1 OCTOBER 2023 NEEDHAM AND RANDALL 6713

Anomalous Northward Energy Transport due to Anthropogenic
Aerosols during the Twentieth Century

MICHAEL R. NEEDHAM®? AND DAVID A. RANDALL?

@ Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado
(Manuscript received 26 October 2022, in final form 5 June 2023, accepted 10 June 2023)

ABSTRACT: In the tropics, the absorbed solar radiation is larger than the outgoing longwave radiation, while the oppo-
site is true at high latitudes. This basic fact implies a poleward energy transport (PET) in both hemispheres, which is ac-
complished by the atmosphere and oceans. The magnitude of PET is determined by the top of atmosphere gradient in the
net radiation flux, and small changes to this quantity must change the total PET in the absence of changes in heat uptake.
We analyze a large ensemble of 50 historic climate simulations from the CESM LENS2 project and find a significant PET
anomaly in the latter half of the twentieth century. The temporal evolution of this anomaly—with a rapid increase after
1950, a peak near 1975, and a rapid decrease in the 1990s—mirrors the historic trend of sulfur dioxide (SO, a significant
aerosol predecessor) emissions from Europe and North America. This anomaly also appears in an analysis of the PET
calculated from ERAS reanalyses and from the CESM2 Single Forcing Large Ensemble. Consistent with previous studies,
we find that historic SO, emissions from Europe and North America brightened clouds, which reflected additional solar
radiation back to space in the midlatitudes: this shortwave anomaly increased the meridional gradient in the net TOA
radiation flux and induced an anomalous northward energy transport. Finally, our results suggest that cryosphere processes
become an additional important factor in setting the PET anomaly during the first years of the twenty-first century by
contributing to the difference in absorbed solar radiation between hemispheres alongside cloud radiative effects.

SIGNIFICANCE STATEMENT: In this study, we analyze a large group of climate model simulations from 1850 to
2014 and find that this historical pollution changed the way that heat was transported from the tropics to Earth’s poles.
We also find this change in heat transport when we analyzed an atmospheric reanalysis, which is a historical dataset
that combines many meteorological observations into a best estimate of the past climate state. This extra reflection of
sunlight from polluted clouds cooled the Northern Hemisphere, and we hypothesize that this cooling caused more heat
transport out of the tropics. Last, we find that similar pollution emitted from China and India in more recent decades
has not led to a change in Earth’s heat transport because of counteracting changes in snow and ice in the Northern
Hemisphere.

KEYWORDS: Energy transport; Energy budget/balance; Aerosol radiative effect

1. Introduction several studies examining the role of polar ice in determin-
ing the total PET through changes in the albedo (Enderton
and Marshall 2009; Rose and Ferreira 2012; Knietzsch et al.
2015; Shaw and Smith 2022). While it may seem an abstract
concept, the PET is tied to many aspects of weather and
climate, from the Arctic amplification of global warming
(Hwang et al. 2011; Serreze and Barry 2011; Screen et al.
2012; Huang et al. 2017; Previdi et al. 2021; Pithan and Jung
2021) to the position of the intertropical convergence zone
(ITCZ; Chiang and Bitz 2005; Kang et al. 2008; Marshall
et al. 2013; Hwang et al. 2013; Frierson et al. 2013; Schneider

Poleward energy transport (PET) is the necessary result of
the meridional gradient in the TOA radiation flux between the
tropics and the poles, and has been well understood for decades
(Sverdrup et al. 1942; Riehl and Malkus 1958; Bjerknes 1964;
Oort 1971; Vonder Haar and Oort 1973; Trenberth 1979). This
PET is almost entirely accomplished through atmospheric and
oceanic transports (Held 2001; Trenberth and Stepaniak 2004),
with only a small residual occurring via other geophysical pro-
cesses such as river and groundwater flows and iceberg trans-
ports. Stone (1978) showed that for an arbitrary spherical planet, ;
the total poleward energy transport is determined by orbital €t al- 2014 Adam et al. 2016; Donohoe and Voigt 2017;
parameters (i.e., axial tilt, eccentricity, and obliquity), the OLR, Kang 2020; Yukimoto et al. 2022).
and the planetary albedo. This then implies that the total PET is An obvious question to consider is how the PET (and its
largely insensitive to the specifics of atmospheric and oceanic ~ constituent transports in the atmosphere and ocean) may re-
dynamics inasmuch as they do not alter the meridional albedo ~ SPOnd to various climate forcings. For example, under green-
gradient through changes in, for example, cloud properties or house gas forcing the atmospheric energy transport is expected

polar ice. Recent work has supported this interpretation, with ~ t0 increase due to increased latent energy transport by baro-
clinic eddies in a warmer atmosphere that holds more moisture

(Held and Soden 2006; Hwang and Frierson 2010). Conversely,

greenhouse warming may lead to a reduction in ocean energy
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response to increased freshwater runoff into the North Atlantic
from Greenland.

Anthropogenic aerosols also represent a major climate
forcing with the same approximate global mean magnitude as,
and opposite sign of, greenhouse gases (Fig. 2.10 from Gulev
et al. 2021). However, aerosols typically have a much shorter
lifetime than greenhouse gases, and thus are not well mixed in
the atmosphere. In practice, this means that the radiative im-
pact of aerosols can be extremely heterogeneous in space, and
the resulting climate impact is sensitive to the location of
emission (Shindell et al. 2010; Persad and Caldeira 2018).

The historic trend in anthropogenic aerosol concentrations
is of primary relevance to this study, which we investigate
through the related trend sulfur dioxide (SO,) emissions.
While there are natural sources (especially volcanoes; Gulev
et al. 2021), SO, is a major pollutant, with a large fraction of
emissions from the energy extraction and industrial sectors of
the economy (Hoesly et al. 2018). In the atmosphere, SO, is
oxidized to sulfuric acid (H,SO,), a major contributor to acid
rain (Grennfelt et al. 2020). In the presence of ammonia
(NHs;) or other alkaline agents, H,SOy, is neutralized to form
sulfate aerosol (Larssen et al. 2006); sulfate aerosols impact
the climate directly by scattering radiation, and indirectly
through changes in clouds and precipitation (Twomey 1977,
Albrecht 1989; Rosenfeld et al. 2014; Hoesly et al. 2018; Naik
et al. 2021).

The Community Emissions Data System (CEDS; Hoesly
et al. 2018), used as one of the forcing agents for the Coupled
Model Intercomparison Project, Phase 6 (CMIP6; Eyring et al.
2016), records our current best estimate of the trend in SO,
emissions from 1750 to the near-present. SO, emissions in-
creased rapidly in the decades following World War 11, mir-
roring the trend exhibited by all pollutants. However, in
contrast to pollutants like CO,, SO, emissions began to decline
in Europe and North America in the last quarter of the twenti-
eth century due to emission control policies. As emissions de-
clined in Europe and North America, the primary source
region shifted to Asia (see Figs. 2 and 3 of Hoesly et al. 2018),
which is presently responsible for around half of annual SO,
emissions. Recent studies have suggested that this increase and
then decline in SO, emissions from the industrialized West has
enhanced the cooling during the mid-twentieth century and has
contributed to the recently observed amplification of warming
in the Arctic (Acosta Navarro et al. 2016; Deser et al. 2020;
England et al. 2021; Aizawa et al. 2022).

Hwang et al. (2013) found that historic aerosol emissions
shifted the I'TCZ southward in the late twentieth century.
They proposed a mechanism whereby aerosol direct and indi-
rect effects decrease local solar absorption in the northern
midlatitudes, which induces an anomalous Hadley circulation.
The upper branch transports anomalous dry static energy
(DSE; the combination of potential energy and enthalpy)
from the Southern to the Northern Hemisphere. Conversely,
the lower branch then transports anomalous latent energy
(LE) southward, leading to the southward precipitation shift
they observed in gridded observations, in a reanalysis prod-
uct, and in the ensemble mean of a subset of CMIP3/5 models.
Similar changes in cross-equatorial transport in response to
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aerosols were found in CMIPS5 historical simulations performed
with all forcings, greenhouse gas—only forcing, and anthropo-
genic aerosol-only forcing (Allen et al. 2015; Irving et al. 2019;
Lembo et al. 2019). Consistent with these results, Yukimoto
et al. (2022) found that precipitation trends in the Northern
Hemisphere were largely driven by changes in cross-equatorial
heat transport associated with an anomalous Hadley circulation
in historical simulations performed with the latest version of
the Meteorological Research Institute Earth System Model
(MRI-ESM2.0), and suggested that aerosol forcing may be
the primary driver of hemispheric precipitation trends due
to the impact on solar radiation.

In this study, we analyze the trends in poleward energy
transport at all latitudes in a large ensemble of historical cli-
mate simulations. We find a significant northward anomaly in
the total atmospheric plus oceanic transport from about 10°S
to 40°N that peaks in approximately 1975. This anomaly
occurs in each member of a large ensemble of historical cli-
mate simulations (Rodgers et al. 2021) performed with the
Community Earth System Model, version 2 (Danabasoglu
et al. 2020). Further investigation of a set of single-forcing
simulations (Simpson et al. 2023) leads us to attribute this
anomaly to historical emissions of SO, from Europe and
North America that altered the meridional radiation gradient
at the TOA through changes in the shortwave cloud radiative
effect in the midlatitudes. We also find that the PET is much
less sensitive to twenty-first-century SO, emissions from Asia,
likely due to the increasing importance of cryosphere processes.

2. Methods
a. Data

Analysis is primarily performed on output from the CESM2
Large Ensemble (hereafter CESM2-LE; Rodgers et al. 2021).
The CESM2-LE is a 100-member large ensemble that covers
the period from 1850 to 2100 forced by the CMIP6 (Eyring
et al. 2016) historical and SSP3-7.0 protocols. Fifty simulations
from the large ensemble utilize the biomass burning (BMB)
forcing from the CMIP6 protocol, which incorporates satellite
observations of wildfires from 1997 to 2014, while the remain-
ing 50 simulations utilize a smoothed BMB forcing designed to
remove the abrupt change in interannual variability and nearly
conserve total emissions (Rodgers et al. 2021; Fasullo et al.
2022). We have repeated our analysis for each of these two
50-member subensembles and found qualitatively similar re-
sults (not shown). The simulations with the smoothed BMB
forcing had a slightly larger PET anomaly at certain latitudes in
the Northern Hemisphere, but this difference was not found to
be statistically significant during most years at most latitudes.

Our analysis is limited to the historical period (1850-2014),
and we independently analyzed each of the 50 ensemble
members which were forced by the smoothed BMB forcing
prior to calculating ensemble-mean statistics. The CESM2-LE
energy and moisture budgets were calculated from monthly
mean radiation fields at the TOA and surface, and from
monthly mean heat flux and precipitation fields at the surface.
These budgets were used to calculate the atmospheric heat
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transport (AHT) using a polar cap integration method, de-
scribed in the following section. The AHT was then added to
the oceanic heat transport (OHT; directly output by the ocean
model on monthly time scales and averaged to annual means)
to give the total PET.

In addition to the CESM2-LE, we also analyze the CESM2
single forcing large ensemble (hereafter CESM2-SF; Simpson
et al. 2023). The CESM2-SF uses an “only” approach in which
each ensemble member is forced by one time-evolving forcing
while all other forcings are held at 1850 levels. CESM2-SF in-
cludes four subensembles with between 15 and 20 members:
1) greenhouse gases (GHG); 2) anthropogenic aerosols (AER);
3), biomass burning (BMB, which uses the smoothed forcing de-
scribed previously); and 4) “everything else” (EE). From the
CESM2-SF, we are primarily interested in the AER subensem-
ble in which only the “anthropogenic aerosol” forcing evolves in
time, but analysis of the other subensembles is included for com-
pleteness. Again, our analysis is limited to the years 1850-2014.

Lastly, we also calculate the PET from the ERAS atmo-
spheric reanalysis (Hersbach et al. 2020). The ERAS5 PET
is then compared to the PET from the CESM2-LE and
both exhibit similar behavior over their common time pe-
riod of 1959-2014, although the ERAS trend is smaller in
magnitude.

b. Poleward energy transport

Neglecting marginal transports (e.g., rivers, groundwater
flows, and icebergs), the poleward energy transport across an
arbitrary latitude ¢, can be calculated as the sum of AHT and
OHT at that latitude.

The AHT can be calculated from a dynamic or an energetic
perspective (Armour et al. 2019; Donohoe et al. 2020; Cox
et al. 2022). In the dynamic perspective, the energy transports
associated with fluid motions are integrated zonally and verti-
cally throughout the depth of the atmosphere; from the ener-
getic perspective the AHT is constrained by the fluxes of heat
and radiation into the atmosphere at the TOA and the sur-
face. The dynamic method allows for the decomposition of
AHT into contributions from the mean meridional circulation
and from eddies, but requires a much larger volume of data
(e.g., 3D fields of temperature, humidity, and wind). For this
study we calculate AHT from the energetic perspective to
more easily analyze the heat transport in these large ensem-
bles of climate simulations. Future work will utilize the dy-
namic perspective to investigate how historic forcing alters
the heat transport associated with the mean and eddy compo-
nents of the atmospheric circulation.

From the energetic perspective, the AHT can be calculated
(e.g., Trenberth and Stepaniak 2003) by integrating the zonal
mean time mean difference between the net energy flux at the
TOA and at the surface,' from the South Pole to ¢y

! This includes contributions from longwave and shortwave ra-
diative fluxes, turbulent fluxes of heat and moisture from the sur-
face to the atmosphere, and the heat flux associated with snowfall
over oceans, although the contribution from this final term is an
order of magnitude smaller than the other terms in the surface en-
ergy balance.
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with the boundary condition
AHT (-m/2) = AHT (7/2) = 0. 2)

In Eq. (1), X’ denotes the time mean of a quantity x, and y**
denotes the zonal mean of the time mean of y; F7 and Fg de-
note the net flux at the TOA and surface, respectively. The
boundary condition at ¢ = /2 is enforced by applying a uni-
form correction to the integrand to ensure that its global
mean is zero.

Equation (1) is essentially an application of the divergence
theorem. Under the assumption of no long-term heat uptake,
which is valid for the atmosphere on time scales of a year or
longer, the (vertical) convergence of energy from the TOA
and surface into a “spherical cap” region defined by the limits
of integration in Eq. (1) must be balanced by the (horizontal)
divergence of energy from the cap. This represents the flux of
energy across ¢o. A similar calculation yields the atmospheric
LE transport if Fis replaced with difference between evapo-
ration and precipitation, in energy units. Then, the total atmo-
spheric transport minus LE transport gives the atmospheric
DSE transport.

The assumption of no long-term heat uptake on yearly time
scales does not hold for the ocean in the way that it does for
the atmosphere. Then, a polar cap integration like Eq. (1) us-
ing F_SM would conflate oceanic heat transport and oceanic
heat uptake. To avoid this, oceanic heat transport was not cal-
culated from surface fluxes, but was instead taken directly
from CESM2 ocean model monthly mean output (model field
“N_HEAT”), interpolated onto the coarser atmospheric
model grid, and averaged to annual means. The total pole-
ward energy transport was then calculated as the sum of AHT
plus OHT.

In practice, there is not a large difference between the PET
calculated using the method described above and a simpler
method of integrating the TOA energy balance, even though
there has been a large amount of ocean heat uptake over the
historical period (e.g., Huguenin et al. 2022). However, these
two methods do give noticeably different results when applied
to the CESM2-LE simulations under the SSP3-7.0 future forc-
ing scenario (i.e., simulated years 2015-2100; not shown).

3. Results
a. Climatology of PET in CESM2-LE

Figure 1 shows the total poleward energy transport (black),
the transport by the atmosphere and oceans (red and blue solid
lines, respectively), and the atmospheric transport of latent en-
ergy and dry static energy (cyan and orange dashed lines for LE
and DSE, respectively) from the CESM2-LE for the period from
1851 to 1900. The shading represents the 5th-95th percentile
among ensemble members, as a measure of ensemble spread.

Figure 1 is consistent with previous studies of PET in the Earth
system (e.g., Trenberth and Caron 2001; Yang et al. 2015). The
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CESM2-LE Poleward Energy Transport: 1851-1900 Climatology
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F1G. 1. CESM2-LE 1851-1900 ensemble mean zonally integrated
northward energy transport (black) decomposed into contributions
from the atmosphere (red) and oceans (blue). Atmospheric trans-
port is further decomposed into dry static energy (orange) and la-
tent energy (cyan) transports, in dashed lines. The shading around
each line represents the 5th-95th percentile among ensemble mem-
bers. Note that the horizontal axis is scaled by the sine of latitude.

total PET is a smooth, almost sinusoidal curve showing the trans-
port of energy from the tropics to the poles, with peak values of
almost 6 PW near 35° in each hemisphere. The constituent trans-
ports in the atmosphere and oceans are much less smooth, and
yet they combine to give a total transport that is remarkably
“seamless” (Trenberth and Stepaniak 2003) with latitude from
the tropics to the extratropics. The spread in PET is clearly
attributable to the spread in OHT, with very little variability
evident in the AHT.

Broad characteristics of the atmospheric global circulation
are evident in the curves for DSE and LE transport. In the
tropics LE transport is equatorward, rather than poleward,
due to the advection of moisture by the near-surface branches
of the Hadley cells (Hwang et al. 2013; Yukimoto et al. 2022).
This moisture convergence drives deep convection in the in-
tertropical convergence zone (ITCZ) where energy is lifted

CESM2 Ensemble Mean PET Anomaly
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and eventually exported poleward as DSE by the mean me-
ridional circulation (Riehl and Malkus 1958; Neelin and Held
1987). Away from the equator transient and stationary eddies
act to transport LE and DSE in the same direction. This eddy
transport has been modeled as the simple downgradient diffu-
sion of energy (Hwang and Frierson 2010; Siler et al. 2018;
Armour et al. 2019; Lu et al. 2022).

b. Short-term variability in PET

The PET was calculated for each of the 50 CESM2-LE en-
semble members with smoothed BMB for each year from
1851 to 2100. From this time series we then calculated the
anomalous PET anomaly relative to the 1851-1900 ensemble
mean climatology. The PET anomaly at each latitude from
1851 to 2014 is shown in the contours of Fig. 2. The contours
show a combination of short-term and long-term variability,
manifesting as vertical “pulses” lasting a few years on top of a
decadal-scale trend of increasing and then decreasing PET
anomaly. The high-frequency pulses are primarily due to oce-
anic heat transport variability (e.g., Trenberth and Fasullo
2017; Trenberth et al. 2019; Trenberth and Zhang 2019). This
behavior is beyond the scope of this study, so a 5-yr Gaussian
filter with a standard deviation of 1 year has been used to
smooth this and subsequent time series in order to focus on
the decadal-scale behavior: the lower-frequency variability
(i.e., the right panel of Fig. 2) is the subject of the remainder
of this study.

¢. Long-term PET trends in CESM2-LE and ERAS5

Perhaps more striking than the high-frequency pulses ob-
served in Fig. 2 is the decadal-scale behavior. The PET anom-
aly shows a positive trend at most latitudes through the
course of the twentieth century which reaches its largest mag-
nitude of approximately +0.25 PW in the roughly rectangular
region bounded by 10°S—40°N and 1965-90, consistent with
the findings of Irving et al. (2019) and Lembo et al. (2019).

PET Anomaly, smoothed with 5-year Filter
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FI1G. 2. (left) Ensemble mean anomalous total energy transport calculated as the sum of atmospheric and oceanic
transports relative to the baseline (1851-1900, shaded in gray). Red shading indicates anomalous northward trans-
port. Note that the vertical axis is scaled by the sine of latitude. (right) As in the left panel, but smoothed with a
5-yr Gaussian filter, as described in the text.
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FIG. 3. Time series of anomalous energy transport (positive northward) at various latitudes. The CESM2-LE ensemble mean transport
is shown in black, while the ERAS transport is shown in red. The correlation coefficient between the ensemble mean CESM2-LE and
ERAS time series for their common period is shown in the top-left corner of each plot. Note that anomalies in this plot are relative to

2000-14 (shaded rectangular region).

To increase our confidence in the robustness of this trend,
we calculate the PET from ERAS atmospheric reanalyses for
each full year of the ERAS record (1959-2021). Due to the
absence of an ocean model, we calculate the PET in the rean-
alysis following the energetic method by performing a polar
cap integration on the annual mean TOA radiation fields cal-
culated from monthly-mean reanalysis data. Anomalies were
then calculated relative to a baseline, with the results shown
in Fig. 3 alongside the CESM2-LE curves. The ERAS data
were smoothed using a 5-yr Gaussian filter, identical to the
filter used on the CESM2-LE data. Note that for this figure
the period 2000-14 was chosen as a common baseline for
CESM2-LE and ERAS.

Each panel in Fig. 3 shows the PET anomaly (again, relative
to 2000-14) at a particular latitude for ERAS and CESM2-LE.
The black curve shows the CESM2-LE ensemble mean. The
shading around the black curve shows the 25th—75th percentile
among CESM2-LE ensemble members, and the dashed gray
lines represent the 5th-95th percentile. The red line shows the
ERAS anomaly. The correlation coefficient in the top-left cor-
ner is between the CESM2-LE ensemble mean and the ERAS
data for the common period. The primary conclusion from
Fig. 3 is that the same PET anomaly is found in both the
CESM2-LE and in ERAS. The ERAS PET anomaly is of a
similar magnitude and is moderately or highly correlated with
the CESM2-LE anomaly from 10°S to 60°N (R? greater than
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0.2, and as large as 0.7), even though the ERAS data contain
variability that is smoothed out in the ensemble mean of
50 members.

The PET trend at each latitude is quantified in Fig. 4 for both
the CESM2-LE and for ERAS. The average PET anomaly at
each latitude was calculated for the two 15-yr periods of 2000-14
and 1975-89. The difference between the two periods was
then scaled by the time difference (i.e., 25 years) to give a

PET Trend: 2000-2014 minus 1975-1989
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FIG. 4. Trend in PET at each latitude for CESM2-LE (black line;
shading) and ERAS (red line). The trend is calculated as the differ-
ence of the average of 2000-14 minus the average of 1975-89 using
the smoothed time series.
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FIG. 5. As in Fig. 3, but for the comparison between the CESM2-LE and the CESM2-SF using the 1851-1900 baseline (shaded gray region).

PET trend in petawatts per decade. The shading once again
represents the interquartile range or the 5th-95th percentile
among CESM2-LE ensemble members.

From Fig. 4, the CESM2-LE appears to overestimate the
PET at most latitudes: at the latitudes of interest (approximately
10°S—40°N) the magnitude of the ERAS trend is occasionally
smaller than the Sth percentile, and almost always smaller than
the 25th percentile of ensemble members. However, the two
curves are broadly similar, with the largest magnitude trend
found between the equator and 20°N. The CESM2-LE trend
here is about —0.07 PW per decade, while the ERAS trend is
about —0.05 PW per decade. Both curves show essentially zero
trend poleward of about 70° in each hemisphere.

d. PET and SO, emissions

We now turn to the underlying cause of the twentieth-century
PET anomaly. This anomaly occurs too early to result from an-
thropogenic greenhouse forcing or related effects (e.g., reduc-
tion in polar ice). Instead, our hypothesis is that this anomalous
northward PET is due to anthropogenic SO, emissions.

To test this hypothesis we repeat our analysis using the
CESM2 single forcing large ensemble (CESM2-SF; Simpson
et al. 2023). The PET was calculated for each simulation in
each subensemble (e.g., for each simulation with only AER
forcing, or with only GHG forcing), with time series plots of
the PET anomaly shown in Fig. 5 at various latitudes along-
side the original CESM2-LE time series. The “everything
else” (EE) ensemble does not show long-term trends and has
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been omitted for clarity. Again, a 5-yr Gaussian filter was ap-
plied to smooth out high-frequency variability.

The curves for the AER simulations (blue) show a simi-
lar PET anomaly that peaks around 1975 that is absent in
the GHG (red) or the BMB (green) curves. In the Northern
Hemisphere (e.g., 30°N), the blue AER curve almost ex-
actly follows the black CESM2-LE curve. In the Southern
Hemisphere (e.g., 30°S) the blue AER curve is larger than
the CESM2-LE curve but is offset somewhat by the nega-
tive red GHG curve. This suggests some sort of linear can-
cellation in the PET response to forcing by aerosols and
GHGs in the Southern Hemisphere that is not evident in
the north.

At most latitudes and years, the curves associated with indi-
vidual forcings add together to give the PET anomaly from
the CESM2-LE ensemble mean (i.e., the red, blue, and green
curves add together to give the black curve). The exception is
from about 2000-14 and from 20°S to 20°N. Here, the anom-
aly in the AER simulations (blue) remains large and positive,
the anomaly in the CESM2-LE simulations (black) decreases
toward zero, and the anomaly in the GHG (red) and BMB
(green) simulations is negative but is too small to counteract
the AER simulations. The impact of the EE simulation is neg-
ligible here (not shown). This suggests that some nonlinear in-
teraction between the various forcing agents reduces the PET
anomaly in the first 15 years of the twenty-first century, which
will be discussed in section 5.

As further support for the anthropogenic SO, hypothesis,
Fig. 6 shows the SO, emissions from the Community Emissions
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FIG. 6. (top) Difference between time-mean SO, emissions for 2005-14 minus 1975-84. (bottom left) Zonal mean

SO, emissions from CEDS used as a contribution to the total anthropogenic aerosol forcing to the CESM2-LE. Val-
ues less than 0.01 gm 2yr~! masked. (bottom right) Time series of normalized global SO, emissions from CEDS
(green line: global, blue dashed line: Europe and United States, red dash-dotted line: China and India), and ensemble
mean CESM2-LE PET anomaly at 30°N (black line). Latitude and longitude limits for boxes drawn to define regions

are included in the text.

Data System (CEDS; Hoesly et al. 2018), used as one of the
forcings to the CESM2-LE and CESM2-SF AER simulations.
These data provide an estimate of historical emissions and not
of optical depth; however, the short lifetime of SO, implies a
high level of correlation between SO, emissions and optical
depth. The bottom-left panel shows a time series of the zonal
mean SO, emissions from 1850 to 2014. There is a clear maxi-
mum centered around 50°N that peaks at about 1980 and de-
creases rapidly after about 1990. At the same time there is a
secondary maximum centered around 40°N. After 1990, 40°N
becomes the primary latitude of SO, emissions, and by the
twenty-first century is joined by other maxima between 20° and
40°N.

The map in Fig. 6 shows the difference between the time-
mean SO, emissions from the years 1975-84, and those of the
years 2005-14. Purple (orange) colors show regions of reduced
(increased) SO, emissions over the 30-yr period. The decrease

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 03:20 PM UTC

seen in North America and Europe can be explained by a com-
bination of air quality legislation, a shift from manufacturing to
service-based economies, and the fall of the former Soviet
Union. At the same time, the orange regions in China, India,
Southeast Asia, and the Maritime Continent, as well as parts of
the Middle East, are the consequence of rapid economic and
population growth and increases in manufacturing (Hoesly et al.
2018). Also evident are increases in SO, emissions along promi-
nent global shipping lanes.

The map and bottom-left panel show that the global SO,
emissions did not simply peak and decrease over the historical
period; instead, there is a complicated regional pattern and
opposite trends in different regions. We now briefly investi-
gate how those regional differences in SO, emissions corre-
spond to the PET anomaly. The bottom-right panel of Fig. 6
shows the SO, emissions for the entire globe (green), combined
emissions for Europe and the United States (EUR: 10°W—45°E,
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35°-60°N; USA: 125°-65°W, 25°-50°N; blue dashed line), and
combined emissions for China and India (CHN: 95°-125°E,
20°-50°N; IND: 65°-95°E, 5°-35°N; red dash-dotted line). Emis-
sions are normalized to give a maximum emission rate of 1. Also
shown in black is the CESM2-LE ensemble mean PET anomaly
at 30°N. From the beginning of the record through roughly 1975
the PET tracks closely with both the global emissions and emis-
sions from only Europe and the United States (which made up
the vast majority of emissions). After this period the green and
blue curves diverge as SO, emissions decrease in the west and
increase in other parts of the world, and the PET anomaly curve
is highly correlated with the decline of emissions in Europe and
North America (R*> = 0.91). Throughout this time period the
emissions from China and India are much less correlated with
the PET anomaly (R*> = 0.18) even though they combine to
make up about half of global emissions by the end of the record.
This is reminiscent of the work of Persad and Caldeira (2018),
who showed that aerosol emissions from western Europe had a
global cooling effect that was 14 times as strong as the same
mass of aerosol emitted from India. The CHN/IND SO, emis-
sions also mirror the ubiquitous CO, emission trend (e.g., Fig. 2
of Hoesly et al. 2018), a point we will return to in a few
paragraphs.

To emphasize the robustness of the relationship between
the PET anomaly and SO, emissions, the top table in Fig. 7
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shows the correlation coefficient at every 5° of latitude be-
tween the CESM2-LE ensemble mean PET and the SO,
emissions from various regions. This table shows that the cor-
relations shown in the bottom-right panel of Fig. 6 are not
outliers: the global emission trend shows moderate correla-
tion with the PET anomaly at most nonpolar latitudes; the
EUR/USA emissions are even more highly correlated, with
R? = 0.5 for all latitudes between 25°S and 70°N; and the
CHN/IND emissions are very uncorrelated with the PET
anomaly at most latitudes equatorward of 65° in either hemi-
sphere. The table also indicates that the emissions from
Europe are slightly more correlated with the PET anomaly
than those from the United States. It is unclear whether this is
evidence of a stronger relationship between EUR emissions
and PET or is merely the result of chance.

The table also shows a high degree of correlation between
emissions from CHN/IND and the PET anomaly near the
poles. However, the authors do not believe this is a real rela-
tionship for several reasons: 1) the CHN/IND emissions of
SO, increase in a way that is reminiscent of the increase in
CO,, which is expected to lead to an increase in poleward en-
ergy transport (Hwang and Frierson 2010); 2) there is no obvi-
ous mechanism to explain how a Northern Hemispheric cooling
from SO, emissions would lead to increased energy transport
toward the South Pole; and 3) the PET anomaly at these
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FI1G. 8. (top left) Anomalous ensemble mean zonal mean shortwave flux at TOA, relative to 1851-1900 average.
(top right) As in the top-left panel, but for the clear-sky shortwave flux at TOA. (bottom left) As in the top-left panel,
but for the shortwave cloud radiative effect at the TOA (defined as full-sky minus clear-sky). (bottom right) As in the

top-left panel, but for the total precipitation rate.

latitudes is at least an order of magnitude smaller than the PET
anomaly near the equator (see Fig. 2).

The bottom table of Fig. 7 shows the correlation of SO,
emissions with the zonal mean absorbed solar radiation (ASR,
the difference between incoming and reflected shortwave radi-
ation at the top of the atmosphere). Similar to our interpreta-
tion of the top table, we find that global SO, emissions are
highly correlated (R* = 0.8) with the trend in ASR at a range
of latitudes. These latitudes range from 20° to 60°N, encom-
passing the industrialized countries of the Northern Hemi-
sphere. We will discuss this link between SO,, PET, and ASR
further in the following section.

4. Discussion
a. Aerosol-radiative effects

We have shown that historical SO, emissions from Europe
and North America are highly correlated with the anomalous
northward heat transport in the mid-to-late twentieth century.
The exact way in which sulfate aerosols mediate changes in at-
mospheric and oceanic heat transports will be the subject of
an upcoming study, but we briefly discuss one important com-
ponent here.

Aerosol-radiative effects occur in the longwave, but are
largest in the shortwave. The (typically smaller) aerosol direct
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effect describes the direct scattering of radiation by aerosols,
while the (typically larger) aerosol indirect effect encompasses
radiative impacts from aerosol-induced changes in clouds and
precipitation (Twomey 1977; Albrecht 1989). We suspect that
enhanced SO, emissions could have increased the reflection of
shortwave radiation in the midlatitudes near the sources of
emission, which would have increased the meridional albedo
gradient. Following the argument of Stone (1978), the in-
creased albedo gradient would imply an increase in northward
energy transport to compensate for the reduction in absorbed
shortwave radiation.

As a first look at this explanation, the CESM2-LE ensem-
ble mean full-sky shortwave anomaly relative to 1851-1900
is shown in the top left panel of Fig. 8, along with the clear-
sky anomaly (top right) and the shortwave cloud radiative
effect (CRE; the difference between full-sky and clear-sky
radiation; bottom left) (Ramanathan 1987; Allan 2011). The
full-sky anomaly shows a perturbation between 30° and
60°N centered around 1975. This full-sky perturbation is
similar to, but poleward of, the PET anomaly in Fig. 2: it in-
creases steadily through the first half of the twentieth cen-
tury, increases rapidly after WWII, peaks near 1975, and
then decreases.

When comparing the clear-sky and CRE plots the perturba-
tion is primarily from the shortwave CRE, suggesting that the
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changes to the TOA shortwave balance—which lead to changes
in the PET—are caused by aerosol cloud radiative effects
rather than by the direct scattering of radiation. The largest sig-
nal in the clear-sky field prior to 2000 appears to be associated
with high-frequency pulses associated with volcanoes. Erup-
tions inject sulfate aerosols into the stratosphere (Kremser et al.
2016), where there is not enough moisture to form optically
thick clouds, compared to anthropogenic aerosols, which pri-
marily remain in the troposphere and often serve as cloud con-
densation nuclei.

Of course, clouds are not the only aspect of the Earth sys-
tem with the potential to alter the TOA shortwave balance.
Another important component is Northern Hemisphere ice.
A reduction in sea ice during the early twenty-first century
may be the cause of the large positive shortwave anomaly
found at northern high latitudes (see red shading in top-right
corner of plots in the top row of Fig. 8). This positive ice-
driven clear-sky anomaly occurred at the same time as SO,
was primarily emitted from CHN/IND and acted to counter-
act the negative cloud radiative effect anomaly so that the to-
tal shortwave anomaly reduced in magnitude.

In the context of PET, these figures suggest that SO, emis-
sions from Europe and North America led to changes in cloud
properties near the latitude of emission (i.e., 30°-50°N). This
different cloud regime increased the reflection of shortwave ra-
diation back to space, which sharpened the meridional albedo
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gradient. The cooling associated with the reduction in solar ab-
sorption in the mid-latitudes led to an anomalous northward en-
ergy transport out of the tropics.

One obvious impact of the SO,-induced changes in PET,
first identified by Hwang et al. (2013) and reproduced here,
can be seen in the bottom-right panel of Fig. 8, which shows
the precipitation anomaly relative to the 1851-1900 baseline.
The peak and subsequent reduction in SO, emissions in Europe
and North America corresponds to a southward shift and even-
tual retreat of the zonal mean equatorial rainband associated
with the ITCZ and the anomalous Hadley circulation (Hwang
et al. 2013; Yukimoto et al. 2022).

b. Partition of PET

So far this study has focused on the total PET by the cli-
mate system. However, the partition of energy transport be-
tween the atmosphere and ocean is also of importance. These
contributions are shown in the top row of Fig. 9, and time
series at different latitudes are shown in Fig. 10.

The top panels of Fig. 9 indicate that the PET anomaly first
illustrated in Fig. 2 is composed of changes to both AHT and
OHT. These changes are of a similar magnitude, and a similar
temporal behavior, although there are differences in the latitu-
dinal structure. The AHT anomaly is largest in the Northern
Hemisphere from 20° to 40°N. Away from the equator, it is
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FI1G. 10. Time series of PET (black), OHT (blue), and AHT (red) anomalies at various latitudes, relative to the 1851-1900 baseline, and
smoothed by the 5-yr Gaussian filter.

known that the majority of the atmospheric energy transport The relative importance of the contributions to the total
is accomplished by stationary and transient eddies. This sug- PET anomaly can be quantified by comparing the AHT and
gests that aerosol forcing may have increased the energy trans- OHT time series at various latitudes in Fig. 10. From 10°S to
port associated with eddies in CESM2, a possibility that will ~20°N the OHT anomaly (blue) is clearly larger than the AHT
be investigated in future work. anomaly (red), sometimes by as much as a factor of 3. In con-
The AHT anomaly at the equator is still large, if slightly trast, at 20°S and from 30° to 50°N the AHT and OHT are
smaller than the anomaly centered at 30°N. The further de- approximately the same magnitude.
composition of AHT into dry static energy transport and la-
tent energy transport (bottom row of Fig. 9) indicates that
this anomaly is the residual of the much larger and offsetting
anomalies in these two constituent transports. A southward Figure 6 raises an interesting question of why SO, emis-
ITCZ shift as seen in Fig. 8 is driven by an increase in south-  sions in the twenty-first century—primarily from China and
ward latent energy transport (blue contours) associated with ~ South Asia—are not correlated with the PET in a similar way
an anomalous Hadley circulation. This more southerly posi-  to twentieth-century emissions from Europe and North America.
tion allows the ITCZ to export more dry static energy to the  Here, we discuss several possible answers to this question.
north, consistent with the energetic understanding of ITCZ One possibility is that the large quantity of black carbon
dynamics (Donohoe et al. 2013; Bischoff and Schneider 2014;  emitted from China and India (Hoesly et al. 2018) offsets the
Schneider et al. 2014; Adam et al. 2016). shortwave effect of the sulfate aerosols during the final years
The OHT anomaly appears to be somewhat larger than the  of the historical period. Black carbon, primarily emitted from
AHT anomaly, with a magnitude in excess of 0.2 PW com- residential biomass burning for heating and cooking, is a
pared to 0.16 PW. This OHT anomaly is also consistent with  strong absorber of shortwave radiation. It is conceivable,
previous analyses of CESM2 specifically and CMIP6 models then, that the large quantity of black carbon emitted in the
more generally that have found an increase in the strength of  early years of the twenty-first century absorbed enough short-
the AMOC in response to aerosol forcing (Menary et al. wave radiation to counteract the effect of SO, emissions.
2020; Hassan et al. 2021; Robson et al. 2022; Simpson et al. However, our results do not support this interpretation: the
2023). This suggests that the OHT anomaly may be primarily  fact that the CESM2-SF AER simulations, which include
due to changes in the AMOC. black carbon alongside SO, (Simpson et al. 2023), do show a

c¢. Nonlinear relationship between PET, aerosol
emissions, and the cryosphere
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major PET anomaly in the twenty-first century suggests that a
different emissions regime is not likely to be the cause of the
disconnect between the SO, forcing and the PET anomaly.

In fact, the difference between the PET anomaly found in
the full CESM2-LE simulations and the anomaly found in the
CESM2-SF AER simulations is a key point. This indicates
that the lack of a PET anomaly cannot be attributed to
different responses to aerosols between the USA/EUR and
IND/CHN regions (e.g., local cloud properties, latitude of
emission, proximity to the AMOC, etc.) If these regional dif-
ferences were the reason for the difference in the PET anom-
aly, then we would expect to see a much more rapid decrease
in the PET anomaly in the AER simulations. Indeed, to first
order, the PET anomaly in the AER simulations appears to
largely follow the global SO, emission trend (cf. Fig. 5 and
the bottom panel of Fig. 6).

Instead of considering regional differences in response to
aerosol emissions, the question now becomes what other pro-
cesses could lead to a reduction in the shortwave anomaly
(Fig. 8). From about 1995 through 2014, the Northern
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Hemisphere shortwave anomaly becomes less negative, and
even becomes positive in the northern high latitudes. A com-
parison of the other panels of Fig. 8 indicates that this reduc-
tion is primarily driven by a positive clear-sky shortwave
anomaly, with only a small reduction in the magnitude of the
negative CRE anomaly during these years. That this clear-sky
shortwave anomaly is driven by a high-latitude process sug-
gests a cryosphere process as the likely cause.

To quantify this change in the shortwave field, Fig. 11
shows the hemispheric difference in absorbed solar radiation
(ASR_HD). The ASR_HD was found by calculating the
area-weighted average of the net shortwave flux at the TOA
in both hemispheres, and then taking the difference of the
Southern minus the Northern Hemisphere (this convention
was chosen so that anomalies are positive throughout the his-
torical period). This calculation was repeated for the net
shortwave flux at the surface, and the net shortwave absorp-
tion within the atmosphere.

Panels in the left column of Fig. 11 show the ASR_HD for
the CESM2-LE and for each of the CESM2-SF subensembles;
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the right panel shows the comparison between the CESM2-LE
and a linear sum of the ensemble means of each of the
CESM2-SF subensembles (e.g., AER + BMB + GHG +
EE). The shading in the right column shows the 5th-95th
percentile among CESM2-LE ensemble members.

The behavior of the curves in the left panel is quite similar
to the analogous curves for the PET anomaly in Fig. 5. This is
not surprising: the ASR_HD has previously been used as a
rough metric for the AMOC (Menary et al. 2020; Robson et al.
2022), and thus its relevance to the total poleward energy trans-
port is obvious due to the large amount of cross-equatorial heat
transport in the Atlantic basin (Trenberth and Fasullo 2017;
Trenberth et al. 2019; Forget and Ferreira 2019; Newsom et al.
2021). In the absence of changes in the outgoing longwave radia-
tion, the ASR_HD determines the amount of cross-equatorial
energy transport that is required to maintain hemispheric energy
balance. If the anomaly in the ASR_HD is positive (which in-
dicates a darker Southern Hemisphere), this implies a larger
amount of energy must be transported northward across the
equator, consistent with the PET anomaly found in this study.

The primary take-away from Fig. 11 is that the CESM2-LE
ASR_HD is largely recreated from a linear sum of CESM2-SF
subensembles from the beginning of the historical period until
about 1995. After this point, the CESM2-LE curve drops rap-
idly, but the linear sum stays at about the same level (ignoring
the large peaks clearly associated with the volcanic eruptions
of Mt. Pinatubo and El Chichén in 1991 and 1982, respectively).
This indicates a nonlinear response of the ASR_HD—and by
extension the PET—to these climate forcings in CESM2 around
the turn of the twenty-first century.

Comparison of the three panels in the right column indi-
cates that this difference in ASR_HD between the CESM2-
LE and the linear sum of CESM2-SF subensembles is driven
by the surface component of the shortwave, again consistent
with an impact from cryosphere processes. This complicated
relationship between aerosol emissions, surface shortwave ra-
diation, and the cryosphere in the CESM2-SF simulations was
discussed in detail by Simpson et al. (2023). In particular,
Simpson et al. (2023) described that the relationship between
aerosol emissions and Northern Hemisphere ice was state de-
pendent: the cryosphere responses to aerosols was different in
a cooler climate where aerosols were emitted alone compared
to a warmer climate where aerosols were emitted alongside
greenhouse gases. They found that an imposed aerosol forcing
in a climate without greenhouse gas warming increased the av-
erage snow cover by a larger amount than the same aerosol
forcing in a climate with greenhouse warming. This leads to a
larger surface albedo in the high latitudes of the cooler climate.

This state-dependent relationship appears to explain why
the ASR_HD—and by extension the PET—from CESM2-LE
is not recreated by a simple linear sum of the CESM2-SF sub-
ensembles from 2000 to 2014. This can be seen in the bottom
panels of Fig. 11, where the linear sum of the ASR_HD from
the CESM2-SF subensembles (red dashed line, right panel) is
larger than the ASR_HD from the CESM2-LE simulations
(black line, right panel), due to the contribution from the
AER simulations (blue dashed line, left panel). In turn, this
helps to explain why SO, emissions from India and China
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appear to have a smaller impact on the PET: the cryosphere
processes counteract the shortwave impact of aerosols emitted
from these regions. Cryosphere processes do not have the
same impact during the last half of the twentieth century when
emissions from Europe and North America were largest.

As an aside, our results for CESM2 are in contrast to those
of Menary et al. (2020), who found that the ASR_HD in
CMIP6 models was largely recreated from a linear sum of the
ASR_HD in DAMIP simulations. This suggests that the rapid
recovery in the PET anomaly after 1995 may be specific to
CESM2, while the PET anomaly itself is likely a feature of a
large number of CMIP6 models.

5. Conclusions

We have shown a robust link between historic anthropo-
genic SO, emissions and anomalous northward energy trans-
port in the latter half of the twentieth century. Our study goes
beyond previous studies which focused on the cross-equatorial
transport to characterize the historic PET anomaly at all lati-
tudes. This anomalous PET has been found in a large ensem-
ble of climate simulations, a second ensemble of simulations
forced only by historic anthropogenic aerosol emissions, as
well as in an atmospheric reanalysis.

Consistent with previous studies, we find that Northern
Hemisphere anthropogenic SO, emissions—specifically from
Europe and North America—increased the reflection of
shortwave radiation back to space, primarily due to aerosol-
cloud interactions. By the early twenty-first century, the zonal
mean shortwave anomaly (Fig. 8) had become much smaller;
consequently, the PET anomaly (Fig. 2) decreased as well.
Our results suggest that this reduction in the shortwave anom-
aly is due to the increasing importance of cryosphere pro-
cesses around and after the turn of the twenty-first century,
which complicates the simple relationship between SO, and
PET found during the twentieth century.

Future work will explore the potential pathways that may
explain how an increase in the reflection of shortwave radia-
tion by midlatitude clouds leads to an increase in the total
northward energy transport by the atmosphere and oceans.
For the oceans, it is possible that anthropogenic emissions
over land may alter the surface energy balance over oceans,
downstream of the source of emissions. This possibility is rem-
iniscent of previous work that has attempted to characterize
the impact of aerosol emissions on tropical cyclones through
the framework of tropical cyclone potential intensity (Sobel
et al. 2019, and references therein). In principle, this down-
stream effect could lead to a stronger SST gradient and a
larger amount of energy transport even without a change in
the ocean currents. However, it appears that ocean currents
do in fact change in CESM2 during the historical period:
Simpson et al. (2023) found that the Atlantic meridional over-
turning circulation (AMOC) in CESM2 strengthened in re-
sponse to historic forcing, largely driven by aerosol emissions.

The temporal evolution of the AMOC anomaly in the
CESM2 Large Ensemble is quite similar to the PET anomaly
discussed in this study [cf. Fig. 10 of Simpson et al. (2023) to
Figs. 3 and 11 herein]. This is not surprising based on the



6726

amount of heat that is transported by the AMOC. We empha-
size that the total PET anomaly discussed in this study cannot
be immediately dismissed as a by-product of the CESM2
AMOC response to historical forcing. Perhaps one-third of
the total heat transport anomaly is due to an increase in atmo-
spheric transport, as shown in Figs. 9 and 10.

From an annual-mean, zonal-mean perspective the cross-
equatorial AHT anomaly is likely driven by an anomalous
Hadley circulation (Hwang et al. 2013; Yukimoto et al. 2022),
and the AHT farther north is likely driven by changes in sta-
tionary and transient eddy heat transports. One possibility is
that a reduction in absorbed shortwave radiation would in-
crease the temperature difference between the tropics and the
poles. Then, the energy transport would become more effi-
cient, leading to an increase in energy transport without re-
quiring a change in the winds. A related possibility is that a
sharper temperature gradient would lead to stronger and/or
more frequent baroclinic eddies in the midlatitude winters,
which could transport more energy toward the poles. A
clearer understanding of the PET trends in different seasons
and in different regions is crucial to fully understand the his-
torical behavior we have described.
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