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• OMPS detects a large decline, 7.3±1.5%
per year, of tropospheric NO2 in eastern
China during 2012-2017, attributable to
decreasing emissions.
• A statistically insigniﬁcant decreasing
trend in NO2 was observed in the US
during the same period, attributable to
meteorology.
• The consistency of OMPS with OMI offers a continuation of satellite NO2 products from EOS to future satellites.
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a b s t r a c t
Nitrogen oxides (NOx) are important constituents of air pollution. Here we use retrievals of tropospheric NO2 column from the Ozone Mapping Proﬁler Suite (OMPS) Nadir Mapper (NM) onboard the Suomi National Polar Partnership (SNPP) spacecraft to analyze global changes of NO2 from 2012 to 2017. The largest decline of NO2 is
detected in eastern China, at a rate of −7.3 ± 1.5% per year, and almost entirely driven by wintertime decreases,
indicative of decreasing anthropogenic NOx emissions. During the same period, NO2 over other regions around
the globe was either stabilizing or changing at a rate only a fraction of that in China. In the case of the US,
OMPS reports a statistically insigniﬁcant decreasing trend in NO2, consistent with recent work based on the
Ozone Monitoring Instrument (OMI), which can be almost entirely attributed to meteorology. OMPS thus offers
a continuation of satellite NO2 products from OMI to future JPSS satellites.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Nitrogen oxides (NOx = NO + NO2) are key constituents in atmospheric chemistry, contributing to tropospheric ozone, secondary
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inorganic and organic aerosols, and acid deposition. NO2 has a strong
absorption in the near UV and visible and thus can be measured reliably
by remote-sensing instruments. Since NOx has a relatively short atmospheric lifetime, tropospheric NO2 columns observed from space are
strongly controlled by NOx emissions.
Satellite measurements of NO2 started in the 1990s. The long-term
satellite records of NO2 provide a useful means, complementary to
sparse in situ observations, to monitor spatial patterns and trends of
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NOx (Richter et al., 2005; Russell et al., 2012; Schneider et al., 2015). Earlier investigations of satellite NO2 before the mid-2000s revealed significant increasing trends over China which were often larger than
suggested by bottom-up inventories (Zhang et al., 2007) and in sharp
contrasts to the decline of NO2 observed over the US and Europe during
the same period.
Recent studies suggested that Chinese NOx emissions have started to
decrease around the time period of 2010–2014 (Krotkov et al., 2016;
Souri et al., 2017). However, the timing of the emission turning point
and the magnitude of the reduction were largely based on a single satellite instrument (i.e. OMI) (de Foy et al., 2016). In the meanwhile,
there are debates surrounding the magnitude and trend of US NOx emissions over the last decade (Anderson et al., 2014; Canty et al., 2015; Kota
et al., 2014; Travis et al., 2016). Jiang et al. (2018) suggested that US NOx
emissions were not decreasing as substantially as reported by the US
EPA inventory over 2010–2016. These satellite-based trend studies are
almost entirely based on the Ozone Monitoring Instrument (OMI)
abroad the Aura satellite. Since January 2009, OMI has been suffering
from a major row anomaly, which degrades the spatial coverage and increases measurement noise of NO2 (Schenkeveld et al., 2017). TROPOMI
(TROPOspheric Monitoring Instrument) (Veefkind et al., 2012),
launched in October 2017, has better abilities in quantifying NO2 than
its predecessors (van Geffen et al., 2018), but it does not cover the
time period of 2012–2017 and thus is not discussed here.
In this study, we use relatively new NO2 products from the Ozone
Mapping Proﬁler Suite (OMPS) Nadir Mapper (NM) onboard Suomi National Polar-orbiting Partnership (SNPP) satellite to analyze trends in
global tropospheric NO2 from 2012 to 2017 (Yang, 2017). NO2 trends
from OMPS will be compared to those from OMI over China and the
US, as an independent validation of previous OMI-based trend analysis
for these regions. A more detailed analysis will be conducted for China
where the trend is found to be largest and reverse that from previous
time periods.

(2012–2017). We tested the trend calculation (see below) with and
without January 2012 and found little change in the results.
2.2. Trend calculation
To describe NO2 temporal patterns from 2012 to 2017, a model with
a linear trend and a seasonal component (Eq. 1) was used to ﬁt monthly
NO2 column at each grid, following (Weatherhead et al., 1998):
Yt ¼ A þ

1
BX t þ CsinðDX t þ EÞ þ Nt
12

ð1Þ

where Yt (1015 molecules cm−2) is NO2 column of month t, Xt is the
number of months since January 2012, Nt is the residual unexplained
by the ﬁt, and A, B, C, D, and E are parameters resulting from the ﬁt. A
is a constant approximating the initial value of NO2 column at Xt = 0.
The seasonal component contains an amplitude C, a frequency D ﬁxed
to a period of one year (D = π/6) (R. et al., 2006; van der A et al.,
2008), and a phase shift E. Parameter B (1015 molecules cm−2 yr−1)
resulting from the ﬁt is considered to be the annual trend over the
study period. The number of years (n*) needed to detect a trend depends on several factors (Weatherhead et al., 1998), including the size
of the trend, the autocorrelation of the time series, and the noise. For regions where B is small, six years are too short for studying trends and
thus B should be called the annual rate of change instead of trend. For
China and eastern China, as we will show later, the value of B is sufﬁciently large so that n* is found to be smaller than 6 and thus B can be
referred to as a trend.
Eq. 1 was used to ﬁt NO2 column at each 0.25° × 0.25° grid globally.
The resulting annual trend (B) was then averaged onto a coarser, 2° (latitude) × 2.5° (longitude) grid for smoothing and comparison with
meteorology-only trends estimated by a global chemical transport
model (CTM) at this resolution (see below).

2. Data and method

3. Results and discussion

2.1. NO2 column from OMPS

3.1. Global trends

OMPS NM is a hyperspectral UV spectrometer onboard the SNPP
spacecraft (Yang et al., 2013; Yang et al., 2014), which was launched
Oct 2011 into a Sun-synchronous orbit with an ascending equator crossing time at 13:30 (local time), about 10–15 min earlier than the Aura
satellite carrying OMI. OMPS NM provides contiguous daily global coverage with a ground footprint size of 50 km × 50 km at nadir. The direct
vertical column ﬁtting approach was used to retrieve NO2 from OMPS
NM (Yang et al., 2014). Yang et al. (2014) showed that OMPS UV spectral measurements can detect tropospheric NO2 and developed an advanced algorithm to quantify its amount from satellite UV spectra.
This capability of UV in measuring tropospheric NO2 was also demonstrated recently by Behrens et al. (2018) using GOME-2 measurements.
We use OMPS NM level-2 products of tropospheric vertical column
densities of NO2 (NMNO2-L2) and grid them onto monthly means at a
resolution of 0.25° × 0.25°, excluding pixels with a cloud fraction larger
than 30%. Hereafter, tropospheric NO2 vertical column density (unit:
molecules cm−2) is simply referred to as NO2 column. As an example,
Fig. 1 (top) shows the global distribution of NO2 column in 2016 from
OMPS. Higher NO2 columns are observed in populated and industrialized regions, including eastern China, western Europe, and the eastern
US. Among those regions, eastern China has the highest NO2 column,
reﬂecting the largest intensity of NOx emissions (Krotkov et al., 2016;
Schneider et al., 2015; van der A et al., 2008).
OMPS has incomplete global coverage in the earlier part of January
2012. The gaps were ﬁlled per grid with the corresponding data from
July 2012 multiplied by the mean ratio of NO2 column between January
and July of each year from 2013 to 2017. Despite heavy ﬁlling, we retain
January 2012 in the analysis to keep the full six-year record

Fig. 1 (bottom) shows the estimated 2012–2017 annual trends of
NO2 column from OMPS that are statistically different from zero (p b
0.05). Decreases are most pronounced over eastern China, at 3–5
× 1014 molecules cm−2 yr−1. A signiﬁcant decreasing trend is also
found over parts of eastern Europe and isolated spots in Central Asia,
all being a fraction of the decline rate in China. The largest increase is
in northeast India (e.g. Delhi, Calcutta), at 2–3 × 1014 molecules
cm−2 yr−1 or 2.5% yr−1. Increases are also seen over the US and southeast Asia such as Thailand. There is no signiﬁcant trend in Africa or South
America.
For eastern China, the signiﬁcant downward trend after 2012 seen
from OMPS is the direct opposite of what other satellites have seen
over this region prior to 2012 (van der A et al., 2006; Richter et al.,
2005; Schneider et al., 2015). Krotkov et al. (2016) was the ﬁrst study
reporting the decline of NO2 column in China during 2012–2015 using
OMI products. Our analysis of NO2 trend from OMPS veriﬁes that
ﬁnding.
OMPS derives a statistically insigniﬁcant decreasing trend of NO2
column in the contiguous US (Fig. 1b), where the absolute change
ranges 0.1–0.5 × 1014 molecules cm−2 yr−1 and relative trend of
−1.93 ± 0.52%. Recent investigations of both satellite and surface NO2
revealed a slowdown in the decline of NOx emissions in the US after
2009, with emissions even picking up in some regions in recent years
(Jiang et al., 2018; Krotkov et al., 2016). This is consistent with the
lack of evidently decreasing trends in NO2 for the most parts of the US
as seen by OMPS.
To better describe NO2 changes in the US and China, Fig. 2 shows the
year-to-year changes of NO2 column for the two regions, each
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Fig. 1. (a) Annual-mean tropospheric NO2 column from OMPS NM for 2016 on a 0.25° × 0.25° latitude-longitude grid. (b) 2012–2017 mean annual trends of tropospheric NO2 column from
OMPS NM on a 2° × 2.5° latitude-longitude grid. The zoomed-in parts show the eastern US, eastern China, and India.

normalized to 2012. There are three different OMI NO2 products: OMI
NASA, OMI DOMINO, and OMI BEHR. These products are largely consistent in terms of relative changes and trends for the US (Jiang et al., 2018)
but show inconsistent trends for China especially at the province level
(Qu et al., 2017). For simplicity, only the standard OMI NO2 products
from NASA (OMNO2G) are used here and they are processed the same
way as OMPS NO2. For eastern China, both OMPS and OMI NO2 show little change between 2012 and 2013 and a rapid decline after 2013. OMPS
suggests an overall decline of 31.5 ± 5.9% in NO2 column in eastern
China during 2012–2017, corresponding to a linear trend of −7.3 ±

1.5% per year. OMI derives a slightly larger decline over the same region,
but the difference is within 10% of each other. For the eastern US, OMPS
indicates a negative but statistically insigniﬁcant trend of −1.55 ±
1.50% over the whole period of 2012–2017, consistent with OMI. Both
instruments suggest a slight increase of NO2 in the eastern US during
2016–2017 relative to 2015. In their analysis of OMI products for the
US, Jiang et al. (2018) found an inconspicuous trend of −1.0 ± 0.9% during 2011–2015 followed by an increase of NO2 in 2016 and attributed
the latter change to increased emission contribution from the industry
sector. Since Jiang et al. (2018) has conducted a thorough analysis of

Fig. 2. (a) Relative changes (normalized at 2012) of annual-mean tropospheric NO2 column over the Eastern USA (37°N–45°N, 96°W–84°W; blue) and Eastern China (33°N–41°N, 109°E–
121°E; red) from OMPS NM (solid line) and OMI (dotted line). (b) Relative trends (% year−1) of winter (January and February) NO2 column between 2012 and 2017 in various regions.
Observed trends from OMPS NM are shown in blue and meteorology-only change calculated from the GEOS-Chem model shown in red.
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satellite NO2 with in situ measurements and bottom-up inventories in
the US and OMPS-derived NO2 changes are consistent with their work,
we next focus on China.
3.2. NO2 trend in China
Fig. 3 (left) shows monthly NO2 column from OMPS and OMI averaged over China and eastern China. To detect the emission turning
point, the OMI record was extended to start from 2010. For the period
after 2012, the two satellite products have consistent temporal variations and magnitudes, although OMI NO2 is consistently higher than
OMPS particularly in winter. OMI indicates that the national average
of NO2 column started to decline after the winter of 2010–2011
(Fig. 3a), consistent with previous studies of OMI NO2 (Liu et al., 2016;
Krotkov et al., 2016; de Foy et al., 2016). For eastern China, however,
both OMI and OMPS detected that the downward trend of NO2 started
since the winter of 2012–2013, about two years later than the national
average did, and the decline continues to 2017, the end of our analysis
period. Although meteorology can play a role in causing NO2 column
variability and even trends, our analysis in the next section excludes
this. The most possible reason underlying the large decline of NO2 column after 2013 is the implementation of the Action Plan on Prevention
and Control of Air Pollution (APPCAP) in September 2013, which specifically aims to mitigate severe haze pollution in eastern China. The
APPCAP complements other measures to achieve national-scale emissions reduction targets set in the 12th Five-Year Plan (2010–2015)
(Tian et al., 2013; Zhao et al., 2013). According to OMPS, China's annual
mean NO2 column dropped by 15.5% from 2013 to 2017, and the
monthly peak in December was down by 32.4%. The drop is more pronounced in eastern China, where the 2013–2017 decline was 22.5% for
the annual mean and 46.4% for the December peak. For comparison,
OMI indicates that the national mean NO2 column dropped by 4.7%
from 2011 to 2013, a much smaller change than the subsequent decline
of 30% between 2013 and 2017. Therefore, although the emission turning point depends on the deﬁnition of the region (e.g. 2011 for the

whole China and 2013 for eastern China), the most signiﬁcant and largest decline in NO2 occurred after 2013, likely attributed to the effectiveness of APPCAP in reducing NOx emissions.
The overall decrease of NO2 column in China is dominated by
changes in winter, with no signiﬁcant decline found in summer over
China or eastern China. The APPCAP issued in 2013 regulates coal
usage and coal-related emissions more aggressively than other fuels
or emission sources. As a result, the penetration rate of Selective Catalytic Reduction (SCR), a technology to reduce NOx emissions from
coal-ﬁred power plants, increased from 27.4% in 2012 to 85.6% in
2017. In addition, about 44,000 coal boilers with capacities smaller
than 20 t/h and over 100,000 other coal-ﬁred combustion facilities
(e.g. coal stoves) have been demolished by the end of 2017. As coal consumption peaks in winter, these actions led to the rapid decrease of NO2
in winter.
We further verify the decline of NO2 column with surface NO2 measurements at 361 cities obtained from the China Ministry of Environment Protection (http://beijingair.sinaapp.com/). The surface
monitoring data became available as an open dataset since May 2014
and we use the data from January 2015 to December 2017. We sampled
surface NO2 observations between 1 and 2 pm local time (OMPS
overpassing time) for each day, averaged those daily values onto
monthly means, and ﬁt Eq. 1 to the monthly means to derive the annual
trend. Fig. 3 (right) displays the change of surface NO2 between 2015
and 2017 at different city locations in China (Fig. 3c) and the corresponding change of OMPS NO2 column at the same locations (Fig. 3d).
Both data sets indicate a signiﬁcant decline of NO2 in the central east
and northeastern China, a weaker decline over the Yangtze River
Delta, and a certain increase of NO2 in the south and northwest. This
spatial difference is also reﬂected in OMPS-derived NO2 changes at several large cities in China over the whole study period (2012–2017). The
overall spatial consistency of OMPS-derived NO2 trend with that from
surface monitors not only veriﬁes the OMPS products, at least qualitatively, but also suggests the decline of NO2 column in eastern China is
most likely driven by changing emissions at the surface.

Fig. 3. (Left) Monthly-mean tropospheric NO2 column observed by OMPS NM (black) and OMI (blue) over the whole China (a) and eastern China (b). (Right) Annual trends of (c) surface
NO2 concentrations at monitoring sites and (d) tropospheric NO2 column from OMPS NM, both from 2015 to 2017.
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3.3. Meteorology-only change in NO2
Satellite-derived NO2 trends may not be directly interpreted as
trends in NOx emissions because meteorological variability can also
cause signiﬁcant variability, including trends, in NO2 column by affecting lifetime, transport, and vertical distribution of NOx (van der A
et al., 2008). A quantitative estimation of the underlying emission
changes would require a formal inversion. Here we take a simplistic approach, using the GEOS-Chem global CTM (http://geos-chem.org) to estimate the effect of meteorology on NO2 change in winter when the
trend is most signiﬁcant and largest.
We use GEOS-Chem version 11–01 with fully coupled O3-NOx-VOCaerosol chemistry. The model has a horizontal resolution of 2° (latitude)
× 2.5°(longitude) globally and 47 vertical levels, with the lowest model
layer centered at approximately 50 m above the land surface. The GEOSChem simulation was conducted for December through February from
2012 to 2017, driven by time-varying meteorological ﬁelds from the
Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) produced by the GMAO at NASA. The December simulation was used as spin-up and the January to February results were
used for analysis. Anthropogenic emissions of NOx in GEOS-Chem use
as default the CEDS global inventory (Hoesly et al., 2018) but are superseded by improved regional inventories for the following regions: the
EPA National Emission Inventory (NEI) of 2011 for the US, the MIX inventory (Li et al., 2014) for East Asia, the EMEP inventory for Europe,
and the BRAVO inventory for Mexico (Donkelaar et al., 2008). Emissions
from open ﬁres for individual years are from the GFED4.1 inventory.
Lightning NOx emissions are as described by (Hudman et al., 2012) to
match OTD/LIS climatological observations of lightning ﬂashes. Biogenic
soil NOx emissions are from (Hudman et al., 2012). We sampled model
NO2 from the surface to level 29 (approximately 10 km in the middle
latitudes, corresponding to the mean tropopause) at 13:00–14:00
local time (SNPP overpass time) each day and average the daily NO2 column onto monthly means at the model grid. For simplicity we did not
apply the cloud threshold to screen the model NO2 column.
The simulation was conducted for January and February of each year
(2012–2017), driven by time-varying meteorology from the ModernEra Retrospective analysis for Research and Applications, Version 2
(MERRA-2). Anthropogenic and biomass burning NOx emissions were
ﬁxed at their respective levels of 2011, while natural emissions were
allowed to change with meteorology. Therefore, the model-derived
change of NO2 column in winter can be regarded as those caused by meteorological factors alone, named meteorology-only change hereafter.
Fig. 2b shows thce meteorology-only change calculated from GEOSChem compared to the overall NO2 change derived from OMPS in winter for several regions. For the US and the eastern US, the meteorologyonly change is negative at about −2.5% yr−1 (p b 0.05). This implies that
if anthropogenic NOx emissions had been constant between 2012 and
2017, wintertime NO2 column in the US would have been declined at
−2.5% yr−1 due to meteorology. The fact that both OMPS and OMI observed a non-negative change of NO2 column in the US suggests an increase of those emissions in the US. This further supports the
argument of a possible increase of NOx emissions in the US made by
Jiang et al. (2018). In contrast, the meteorology-only change for China
is positive at b1% yr−1, yet not statistically signiﬁcant. This positive
meteorology-only change suggests the decline of NOx emissions in
China may be even larger than the change of NO2 column seen by
OMPS. The meteorology-only change for India is also positive, indicating
the large increasing change of NO2 column over India may be partly due
to meteorology.
4. Conclusion
In summary, we analyzed the global trend of NO2 column from
OMPS during 2012–2017. Spatially, the decline of NO2 is found most evident in eastern China, with an average rate of −7.3 ± 1.5% per year,

341

mostly driven by decreases in winter. The decline was found to start
in 2013, later than the 2010–2012 timeline from other studies
(Krotkov et al., 2016; Souri et al., 2017). During the same period, NO2
columns over most of the contiguous US are found to be either stabilizing or decreasing at a statistically insigniﬁcant rate, consistent with previous investigations based on OMI. With the GEOS-Chem model, we
further estimated that meteorology is not the driver of the large decline
of NO2 columns in China, whereas in the US the NO2 change can be almost entirely attributed to meteorology. As the improved OMPS instrument with higher spatial resolution and wider spectral coverage has
started to ﬂy on the ﬁrst NOAA and NASA Joint Polar Satellite System
(JPSS) satellites, our trend analysis and comparison with the preceding
OMI products not only demonstrate the value of OMPS products as a
continuation of satellite NO2 from OMI to current and future JPSS satellites but also serve as a benchmark for those future datasets.
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