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We demonstrate an alternative method for deriving of emission estimates for pollutants
using solely columnar satellite data. The method, which we term Lifetime-Modified
Accumulation Method (LMAM), does not require any ancillary model run or other data
to estimate emissions, but needs only the measured columnar amounts. It employs
lifetime calculations from measured daily columnar amounts. The method is applied to
nitrogen dioxide over China on a 0.25 x 0.25 and a 1x 1° grid, and emission estimates
are derived and compared with a more traditional method. The emission estimates thus
derived appear to be consistent with traditional methods, both in their spatial distribution
and their magnitude, and correlate well with existing inventories. Ways for refining the
method are discussed. The method can be improved, we only wanted to demonstrate
here it is feasible to derive inventories solely from satellite data using lifetime calculations.
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INTRODUCTION

Emission inventories of air pollutants are necessary for modeling and formulation of abatement
policies. Usually, inventories are compiled bottom-up, using statistics on activities emitting and
their typical emission factors. Many steps in this process are associated with uncertainties that can
be large. Additionally, the compilation is time consuming thus making frequent updates tiresome.
Inventories can be also compiled top-down, using satellite observations. This latter approach has
several advantages over the former, as being spatially consistent, having better temporal resolution,
and being more frequently updateable at a fraction of the cost.

Especially for emissions of south-east Asia, especially China, which exhibit rapidly evolving
trends (e.g., van der A et al., 2006, 2008; Kourtidis et al., 2018; Sogacheva et al., 2018; Georgoulias
et al., 2019), top-down emission inventories from satellite observations are very appealing. Since
satellites measure concentrations and not emissions, alongside satellite observations a Chemistry-
Transport-Model (CTM) or some other tool needs to be applied, to calculate an emission inventory
from columnar amount fields. Information for adjusting the model emissions is contained in the
difference between observed and modeled fields. Due to transport, this inversion problem becomes
computationally complex.

In recent years, a variety of studies involving application of different techniques, addressed
estimates of NOx emissions from satellite observations (see Mijling and van der A, 2012
and references therein). Some studies dealt also with emission calculations of NOx from
megacities (Beirle et al, 2011), and, more recently, emissions from individual sources
(Fioletov et al., 2011, 2013, 2015).
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Kourtidis and Georgoulias

New Satellite Emission Inventory Approach

Spatial emission inventories using satellite data to date require
alongside the satellite observations the application of a CTM.
Very recently, a method was presented that can derive emissions
for one pollutant from its relationship with another pollutant
whose emissions are known (Kourtidis et al., 2018). Here, we
present a method for the calculation of spatial inventories of
pollutants that requires only satellite columnar data and does
not require the additional involvement of a CTM or another
pollutant with known emissions.

MATERIALS AND METHODS

In this work, daily gridded tropospheric NO, data for 2007 at
a spatial resolution of 0.25 x 0.25° were used from the Ozone
Monitoring Instrument (OMI) aboard EOS Aura satellite. The
NO, concentration data (10'° molecules/cm?) are part of the
OMNO2d v3 dataset (Krotkov, 2013; Krotkov et al., 2017). The
OMNO2d data are compiled using clear sky retrievals (cloud
fraction <30%). In addition, daily gridded wind velocity data
from the ECMWF Re-Analysis (ERA)-Interim (Dee et al., 2011)
are used. The data were produced by the Integrated Forecast
System (IFS) of the ECMWEF (European Center for Medium-
Range Weather Forecasts) at a native horizontal resolution of
~79 km assimilating satellite and in-situ observations. The ERA-
Interim data were downscaled to the satellite data grid by
applying bilinear interpolation.

The basics for the Lifetime-Modified Accumulation Method
(LMAM) are described below.

The method requires three steps for implementation. The
first step, is the calculation of the lifetime of the species under
investigation, the second the exclusion of well-ventilated grid
boxes for each day, and the last the emission calculation.

In the beginning, the timeseries of daily observations in
each grid is calculated. The calculation of lifetime is based
on the work of Junge (1974), who observed that the relative
standard deviation (standard deviation divided by the mean
mixing ratio) of the mixing ratio of long-lived species was
inversely proportional to their atmospheric lifetime 7. According
to this work, the lifetimes of atmospheric species are v =
0.14 [Xmean]/o([X]) with T in years. Subsequent experimental
and theoretical works (e.g., Jobson et al., 1998, 1999; Williams
et al., 2000; Lenschow and Gurarie, 2002; Becker et al., 2009),
have shown that other relationships might apply, depending on
the lifetime range and other factors, as the airmass age and
the location of sources. These relationships might be of the
form o(In[X]) = A t~°. For very long-lived species, which
exhibit small variability, o(In[X]) is equivalent to the relative
standard deviation and Junge's relationship might be applied. A
is a fitting parameter determined in the regression and being
interpreted as a measure of the range of air mass ages in
the sampled data, as determined by the time period between
emission and measurement. A is having low values (down
to 0.99) for small ranges of ages and higher values (up to
4.63) for datasets with wide range of ages (Jobson et al., 1999;
Williams et al., 2000). The exponent b has a value between 0
and 1, being an indicator of the relative strength of sink terms
and turbulent mixing upwind of the measurement location,
where higher values signify the dominance of chemical loss

processes. Values of b = 0.18 (Williams et al., 2000) signify
relative fresh emissions whereas values near 0.5 correspond
to well-aged emissions. A relationship o(In[X]) = 0.99 77018
with 7 in days appears to apply for a wide range of lifetimes,
1.5-500 days, which gives o(InX) = 0.85 for t = 1.5 days
(Jobson et al., 1999).

Estimating nitrogen dioxide emissions from satellite data has
progressed quite during the last decade, hence we decided to
apply the LMAM method for NO; so that we can compare it
with a mature inventory as DECSO (Daily Emission estimates
Constrained by Satellite Observations). NOx satellite-based
emission estimates from KNMI's DECSO algorithm (Mijling and
van der A, 2012; Mijling et al., 2013; Ding et al., 2017) were used.
More specifically, DECSO v1, v3a, and v5.1 monthly data, which
were constructed using OMI/Aura measurements, were used.
The DECSO vl and DECSO v3a relative error is ~35% for the
monthly mean emissions used here (Kourtidis et al., 2018). The
corresponding precision for the DECSO v5 emissions is ~20%
(Ding et al., 2017).

RESULTS AND DISCUSSION

For the application of the LMAM method we proceeded as
follows: In the first step the lifetime of NO, was calculated.
We made two calculations, one for the simple Junge (1974)
relationship © = 0.14 [NOzmean]/0([NO;]) and one from the
equation o(In[NO]) = 77018 which applies for a wide range
of lifetimes (Jobson et al., 1999) and which solved for t gives t
= (1/c{In[NO,]})1/018) These results are presented in Figure 1.
We note here that the very high lifetimes calculated over
certain regions of China, especially the south, can have two
origins: cloud cover is higher over Southern China and has
a seasonal nature (e.g., Pan et al, 2016) due to monsoons,
hence there is artificially less variability in the retrievals.
Further, mean NO, concentrations are low in regions with
increased lifetime calculations, hence more retrievals will be
below detection, which will also induce artificially less variability
in the retrieved concentrations.

In the second step, we try to exclude well-ventilated boxes,
to avoid, as far as possible, smearing of the calculations due
to entrainment of emissions from nearby grid boxes. We made
two calculations, one with a 0.25 x 0.25° and one with 1 x
1° grid, the latter corresponding to roughly 100 x 100km at
the southernmost of the study region and 70 x 70km at the
northernmost. Here, we made the following assumptions: The
contents of the box are ventilated by the horizontal wind within
time fyy; which might be approximated by te,; = L/wv (in
hours), where L is the length of the box in km and wv is the
wind velocity in km/h. So our grid boxes will need more than 3
or 12h, respectively, to be ventilated completely for wind speeds
lower than 2 m/s. Given the fact that the atmospheric lifetime
of NO, will range between an order of magnitude lower than the
ventilation time (in summer) and the same order of magnitude as
the ventilation time (in winter), that the majority of wind speeds
were <2 m/s and also the fact that the NO; retrievals are many
more in summer (due to less cloud cover) than the winter, we
assumed for the demonstration here that the effect of ventilation
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FIGURE 1 | Left: NO;, lifetime t for 2007 calculated from 7 = 0.14 [NOomeanl/o[NO2], where [NOpmean] is the average yearly OMI Tropospheric NO, column (in 1015
molec/cmz) and o[NO»] is the standard deviation of the daily values. Right: NO» lifetime 7 for 2007 calculated from the o(IN[NO»]) = 77018 equation. The map axes

are in degrees Eastern longitude/Northern latitude.

in the lifetime calculation will not be very great if we exclude only
wv >4 m/s.

For the last step in the calculation we assume that for the air
pollutant under investigation (e.g., NO; in our case), its lifetime ¢
in respect to physicochemical removal within the particular grid
box is equal to 7 (in hours), and its emission rate is M (in kg/h).
The lifetime is here the e-folding time or half-life, i.e., the time
required for the removal of half of the pollutant. Assuming that
ata given concentration point, the concentration of the pollutant,
i.e., NO,, within the box without horizontal ventilation, will
reach equilibrium, i.e., its physicochemical removal rate will
equal its emission rate, we will have:

d[NO,]/dt =M — XA [NO,] =0, (1)

where \ is the NO, removal rate, which is related to its lifetime ©
through A = 1/[7 In(2)] and M is the emission rate.

From (1) we have, after substituting » = 1/[t In(2)]
= 1/(0.693 1) in M = X[NO;], we get M = [NO,]/(0.693
) = 1.44[NO,]/r. Since [NO,] is known from satellite
observations, if T can be calculated, we can infer the emission
rate M as M = C*1.44[NO2]/t, where C is a correction factor
(C=10). The correction factor is applied to account for two
effects, namely: (1) "Local source effects”, which will “significantly
suppress variability of reactive species” and result in higher
7 calculations (Jobson et al., 1998) and hence lower emission
rates M. (2) Accounting for the seasonal lifetime changes, since
7 was calculated from yearly data. Average ratios of summer
to winter o(Inx) values may be around 1.5 for species with
lifetimes in the range 1-500 days (Jobson et al., 1999), which is
consistent with the Goldstein et al. (1995) estimated factor of 10
seasonal change in lifetime given the observed %3 dependence
(Jobson et al., 1999).

The method shows very good agreement with DECSO in the
spatial distribution, except for the areas over sea where emissions
appear relatively high as compared with the land ones (Figure 2).
This reflects the fact that lifetimes are calculated lower over sea,
due to three facts: Firstly, variability is higher over the sea because
of worse retrieval quality and daily fluctuations in ship traffic.
Secondly, within the ship plumes, elevated levels of NOx lead
to enhanced levels of OH during the day, enhanced levels of
NO;3 and N;Os at night, and hence reduced lifetimes (Davis
et al., 2001). Thirdly, variability in ship traffic and tracks can
artificially lead to increased variability in concentrations which
in turn will impact lifetime calculations (Becker et al., 2009) and
thus emission calculations. For the area of study, our method
calculates average emissions (averaged over all cells, in 10%°
molecules/cm?/h) of 0.0026 (with lifetimes calculated after Junge
(1974), i.e., with T = 0.14 [NO2mean]/0([NO], figure not shown)
and 0.2548 (with lifetimes calculated after Jobson et al. (1999),
ie, with 7 = (1/0{ln[N02]})(1/0‘18), while DECSO calculates
average emissions of 0.3746 (vl), 0.364 (v3a) and 0.2663
(v5.1). As expected, calculating lifetimes after Junge (1974),
yields unrealistically high lifetimes and hence unrealistically low
emissions. Calculating lifetimes after Jobson et al. (1999), yields
average emissions, which compare very well with DECSO v5.1
(the difference being around +4%, much lower than the error of
DECSO v5.1 which is ~20%). The spatial agreement with DECSO
of the approach we presented here is also quite well (Figure 2).
On the 0.25 x 0.25° grid cell level, on a % basis, our emissions
are within the DECSO v5.1 ~20% error in 32% of the cells. On
an absolute values basis, using a 0.25 x 0.25° grid, in 82% of
the grid boxes differences with DECSO v5.1 are less than 0.5
(10'> molecules/cm?/h). For a larger 1 x 1° grid, this happens
in 87% of the grid boxes, most probably as a result of longer
grid box ventilation times. Given that the differences between the
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FIGURE 2 | Emission estimates for 2007 from lifetime (r) calculations from OMI daily data after Jobson et al. (1999) (see text), where = (1/6{In[NOo]})(1/0-18) (upper
left) compared with DECSO v1 NOx emissions (upper right), DECSO v3a NOx emissions (lower left) and DECSO v5.1 NOx emissions (lower right). The map axes are in

first DECSO v1 and the last one DECSO v5.1 are comparable,
since for the 0.25 x 0.25° grid, in 91% of the grid boxes DECSO
v1-DECSO v5.1 differences are <0.5 (10'> molecules/cm?/h), we
believe we have presented here an approach that if refined further
appears promising.

We note here that NOx and NO; emission rates are not equal
and may vary over time and space, however, one can reasonably
assume that at polluted regions with high O3 concentrations
around noon (which is the OMI overpass time), which is the
case over China, NOx/NO, rations will be around 1.28-1.30 (e.g.,
Seinfeld and Pandis, 2006; Jockel et al., 2016), i.e., NOx will be
actually about 28-30% more than NO,. Such a ratio has been
used in other NOx emission studies based on satellite NO, (Beirle
etal, 2011; Liu et al., 2016). We have not dealt explicitly with this
30% correction here since it was out of the scope of the paper,
which is simply a demonstration of feasibility.

Improvements can be achieved e.g., by:

After the first calculation of gridded emissions, use wind
velocity and direction data and the gridded emission calculations
to calculate transported amounts TR;ny and TRout and then
account for transport in Equation (1) d[NO;]/dt = M-X[NO;]
= 0 by modifying to

d[NO;]/dt = M — X [NOz] + TRiw — TRour =0 (2)
Recalculate using M = TRour—YRin+[NO;]/(1.44 7) and
reiterate several times until no differences between calculation(n)
and calculation (n—1) are observed.

Also, the use of another expression of the more general form
o(ln[X]) = A t7® (e.g., Jobson et al, 1998, 1999; Williams
et al., 2000; Lenschow and Gurarie, 2002; Becker et al., 2009)
instead of the simpler o(In[X]) =7 —018 ysed here might be more
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appropriate. To determine the appropriate A and b coefhicients,
more theoretical work is needed. Also, has been shown that
variability in long-term monitoring can be influenced by many
factors which impacts the application of Junge type relations for
lifetime calculations (Becker et al., 2009). Applying the Becker
et al. (2009) arguments for NO,, these can be large retrieval
errors for columns near the detection limit, sources that release
non-periodically as a result of a specific activity (as, e.g., ship
traffic), seasonality, and random non-periodic events such as loss
mechanisms variability and changes in wind. Theoretical work
is also needed in addressing these factors and the suppression of
their impact to lifetime calculations.

CONCLUSIONS

In view of the current interest in using satellite data for
calculating emissions, as well as the future need to monitor
greenhouse gas country emission allocations, we demonstrated
here that it appears feasible to calculate gridded emissions from
satellite data alone using lifetime calculations. In this first study
of this nature, derived emissions appear to be consistent with
traditional methods in their spatial distribution and magnitude.
Over the whole domain of China, the difference in average
emissions between our approach and DECSO v5.1 is around
+4%. At its current formulation, the method has limited
applicability in places where cloud cover is seasonally high,
large number of retrievals is near the detection limit, or have
sources that release non-periodically as a result of a specific
activity, as, e.g., ship traffic. Ways of improving the method
are outlined.

DATA AVAILABILITY STATEMENT

The NO,; satellite data analyzed in this work can be found on
NASAs GES DISC Mirador website (http://mirador.gsfc.nasa.
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