plots show changes to (a, g) short-

wave radiative absorption (Atm_SW), (b, h) longwave radiative absorption (Atm_LW), (c, i) surface latent heat (SH), (d, j) the sum of radiative and sensible

heat (Atm_rad + SH, referred to as “Q” in other publications), (e, k) latent heat release from precipitation (LP), and (f, l) the dynamical heat convergence

(H) calculated as the residual of Q − LP. Stipples indicate regions where changes are not statistically significant at the 80% confidence level.
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Increased SW heating from BC must therefore be rebalanced through a combination of increased LW cool-

ing and downward adjustments in SH and LP (Ming et al., 2010; Smith et al., 2018). The 10xBC perturbation

in these experiments increased global‐mean solar absorption in the atmosphere by 8.4 W/m2 (8.0 W/m2) in

the free‐running (nudged) experiment. Regionally, the SW absorption was strongest over Tropical Asia and

Africa (Figures 7a and 7g) where BC mass loadings were high and solar insolation was relatively strong. LW

emission (radiative cooling) in the atmosphere increased globally by 2.7 W/m2 (2.4 W/m2) in the free‐

running (nudged) experiment due to the combined effects of increases in atmospheric temperature and

changes in cloud and water vapor. The surface sensible heat flux (SH) reduced by 1.7 W/m2 in both experi-

ments, with the strongest local reductions over Tropical Africa and Asia due to decreased surface insolation

and reduced surface temperature (Figures S3a and S3b). The resulting change in atmospheric heating (∆Q)

from changes in radiation and surface sensible heat fluxes (∆Q = ∆Atm_SW + ∆Atm_LW + ∆SH;

Figures 7d and 7j) was 3.9 W/m2, and this was exactly balanced by reduced latent heat from precipitation

(∆LP); see Figures 7e and 7k. This global‐scale balance holds in both experiments, and it is clear from the

comparison between the two experiments that BC‐driven changes in atmospheric circulation do not have

much influence on these global‐scale adjustments to the energy budget.

On regional scales, perturbations to atmospheric heating (∆Q) are not balanced by ∆LP; in fact, strong

heating over Tropical Asia and Africa (Figures 7d and 7j) locally enhances convective precipitation

(Figures 7e and 7k) adding to the atmospheric heating. Reductions in precipitation occur elsewhere where

the atmospheric heating is smaller or negative. This feedback leads to even larger local changes in atmo-

spheric heating that are balanced by changes in heat transport (∆H) from thermal advection. In this study,

changes in heat transport were derived as a residual assuming that the global multiannual mean heat con-

tent of the atmosphere does not change with time (∆H + ∆LP + ∆Q = 0). As shown in Richardson et al.

(2018), the H term is typically dominated by changes in vertical motion, especially in the tropics. As potential

temperature generally increases with height, ascent generally causes dynamical cooling, and vice versa for

descent. This explains the high degree of anticorrelation between ∆LP and ∆H (Figures 7e–7f and 7k–7l

and Table S2) and the correlation of ∆H with vertical velocity changes (Figures 4a and 4b and Table S2).

This balance between changes in latent heating and dynamical warming/cooling (Figures 7e–7f and

7k–7l) also seems to dominate the regional heat budget in the midlatitudes. Vertical motion decreases over

the storm track regions, particularly in the NH, and this likely explains the dynamical warming in those

regions (Figures 7f and 7l). A further contribution may come from reduced horizontal transports associated

with planetary waves and/or eddies, but this cannot be deduced from the present analysis.

In summary, the analysis of Figure 7 shows that changes in atmospheric circulation are not important in

explaining how the atmosphere's heat budget adjusts to BC on a global scale. At regional scales, however,

changes in vertical motion play a key role in balancing out changes in radiative heating and precipitation.

As the nudged experiment permitted some changes to vertical motion, particularly in the tropics, these

regional adjustments have been illustrated, to some degree, in both experiments.

4. Conclusions and Discussion

This study investigated whether changes in atmospheric circulation were important in governing how

clouds, precipitation, and the radiation budget rapidly adjust to forcing by BC aerosol. This question has

been answered by contrasting results from a standard (free‐running) fixed SST experiment against a parallel

experiment where the horizontal winds were nudged toward meteorological reanalyses. In both experi-

ments, present‐day BC emissions were increased by a factor of 10 while keeping SSTs fixed, to allow an ana-

lysis of the RA in the atmosphere‐land system. The results show that changes in the large‐scale atmospheric

circulation are not crucial in determining RA to the global‐mean radiation budget or global precipitation. At

the global scale, these adjustments are driven by changes in convection and cloud cover linked to increased

radiative heating and static stability in the atmosphere. These adjustments are captured reasonably well

even when the atmospheric flow is nudged, provided that temperatures are not nudged. On the other hand,

changes in atmospheric circulation were important in determining regional impacts of BC on precipitation

and clouds.

The 10xBC perturbation led to an ERF of 2.70 W/m2 in the free‐running experiment and 2.77 W/m2 in the

nudged experiment. These ERFs were almost equal to the IRF, as although RA in clouds led to strong
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changes in SW and LW radiation (particularly at regional scales), these cancelled out to have virtually zero

impact on global‐mean net TOA radiation. This result differs from previous studies that concluded BC RA to

be overall negative. In our model, negative LW adjustments due to reduced high cloud (linked to the sup-

pression of deep convection) approximately balanced positive SW adjustments due to an overall reduction

of cloud cover (despite increases in stratocumulus over the oceans). The global‐mean results were approxi-

mately the same in the nudged experiment, even though the regional patterns of SW and LW adjustments

were somewhat different. Changes in atmospheric circulation therefore do not seem to be crucial in deter-

mining the ERF of BC aerosol. This indicates that preliminary estimates of aerosol ERF can be provided from

nudged simulations, even for highly absorbing aerosol. This further supports the findings of Forster et al.

(2016) where ERF estimates for a range of climate forcings were comparable in nudged and free‐running

fixed SST experiments. The result also helps to justify the use of nudging when testing improvements to

aerosols in global models (e.g., Mollard, 2017) or exploring how parametric uncertainty affects ERFs (e.g.,

Regayre et al., 2018). Furthermore, it suggests that differences in dynamical responses are unlikely to be

the major reason for the current disagreement among models on whether BC forcing is weakened by

negative RA.

BC absorption reduced global precipitation by around 0.13 mm/day in both the free‐running and nudged

experiments. This was associated with reductions in deep convection and was consistent with the increase

in radiative absorption that reduces demand for latent heat release in the atmosphere. This requirement

for energy balance in the global atmosphere still held in the nudged experiment, and this result shows that

the global precipitation response to BC is not particularly sensitive to the evolution of dynamical feedbacks.

However, at regional scales, BC heating led to large changes in precipitation (both positive and negative),

cloud, and convective activity, and these impacts were strongly linked to changes in atmospheric circulation.

In the tropics, regional impacts on cloud and precipitation were linked to feedback between BC heating, ver-

tical motion, and deep convection. This dynamical feedback enhanced precipitation over Tropical Asia and

Africa by up to 750–1,500 mm/day. Compensating descent suppressed convection over surrounding tropical

oceans, especially the Indian Ocean and West Pacific. These impacts were just as strong in the nudged

experiment, but the associated changes in vertical motion were supported by relatively small adjustments

in the divergent component of the flow that nudging did not prevent. Changes in the Walker circulation

(zonal flow) were suppressed by the nudging, and this meant that the regions of compensating

drying/descent were less widespread than those in the free‐running experiment.

In the midlatitudes, changes in atmospheric flow were of key importance in determining the RA of clouds

and precipitation to BC. The main impacts were a large reduction in middle‐ and high‐level clouds and pre-

cipitation in the NH midlatitude storm tracks. This was associated with a poleward shift of upper‐level jets

and weakening of associated surface weather patterns. The reasons for this shift are complex but likely stem

from strong heating in the NH subtropics andmidlatitudes that reduces the demand for poleward heat trans-

port in the atmosphere and alters meridional temperature gradients (and the associated baroclinic instabil-

ity). These dynamical responses were inhibited by the nudging, limiting the associated impacts on clouds,

precipitation, and radiation.

BC generally increased low cloud cover over the oceans, due to increased LTS. This negative semidirect effect

response was exhibited in both experiments, but the increases inmarine low cloud weremore pronounced in

the free‐running experiment, particularly in the NH subtropics. This was linked to changes in large‐scale

flow (subsidence) that further increased LTS.

In summary, the study has shown that changes in atmospheric circulation have a mixed role in shaping how

BC affects clouds, precipitation, and the radiation budget. While global‐mean impacts do not seem sensitive

to circulation changes, dynamical responses have a key role in most regional impacts, particularly in shaping

where precipitation changes occur.

One further point to note is that similar regional patterns of precipitation change also emerge in 2xCO2

fixed‐SST experiments (e.g., Chadwick et al., 2019; Richardson et al., 2018), even though the atmospheric for-

cing from CO2 is far more uniform than that from BC. Results from a companion 2xCO2 experiment are

shown in the supporting information (Figure S6) and illustrate that although the RA in cloud, precipitation,

and atmospheric circulation are much weaker for 2xCO2 than for 10xBC, many of the spatial patterns are

similar. Regional impacts from BC are therefore not necessarily unique to the spatial concentration of BC
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forcing. These may be somewhat generic responses to increased radiative absorption and/or preferential

warming over continents (in fixed SST experiments). These responses may depend more on the baseline

simulation of atmospheric circulation in the climate model. This may be one reason that regional impacts

of BC on precipitation and cloud vary considerably among state‐of‐the‐art general circulation models.

However, we conclude that differing dynamical responses are unlikely to explain the intermodel diversity

in BC ERF estimates. Further analysis of RA and dynamical responses in multimodel experiments would

be useful to test this conclusion.
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