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Reductions in cooling sulfate aerosols may have contributed to recent warmth.

The year 2015 was the warmest in recorded history, and featured an intense El Nifio event in the second half of the
year. Since global temperatures have been increasing alongside greenhouse gas (GHG) concentrations and also
correlate with the El Nifio Southern Oscillation (ENSO), both the U.S. National Centers for Environmental Information
and the Australian Bureau of Meteorology indicate that El Nifio was a major contributor to the 2015 record warmth
(NOAA 2016; BoM 2016).

We offer a hypothesis for an additional contributor to the record global warmth in 2015: a reduction in sulfur emissions
from the combustion of coal and of petroleum-derived ship fuel. Sulfur emissions have been cut in order to reduce the
health impacts of the sulfur dioxide (SO2) pollutant and of the particulate matter (sulfate aerosols) that subsequently
forms in the atmosphere. However, sulfate aerosols also provide a cooling veil by scattering sunlight, brightening
clouds, and extending cloud size and lifetime (IPCC 2013). Reducing sulfate aerosols could curtail this atmospheric
cooling effect (Fiore et al. 2015), and thus contribute to the observed record-breaking 2015 temperatures.

This paper reviews the temperature anomalies of 2015, and presents evidence both consistent with and contradictory
to a contributing role of sulfur cuts in recent warming. We suggest the hypothesis presented merits scientific attention
in climate models and observations.

Temperature anomalies in 2015

Close examination of the spatial and temporal distribution of record warmth in 2015 reveals key features that do not fit
a narrative of causation by El Nifio. Specifically:

1. ENSO indices started 2015 at positive levels (i.e., closer to El Nifio than La Nifia conditions) but below
thresholds that typically signify a meaningful El Nifio event. The indices rose sharply in mid-2015, and by late
2015 ranked among the three strongest El Nifios since 1950 (Climate.gov 2016).

2. Global temperature anomalies rose sharply in early 2015, before El Nifio was fully established. On a quarterly
basis, they rose 0.09K from September-November 2014 to December 2014-February 2015. February and
March 2015 were the largest temperature anomalies on record, later surpassed by each month September
2015-March 2016 (NOAA 2016).

3. Temperature increases from 2014 to 2015 were greater in the Northern Hemisphere (0.22K based on the NASA
GISS compilation) than in the Southern Hemisphere (0.03K).

4. Satellites observed record warm sea surface temperatures (SST) off the coasts of North America and Europe
throughout 2015 (Figure 1).

These observations from 2015 appear inconsistent with causation exclusively by El Nifio. How could an ElI Nifio that
began in Q2 2015 and intensified in Q3 and Q4 of 2015 have caused an intense spurt in temperatures that began in
the first quarter (Q1) of 2015? Furthermore, El Nifio SST anomalies manifest most strongly in the tropical Pacific
Ocean, with eastern waters warmer than usual and western waters cooler. Previous El Nifio events have not been
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accompanied by warm SST anomalies in the extratropical waters off the coasts of North America and Europe. The
2015 temperature spurt that occurred almost exclusively in the Northern Hemisphere is also curious, since El Nifio is
centered over the Equator. However, the El Nifio event in 1997-98 also featured more warming in the Northern than
Southern Hemisphere.
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Figure 1. 2015 SST anomalies for Q1 and Q2 compared to the 1981-2010 average. Image Credit: Huang et al. 2014; Liu et al. 2014

Sulfur’s Influence on Climate

Anthropogenic sulfur emissions arise primarily from the burning of coal and fuel oil, and most emissions occur in
industrialized regions of the Northern Hemisphere and from ships (Smith et al., 2011). The SO2 is oxidized in the
atmosphere, or removed by wet or dry deposition if it comes into contact with a surface or precipitation (Figure 2). The
main climate impact of SO2 comes when it is oxidized to form sulfate aerosols (Eatough et al. 1994).

Sulfate aerosols in the atmosphere influence climate in two ways: directly, by scattering solar radiation, and indirectly,
by brightening clouds or extending their lifetime or size (Lelieveld and Heintzenberg 1992; Chuang et al. 1997). Both
of these effects cause negative radiative forcing (IPCC 2013). Given the lifetime of sulfur in the troposphere (days to
weeks), the cooling likely extends hundreds of kilometers from the emissions sources (Fiore et al. 2015).
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To assess whether sulfur cuts contributed to temperature anomalies in 2015, we assess three lines of evidence

(Figure 2):

1. Evidence of sulfur emission reductions, specifically from coal in China and ship fuel in emission control areas

(ECAs);

2. Atmospheric observations of SO2 and aerosols; and

3. Temperature trends where sulfur emissions were reduced.

Our analyses show strong evidence of point 1, but conflicting evidence for points 2 and 3. We begin by presenting
evidence that emissions from coal and ship fuel oil declined in 2015 in distinct regions of the Northern Hemisphere.

Coal Sulfur in China and Elsewhere

Dramatic reductions underway in China coal use have been

| -
recognized only recently. China consumes as much coal as il Lop =
the rest of the world combined (EIA 2014; Buckley & Sanzillo o "'i _ A MWW vy
2015), and coal consumption grew at an annual rate of 7.8 v . A R

percent between 2000 and 2012 (Hao et al. 2015). Most
forecasts by the Intergovernmental Panel on Climate Change
projected growth in coal in China and worldwide (IPCC 2014).
However, the Chinese government in December 2015
announced that it was banning new coal mines for three years
to alleviate growing stockpiles of coal. A January 2016
announcement from the National Energy Administration
(NEA) outlined plans to shutter 4,300 existing small and

Figure 2. Hypothesis for how reductions in SO2 emissions from
ships and coal could lead to warmer temperatures. Numbering in the
schematic aligns with the table above. Image Credit: Anna Ruth

Halberstadt

inefficient coal mines and cut outdated production capacity of

700 million tonnes in the coming three years (Xinhua Net 2016). Together, these developments strongly indicate that
Chinese coal combustion is in ongoing decline. China’s National Bureau of Statistics confirmed in February 2016 that
China’s coal use has fallen for a second year in a row, dropping roughly 3.7 percent in 2015.
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Sulfur emissions associated with China’s coal combustion have fallen faster than the declining coal usage. The
national average sulfur content of coal used by the power sector in China was 1.01 percent in 2005, ranging between
0.25 and 3.24percent for different source regions (Wang and Li 2001; Zhao et al. 2008; You and Xu 2010). China has
explicitly targeted sulfur emission reductions to mitigate unhealthy levels of particulates in eastern cities. A Chinese
government plan issued in September 2013 aims to increase coal washing rates to 70percent by 2017 and to
accelerate construction of scrubbers for flue gas desulfurization (Chinese Environmental Protection Ministry 2013).

In addition to China, declines in coal consumption have also been reported in the United States, Japan, the European
Union, South Korea, and South Africa (Buckley & Sanzillo 2015). In the United States, for example, power plant
consumption of coal fell 12percent in 2015 (EIA 2016). Only two of the major coal-consuming countries, India and
Australia, showed growth in 2015 (Buckley and Sanzillo 2015). Although the International Energy Agency expects
India to lead global growth in coal demand (IEA 2015), growing stockpiles and lagging demand for coal (Cohan 2016)
have led to moves to scale back coal mining and imports in India (Kanungo 2016; Das 2016).

Ship combustion of fuel oil is estimated to emit 13percent to 15percent of global SO2 from anthropogenic sources
(Klimont et al 2013, Smith et al 2014), ranking behind the power sector and industrial coal combustion but producing
eight times more SO2 than other transport sources. Ships burn residual fuel oil, which contains orders of magnitude
more sulfur than highway diesel and gasoline, and they typically do not control their SO2 emissions. Emission Control
Areas (ECAs) for shipping were established by the 1997 MARPOL Protocol that originally took effect in May 2005.
ECAs extend 200 nautical miles from the U.S., Canada, and portions of Europe. Ship fuel sulfur limits within ECAs
were tightened to 1.0percent in July 2010, and to 0.1percent in January 2015. Elsewhere, the International Maritime
Organization (IMO) began limiting ship fuel to 3.5percent sulfur in January 2012, and plans to set a 0.5percent limit in
2020 or 2025 (IMO 2008).

Despite their limited geographical extent, ECAs substantially influence shipping SO2 emissions overall since ships
spend much of their time in and near ports, and approximately 70percent of their operating time within 200 nautical
miles of land (Corbett and Fischbeck, 1997). Assuming full compliance, the ECA regulations would imply a 90percent
reduction in ship SO2 emissions in those areas beginning January 2015. Because fuel with a higher sulfur content is
cheaper, it is likely that ships would resume their use of high-sulfur fuel oil upon leaving the ECAs. The North American
ECAs are expected to have reduced SO2 emissions by 834,000 tonnes per year (Marine Environment Protection
Committee, 2009), and the European ECA by 150,000 tonnes per year (Kalli et al. 2013). Together, that would
represent about a 9percent reduction in shipping SO2 emissions in the Northern Hemisphere. In terms of radiative
forcing, Lauer et al (2009) estimate that a 0.1percent sulfur cap on ship fuel within 200 nautical miles of coasts (akin to
the 2015 ECAs, but also applied to other coasts) would increase radiative forcing globally by 0.12 W/m2 (Watts per
square meter), largely via interactions of the sulfate with marine clouds. While this radiative forcing is smaller than
needed to explain the rise in Northern Hemisphere temperatures in 2015, it could have played a contributing role
regionally.

The ECAs complement a growing array of strict regulations of ship sulfur. For example, China implemented a
0.5percent fuel sulfur cap effective July 2015 in Hong Kong and January 2016 in the Pearl River Delta, Yangtze Delta,
and Bohai Bay rim. European Parliament Directive 2005/33/EC limited ship fuel sulfur in inland waterways and ports to
0.1 percent, effective January 2010. The Port of Long Beach, California, offered a Green Ship Incentive Program for
ships that met 2016 emission standards early.

Satellite Observations of SO2

Though in situ measurements of SO2 are not readily available over the oceans or beyond urban regions of China,
NASA provides daily and monthly averaged measurements of SO2 from the polar-orbiting Ozone Monitoring
Instrument (OMI) that can be used to evaluate point 2a of our hypothesis. A recent study used OMI to identify trends in
SO2 over the last decade (Krotkov et al 2015; Figure 3). Though China tops the world in SO2 emissions, OMI
observed a 50percent drop in SO2 concentrations over China from 2011 to 2014 (Krotkov et al. 2015). OMI also
observed large reductions in SO2 columns over the U.S. and Eastern Europe from 2005 to 2014. Meanwhile, OMI
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observed SO2 increases over India over what time frame.

Our examination of OMI satellite Level 3 monthly data for 2015 shows an acceleration of the downward trend in SO2
over China. However, SO2 from ships is too diffuse for the trends to be observed by OMI (lolanda lalongo, Finnish
Meteorological Institute, and Nickolay Krotkov, NASA, personal communication).

Aerosol Anomalies and Diurnal Temperature Range in 2015

To evaluate whether aerosols responded to the emissions changes (Point 2b

of our hypothesis), we consider weekly values of over-ocean aerosol optical ' ‘
thickness (AOT), available on a 1-degree grid from the National Oceanic and "
Atmospheric Administration’s Advanced Very High Resolution Radiometer : " '

(AVHRR) aboard polarorbiting satellites (Tragou and Lascaratos 2003). The
mean AOT from this AERO100 dataset was stable globally from 2010-2015.

Here, we analyze AERO100 data over regions most likely to be affected by
the sulfur cuts from China coal and the shipping ECAs (Figure 4). For China,

we define a region over the China Sea bounded by the Korean Peninsula, ,;‘
Japan, the Philippines, and Vietnam (Figure 4). Over this region, AOT was ’
6percent lower in 2015 than the 2008-2014 average (Table 1). The AOT drop ; ’f

in 2015 was greatest near the China coast, consistent a reduction of SO2 from
inland sources. Over the North American and European ECAs, AERO100 data
show AOT declined 2.7 to 8.0percent in 2015 relative to the prior seven-year e
average (Table 1). The exception is the Hawaiian ECA, which showed a slight , ,

Figure 3: SO2 over China observed by OMI

increase in AOT in 2015. satellite, averaged over 2005-2007 (top) and
2011-2014 (bottom). Image Credit: NASA

We had hypothesized that the lower AOT would increase sunlight reaching the

regions, leading to daytime warming and a wider gap between maximum and

minimum daily temperatures (Figure 2, point 3b). However, 1-degree gridded temperatures from the Berkeley Earth
Surface Temperature project (BEST) based on land weather stations, do not show a statistically significant change in
the daily temperature range over China or near the ECAs.
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Figure 4. Regions over which aerosol optical thickness was assessed. Image Credit: Basemap: ESRI, DeLorme, HERE, MapMyIndia
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Conclusions and Implications

The analysis and discussion above provide mixed evidence about whether reduced sulfur emissions contributed to
2015 Northern Hemisphere warming. The temperature anomaly distribution (Figure 1) suggests that El Nifio alone
cannot explain several of the key features of 2015 Northern Hemisphere warming. Regulatory changes and economic
statistics are consistent with declines in sulfur emissions from coal in China and the U.S. and from ships in the ECAs
(Figure 2, point 1). OMI observations confirm SO2 reductions over China (Figure 3, point 2a), but cannot detect
changes over the ECAs, while another satellite confirms reductions in aerosols over the ECAs (Table 1; point 2b).
Warm SST anomalies are observed over the ECAs (Figure 1; point 3a), but air temperature data do not show an
increased gap between maximum and minimum temperatures (point 3b).

AOT average AOT average Avg2015 - percent
2008-2014 2015 AvgPre2015 Difference
(Dif/Avg * 100)

East Coast ECA 0.108 0.105 -0.003 2.7
West Coast

ECA 0.100 0.092 -0.008 -8.0

Europe ECA 0.103 0.096 -0.007 -6.7

Hawaii ECA 0.111 0.114 0.003 +2.3

China Sea 0.098 0.0924 -0.006 -6.0

Table 1. Aerosol optical thickness over the ECA regions of North America and Europe, in 2015 and averaged over the prior 7 years in AERO100 data.

IPCC forecasts predict that SO2 and sulfate aerosols will decline sharply in the coming decades; accelerating those
reductions is a boon to public health. However, CO2 and other long-lived gases accumulate in the atmosphere,
whereas sulfur is short-lived. Thus, reducing CO2 and other greenhouse gases must remain a primary target of
climate change mitigation, even if sulfur reduction drives short-term regional warming.

The possibility that a cut in ship sulfur emissions could dramatically impact temperatures in ECAs raises important
policy questions. In particular, is it wise for the IMO to follow through with plans to cut ship fuel sulfur globally in 2020
and 20257 This question was recently raised in the context of Arctic shipping by Lindstad et al (2016). Creating new
ECAs near coasts, especially near the heavily populated coastal mega-cities of Asia and beyond, would reduce
population exposure to harmful particulate matter. However, sulfur released over the open oceans is more likely to
enter clouds than human lungs. In remote marine areas where baseline particulate matter and cloud condensation are
typically low, sulfate aerosols derived from ship sulfur emissions may be especially impactful on clouds (Lauer et al.
2009). After decades of ships emitting cooling sulfur over the open oceans, imposition of a global cut in fuel sulfur
content could bring a sudden change to the little noticed climate “geoengineering” that ships provide in remote marine
areas. Observations and modeling studies should be deployed to better quantify the climate, health, and ecosystem
impacts of ship emissions in the open ocean and to help guide the timing and sequence of regulations to reduce
shipping fossil fuel use and pollution as part of the global transition away from reliance on fossil fuels.

Ultimately, our speculations and hypotheses raise as many questions as answers. It is our hope that future work by
our team and other scientists will better elucidate the roles of sulfur and other factors in driving recent atmospheric
and ocean warming, and its impact on the weather and climate variability.
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