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Abstract

A new methodology is developed to constrain Chinese anthropogenic emissions of
nitrogen oxides (NO,) from four major sectors (industry, power plants, mobile and res-
idential) in July 2008. It combines tropospheric NO, column retrievals from GOME-2
and OMI, taking advantage of their different passing time over China (9:30a.m. local
time versus 1:30 p.m.), and explicitly accounts for diurnal variations in anthropogenic
emissions of NO, as well as their tropospheric lifetime and column concentrations. The
approach is based on the daytime variation of NO, (when its lifetime is relatively short)
alone; and potential errors in inverse modeling by neglecting horizontal transport are
minimized. Separation of anthropogenic sectors relies on the estimated diurnal profiles
and budget uncertainties. Our best top-down estimate suggests a national budget of
6.8 TgN/yr (5.5 TgN/yr for East China), close to the a priori bottom-up emission esti-
mate from the INTEX-B mission. The top-down emissions are lower than the a priori
near Beijing, in the northeastern provinces and along the east coast; yet they exceed
the a priori over many inland regions. Systematic errors in satellite retrievals are esti-
mated to lead to underestimation of top-down emissions by at most 17% (most likely
10%). Effects of other factors on the top-down estimate are typically less than 15%,
including lightning, soil emissions, mixing in planetary boundary layer, anthropogenic
emissions of carbon monoxide and volatile organic compounds, assumptions on emis-
sion diurnal variations, and uncertainties in the four sectors. The a posteriori emission
budget is 5.7 Tg N/yr for East China.

1 Introduction

Anthropogenic emissions of nitrogen oxides (NO,=NO+NO,) in China have been un-
der intensive study (Streets et al., 2003; Wang et al., 2004, 2007; Zhang et al., 2007,
2009; van der A et al., 2008; Zhao and Wang, 2009) in response to their fast growth
and significant contributions to air pollution in source and downwind regions (Wuebbles
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et al., 2007; Lin et al., 2008a; Zhang et al., 2008). The bottom-up emission estimation
requires information on emission-related activities and emission factors, subject often
to large uncertainties in relevant statistics and measurements (Zhang et al., 2007). In-
verse modeling incorporating chemical transport models (CTMs) and measurements
of nitrogen species offers valuable information for constraining NO, emissions (Wang
et al., 2004).

Remote sensing instruments onboard several satellites provide snapshots of tropo-
spheric NO, at different times of day over China, with much better spatial coverage than
ground-based or in situ measurements. Thus, top-down constraints incorporating satel-
lite remote sensing and CTMs have attracted particular attention. Martin et al. (2003)
introduced a simple method (referred to as “Martin et al. method” hereafter) propor-
tioning retrieved tropospheric NO, columns to local NO, emissions. With this method,
horizontal transport is neglected given the short tropospheric lifetime of NO, over pol-
luted areas (3—10h, shorter in summer) such that the impacts of horizontal transport
can be neglected at the scale of a GEOS-Chem gridcell of 2°x2.5°. Diurnal variations
of NO, emissions and lifetime are accounted for implicitly in the CTM. Impacts of night-
time evolution of NO, (when its lifetime is much longer so that neglecting horizontal
transport may introduce errors in the inverse modeling) are not excluded (see more
analysis in Sect. 2.4). This method was applied widely later to satellite retrievals from
GOME or SCIAMACHY for deriving monthly emissions (Jaeglé et al., 2005; Martin
et al., 2006; Wang et al., 2007). Zhang et al. (2007) found that such top-down estima-
tions often suggest much higher Chinese emissions than results from the bottom-up
approach. Zhao and Wang (2009) applied the same method to a regional model (grid
size is ~70km) over East Asia for daily assimilation of anthropogenic emissions, as
constrained by the OMI NO, retrieval. In their study, impacts of horizontal transport
on their relatively fine resolution were assumed to be accounted for indirectly by daily
assimilation (Y. Wang, personal communication). All these top-down studies do not
partition top-down anthropogenic emissions to individual sectors.

In this study, a new inverse modeling method is proposed to constrain Chinese an-

19207

ACPD
9, 19205-19241, 2009

Satellite constraint of
anthropogenic NO,
emissions in China

from different sectors

J.-T. Lin et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/19205/2009/acpd-9-19205-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/19205/2009/acpd-9-19205-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

thropogenic emissions of NO, from four major sectors (industry, power plants, mobile
and residential). It combines NO, retrievals from OMI and the newly available GOME-
2, using the global GEOS-Chem CTM to link emissions to tropospheric columns. OMI
and GOME-2 retrievals provide significantly improved spatial and temporal coverage
as compared to GOME and SCIAMACHY. Anthropogenic emissions for the year of
2006 from the INTEX-B mission (Zhang et al., 2009) are used as a priori. Results are
presented here for July 2008 in place of 2006, since the meteorology for 2006 was not
available at the time this study was conducted, and the GOME-2 retrieval is available
only after March 2007.

Section 2 provides brief descriptions of satellite NO, retrievals and GEOS-Chem
simulations and introduces the new top-down approach. Comparisons of retrieved
and simulated tropospheric NO, columns are presented in Sect. 3. Sections 4 and 5
present our best top-down estimate of Chinese anthropogenic emissions, together with
a suite of uncertainty analyses, and the corresponding a posteriori emissions. Sec-
tion 6 concludes the present study.

2 Methodology
2.1 GOME-2 and OMI retrievals

Level-2 retrievals of GOME-2 and OMI are derived by KNMI (Boersma et al., 2004;
Boersma et al., 2007). Readers are referred to the Product Specification Docu-
ment (Boersma et al., 2009a) for more information on the datasets. The OMI re-
trieval has been successfully validated (Boersma et al., 2008a, b), and GOME-2 com-
pares well with SCIAMACHY (Mijling et al., 2009) that has been validated by Blond
et al. (2007) and Boersma et al. (2009b). Figure 1a also indicates a good consis-
tency in monthly mean retrievals between GOME-2 and SCIAMACHY over East China
(103.75°=123.75° E, 19°-45°N) in July 2008, with a slope of 0.90 and a R? of 0.91
using the Reduced Major Axis (RMA) regression. Table 1 presents key retrieval pa-
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rameters for the two instruments. Daily retrievals (viewing pixels with cloud radiance
fractions <50%, i.e., cloud fraction <15%) are gridded to 2° latx2.5° lon. Monthly mean
NO, columns (Fig. 2) are calculated by averaging results for days when GOME-2 and
OMI are both available.

One difference between the GOME-2 and OMI instruments is the size of viewing
pixels, which is 40 kmx80 km and 13 kmx24 km, respectively, at nadir view. However,
since both retrievals are gridded to a resolution of about 200 kmx250 km in the present
study, differences between the native resolutions of the two retrievals are not expected
to have significant impacts on the results presented here. If we were to compare the two
retrievals at a finer resolution, the pixel size difference might become a more important
issue.

Retrievals of tropospheric NO, vertical column densities (VCDs) from GOME-2 and
OMI use essentially the same method by KNMI, although some differences exist as
a result of the unique properties of the two instruments (Boersma et al., 2004, 2007).
Differences in retrieval errors between the two instruments are minimized in this case,
as discussed below. Three major steps are involved in deriving the VCD from the
reflectance of UV /Vis solar radiation from the Earth atmosphere measured by either
instrument. First, the reflectance is converted to slant column densities (SCDs) of NO,
by fitting the absorption cross-section spectra of NO, and other reference spectra to the
observed reflectance spectra using the Differential Optical Absorption Spectroscopy
(DOAS) technique. The temperature dependence of the NO, absorption cross-section
spectra is taken into account in both retrievals, by using temperature profiles from
ECMWEF. The SCD in the troposphere is derived then by subtracting the stratospheric
portion from the total SCD. The stratospheric SCD is derived by model assimilation
using the same global CTM TM4 for both retrievals. Finally, the tropospheric SCD is
divided by the estimated tropospheric air mass factor (AMF) to derive the tropospheric
VCD. The AMF is calculated by the same radiative transport model for both GOME-2
and OMI. It is determined by many factors including solar and viewing zenith angles,
(effective) cloud fraction and cloud pressure, surface albedo and pressure, and the
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a priori vertical profile of NO,. The a priori NO, profile is derived from TM4, sampled at
09:30a.m. local time for GOME-2, and at 1:30 p.m. for OMI, to account for the growth
of the atmospheric boundary layer depth between 09:30a.m. and 1:30p.m. and the
greater vertical extent of NO, seen by OMI. The vertical mixing difference has been
shown to lead to ~15% higher AMF for OMI (Boersma et al., 2008b).

Errors in the retrieved VCD of tropospheric NO, are derived from errors in total
SCD, its stratospheric portion, and the tropospheric AMF. These errors are discussed
briefly below. Readers are referred to Boersma et al. (2004, 2007, 2008a, b) for
detailed error analysis. Direct error analysis for the GOME-2 retrieval is not avail-
able at present and is out of the scope of this study. Due to its similarity to GOME
and SCIAMACHY (overpass time, exactly the same retrieval method (including cloud
scheme), etc.), we estimate that its error is close to GOME and SCIAMACHY. Thus
the error estimation for GOME-2 presented here adopts values from previous stud-
ies for GOME and SCIAMACHY, unless indicated otherwise. Errors in the SCD are
estimated at ~0.5x10"® molec/cm? for GOME-2 and ~0.7x10"® molec/cm? for OMI,
which are relatively small compared to the tropospheric VCD over polluted regions like
East China. Errors in the stratospheric SCD are also relatively small, at a magnitude
of 50.3><1015 molec/cm2 for both GOME-2 and OMI. Therefore, over East China, er-
rors in the retrieved tropospheric VCD are attributed mainly to the calculation of AMF.
Retrieval errors due to inaccuracies in the a priori vertical profile of NO, are estimated
at ~10% for both GOME-2 and OMI. These errors are removed in this study by ap-
plying the averaging kernel to the modeled vertical profile of NO,. Errors in cloud
fraction, which are estimated at 5% or less, can lead to up to 30% error in the re-
trieved VCD. Like GOME and SCIAMACHY retrievals, GOME-2 adopts the FRESCO+
scheme (Wang et al., 2008) for cloud retrieval, by comparing the reflectance measured
inside and outside of the strong oxygen A band (758—-766 nm). By comparison, the
OMI retrieval utilizes the weakly absorbing O,—O, band at 477 nm for cloud retrieval
(Acarreta et al., 2004). Comparisons of the two cloud retrieval schemes at the same
time of day are not available since there is no sensor flying at 1:30 p.m. with O2-A band
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capability. Boersma et al. (2007) compared the two cloud schemes relative to the time
of SCIAMACHY (overpass time is ~10:00 a.m. local time) and OMI, respectively. They
found that, average over 5-11 August 2006, the retrieved cloud fraction differs ~1% be-
tween the two schemes. Cloud pressure is derived simultaneously with cloud fraction.
Boersma et al. (2007) found that cloud pressure relative to OMI (using the O,—O, band)
is ~60 hPa larger than that for SCIAMACHY (using the FRESCO scheme), since the
0,—0, band is more sensitive to the lower troposphere. For GOME-2, errors in cloud
pressure are estimated to contribute only ~2% to the VCD error, since the cloud top
is typically above the lowest troposphere where NO, concentrates. For OMI, clouds
are lower and closer to the polluted layer, and errors in cloud pressure can lead to
~15% error in the VCD retrieval. The presence of aerosols also influences the NO,
reflectance. In the KNMI approach used here, the effects of aerosols are accounted
for indirectly in the cloud retrieval scheme (Boersma et al., 2004, 2007). Errors in sur-
face albedo are also an important source of retrieval error. Both GOME-2 and OMI
retrievals make use of, in the same manner, surface albedo databases from TOMS at
380 nm and databases from GOME at both 380 nm and 440 nm. Also, both retrievals
use surface pressure data at corresponding times of day from ECMWF at the resolution
of TM4 (3°x2°).

Retrieval errors are composed of both systematic and random errors (Boersma et al.,
2004, 2007). Averaged over a long time period (e.g., a month) and large area (e.g.,
East China), the random error is reduced to a level relatively small as compared to
the systematic error (which is not affected by the averaging). Since GOME-2 and OMI
retrievals are derived with a very similar methodology, systematic errors in the two
retrievals are expected to correlate positively with each other. Thus the difference be-
tween the two retrievals is able to provide valuable information on the emission and
chemical evolution of NO, in between the overpass times of the two instruments. In-
deed, Boersma et al. (2008b) found that, all over the world, differences between SCIA-
MACHY and OMI reflect largely the temporal variation of NO, chemistry and emissions.
Such temporal variation has been validated by independent measurements over the
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Middle East (Israeli cities and the Cairo region), where both space-based measure-
ments and ground-based observations indicated strongest diurnal cycle in summer
(with strong photochemistry) and little difference between 10:00a.m. and 1:30p.m. in
winter (Boersma et al., 2009b).

The consistency between GOME-2 and OMI retrievals is analyzed further by investi-
gating their spatiotemporal correlation. The monthly mean NO, VCD has a large spatial
correlation between GOME-2 and OMI, with a R? of 0.81 over East China (Fig. 1b). Ad-
ditionally, the regional mean VCDs over East China from GOME-2 and OMI vary tem-
porally with each other with a day-to-day correlation coefficient of 0.74 for July 2008
(Fig. 3a). The consistency is attributable partially to the similar methodology used for
deriving GOME-2 and OMI retrievals.

Systematic errors in GOME-2 and OMI may differ in magnitude. Due to differences
in instrument properties (viewing geometry, radiation spectra, overpass time, etc.), in-
accuracies at contain steps of retrieval process may lead to different magnitudes of
systematic error for the two retrievals. Moreover, the two retrievals differ in the cloud
scheme, especially for cloud pressure. Impacts of such situation are analyzed further
in Sect. 5.

2.2 GEOS-Chem

GEOS-Chem (v08-01-01; http://acmg.seas.harvard.edu/geos/index.html), with a hori-
zontal resolution of 2°x2.5° and 47 layers in the vertical (~130m for each of the 10
lowest layers), is driven by GEOS-5 from the NASA Global Modeling and Assimilation
Office. The assumption of full mixing within the planetary boundary layer (PBL) in the
standard model is replaced with a more realistic non-local mixing scheme formulated
by Holtslag and Boville (1993) (see Lin et al., 2008b). Our preliminary analysis with
GEOS-Chem indicates that the non-local scheme improves the simulation of vertical
profile of NO, in the lower troposphere, as compared with aircraft measurements from
the ICARTT campaign in summer 2004. It also leads to a much better simulation of
GEOS-Chem on the diurnal variation of surface ozone mixing ratio over the US, con-
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sistent with the findings of Lin et al. (2008b).

Anthropogenic emissions over Asia for the year of 2006 from the INTEX-B mission
(Zhang et al., 2009) are used as a priori. Seasonal variation is not resolved in this
dataset. Also, anthropogenic emissions are assumed as constant over the course of
a day when used in GEOS-Chem simulations, unless indicated otherwise. Soil NO,
emissions are specified using the scheme introduced by Yienger and Levy (1995).
Lightning emissions follow Price et al. (1997), with a “C” shape profile proposed by
Pickering et al. (1998). Additionally, the monthly climatology for 1995-2005 based on
the OTD/LIS measurements is superimposed for the monthly flash rate budget, while
the flash rate within the month is allowed to vary with convection (Sauvage et al., 2007;
Lee Murray, manuscript in preparation). Biomass burning and aircraft emissions are
from the GFED-2 and GEIA datasets, respectively; the relative emissions are small
compared with other sources of NO, over China in July 2008.

2.3 The new top-down approach

Our new approach is based on that satellite instruments passing China at different
times of day observe and provide meaningful information on tropospheric NO, at dif-
ferent states that can be used for analyzing temporal variation of NO, emissions and
chemistry.

Neglecting horizontal transport, the temporal variation of tropospheric NO, column
for a given model gridcell is determined by
0Qno, /0t = E = Qo /T (1)
where Qo is the tropospheric column of NO,, £ the total NO, emissions, and 7
the NO, lifetime (as a result of all chemical loss processes). Assuming £ and 7 are
constant from the /-th to /+1-th hour of the day, Eq. (1) can be used to evaluate the
NO, column at the /+1-th hour, Qyg |1, in terms of emissions from the /-th to /+1-th
hour, E;, and the column at the /-th hour, Qyg |;:

QNOX|/+1 =E;-1,-(1- e_At/T") + QNoxli .e~At/7; )
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where At is the time interval (1 h). Integrating Eq. (2) from the 0-th to n-th hour, we
find:

n-1 nd
— > (-At/T)
Qnoln = E - D (Vi-\)) + Qo lo- = 3)
i=0

where

n-1
_ > (-At/T))
V,=E,JE and A, =(1-e /%) 1, e '
Here V and E define the temporal variation and daily mean of E, respectively. Equa-
tion (3) derives the dependence of the NO, column on emissions and lifetime, subject
only to assumptions in Eq. (1). In analyzing the satellite data, we assume

QNOX’r/QNOQ,r = QNOX,a/QNOZ,a and T, =T,=T (4)

Here the subscripts “r” and “a” indicate the retrieval and the model results, respectively;
and Qo  represents the virtually “retrieved” NO, column. GEOS-Chem is run once
and only once to calculate Qno o/Qno,a @nd 7,. (Note that 7, is the result of all
chemical loss processes (HNO5; and PAN formation, etc.); it is derived at every one
hour by applying Eq. (2) to GEOS-Chem modeled NO, concentration and emissions.)
These results, together with Qy, ,, are used to derive Qyo . and its temporal variation
(Eq. 5, based on Eq. 3). Note the averaging kernel is applied to Quo, o to remove
errors associated with the assumed NO,, profile in the retrievals (Boersma et al., 2004).
It follows that

|
-

n

— Z( At/T;)
Qo idn =Er- D (Vri-Ni) + Quo,rlo - &~ (5)
i=0
Z( At/T;) -
Qno, fln = oo - €7 z (V- A\) (6)
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Here E, is the ‘retrieved” top-down total NO, emissions; and
n-1
Z(—Af/‘l',-) . . . « . ”
Qno, iln=Rno, rloe™ is a weighted difference between the “retrieved” NO,
columns at different times of day. Based on Eq. (6), all four sectors of anthropogenic
emissions are constrained simultaneously by iteration, which finishes in seconds. At

the m™" iteration,

4 R
I/r;m,/' = Er;m—1,i/Er;m—1 = <Z (EAr;s;m—1 : VAs,i) + EO/>/<Z (EAr;s;m—1) + EO>

s=1 s=1
(7)

n—-

]

— > (-At/1) -

Er;m = QNOX,rln - QNOX,rlo - et / z (Vr;m,i . /\/) (8)
i=0

ar;m = Er;m - E) 9)

Here EA indicates the magnitude of anthropogenic NO, emissions with the diurnal
profile of VA (VA is independent of the assumed diurnal variation in GEOS-Chem; see
below), with the subscript “s” referring to the four sectors. EO refers to other emissions

together, and is independent of the iteration (see below). Similar to E, variables with
overhead bars represent daily means. V., ; varies with EA...,_4 in each iteration.
The difference in EA, between the m-th and m-1-th iteration, <§r;m—§r;m_1>, is

partitioned then to individual anthropogenic sectors, assuming that the same portion of
the absolute error for each sector contributes to the difference:

(ar;s;m - ar;s;m—1> / (Us 'ar;s;m—1) =C (10)
sé (ar;s;m - ar;s;m—1) = ar;m - ar;m—1 (1 1)

Here U refers to the relative uncertainty assumed for EA (see below), and c is constant
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at each iteration and decreases with subsequent iterations. The iteration converges
when

EA..
1| <5% (12)

aI’;TT'I

The relatively loose criterium results from the consideration of large errors and/or un-
certainties in both retrievals and model simulations. It has little effect on the top-down
estimate. The iteration is initiated using Eq. (7), with daily mean a priori anthropogenic
emissions serving as the initial guess for daily mean top-down emissions:

ar;s;O = aa;s (13)

To avoid the influence of horizontal transport in the nighttime, the two satellite re-
trievals are applied only to calculate top-down emissions from 10:00a.m. (local time)
to 2:00p.m., i.e., Qno, (|, corresponds to OMI and Qg ([o to GOME-2 (and thus n=4).
The diurnal variations assumed for the relevant emission sectors aforementioned are
used then to generate emissions for other times of day. The overpass time of GOME-2
and OMI for a given model gridcell is ~9:30a.m. and ~1:30 p.m., respectively. Due to
the large viewing swath of both instruments (1500 km and 2600 km, respectively), the
local time of a viewing pixel can depart from the overpass time by as large as ~0.6h
for GOME-2 and ~1.1h for OMI at 45° N. However, for most viewing pixels included
in this study, the local time departs from the overpass time by <0.5h. Furthermore,
modeled columns at 10:00a.m. and 2:00 p.m. are used for the top-down estimate, as
the model chemistry is resolved only every 1 h. Overall, the small time difference in re-
trievals and model results has little impact on our findings; several tests by increasing
(decreasing) the time span n from 4h to 5h (3h) lead to <3% changes in the top-down
anthropogenic emission budget.

Our goal is to constrain emissions for individual anthropogenic sectors. For our best
estimate, one important step is to constrain natural emissions. Lightning emissions of
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NO,, including their hourly variation, are assumed to represent the real world and not
adjusted. NO, emissions from biomass burning and aircraft are held constant given
their relatively small contribution. Soil NO, emissions specified using the Yienger and
Levy (1995) scheme are thought to be too low by a factor of 2-3 (Wang et al., 2004;
Jaeglé et al., 2005; Wang et al., 2007; Zhao and Wang, 2009) in China, due likely to
an underestimate of the sources associated with fertilization and human/animal food
chain (Wang et al., 2004; McElroy and Wang, 2005). They are doubled therefore for
purposes of the top-down constraint.

Estimates are as follows for diurnal profiles (VA) of individual anthropogenic sectors
necessary for separating their contributions to the top-down emissions. As shown in
Fig. 4, diurnal variations follow previous surveys in Beijing (Yu Zhao, personal commu-
nication) for power plant and mobile sources, and (Wang et al., 2005) for residential.
The diurnal variation for industry is assumed the same as for power plants in the ab-
sence of better information (industry consumes ~70% of electricity in China). It is worth
clarifying that VA is completely independent of the diurnal profiles assumed in GEOS-
Chem. Although anthropogenic emissions do not change within a day in GEOS-Chem
simulations, they are assumed to vary according to diurnal profiles presented above
when used in our new approach for deriving top-down emissions. Impacts of assuming
zero diurnal variation in GEOS-Chem simulations are analyzed in Sect. 5 (sensitivity
case (12); Table 2).

Meanwhile, partitioning top-down anthropogenic emissions to different sectors re-
quires information on the relative uncertainties in their budgets (U). Streets et al. (2003)
and Zhang et al. (2007) suggested uncertainties in Chinese emission budgets of 50%,
37%, 50%, and 164% for the four sectors, respectively. In the absence of more de-
tailed information, these estimates of uncertainty are tentatively increased here, by
8%, to 58%, 43%, 58%, 191%, respectively, to account for potential emission differ-
ences between 2006 and 2008; they are applied then at all locations. This increase
is set to be consistent with the recent annual emission increase rate of 8% (Zhao and
Wang, 2009). It does not affect the partitioning, since the uncertainties are used only
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in a relative sense (Eq. 10).

Note that top-down emissions for the four anthropogenic sectors are not completely
independent, in that they share the same sign of change upon the a priori, as deter-
mined by differences between total top-down anthropogenic emissions and a priori.

2.4 Comparison with the Martin et al. method

The Martin et al. method assumes a linear relationship between NO, columns and NO,
emissions. It equates the ratio of the top-down to the a priori daily mean emissions to
the ratio of the retrieved to the modeled NO, column at a particular time of day. Only
a single retrieval is used for each top-down constraint, and results using retrievals at
different times of day often differ (Mijling et al., 2009; and see Sect. 4). Diurnal profiles
of NO, emissions use the pre-determined values in CTMSs, regardless of that CTMs are
obliged often to include relatively arbitrary assumptions on emission diurnal variations
in China, e.g., the standard GEOS-Chem applies the US Environmental Protection
Agency (EPA) 1989 estimation to China.

The Martin et al. method represents a special case of the present approach. It can be
derived using Egs. (4) and (6), where Qo |, equals Qg |o(i-€., integrating through-
out the day so that n=24) and V; ; adopts the pre-determined values in the model (thus
iterations are not necessary). In this case, however, the integration has to include the
nighttime regime, when 7 is relatively large and thus neglecting the horizontal transport
may not be appropriate.

3 Tropospheric NO, column

Figure 2 illustrates retrieved and modeled monthly mean spatial distributions of tropo-
spheric NO, columns over China. Both retrievals maximize over northern East China,
reflecting the influence of the intensive industrialization and urbanization in this region.
Peak columns in GOME-2 exceed 2x10 molec/cmz. Local hot spots can be seen also
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over the southern provinces. Over most western regions, NO, columns are typically
less than 10 molec/cmz. Additionally, the OMI retrieval is typically lower than GOME-2
over the eastern provinces, primarily due to the short lifetime of NO, during daytime.
GEOS-Chem captures the general spatial patterns of both retrievals over the eastern
provinces; the absolute values of the modeled column are typically lower than the re-
trievals.

The coarse horizontal resolution is not found as a major factor for the model-retrieval
differences. Our test at a much higher resolution (0.5° latx0.667° lon), using the nested
version of GEOS-Chem (Chen et al., 2009), indicated negative model biases relative
to retrievals with a magnitude similar to the coarse resolution investigated here.

The top-down approach assumes that differences in monthly mean NO, columns
between the retrieval and the model reflect systematic biases in the a priori emissions,
rather than errors in the meteorological fields and the model. Therefore the modeled
NO, column, irrespective of biases in the a priori assumptions, should be correlated
fairly closely to the retrieval on the daily basis. This is a key factor in ensuring that
the top-down approach provides useful information for evaluating the a priori. Fig-
ure 3 examines the correlations between daily variations of retrieved and modeled
NO, columns over several regions over East China. The correlations are relatively
high, suggesting that the top-down estimation is indeed informative.

4 Top-down emissions: best estimate

Our best top-down estimate of total anthropogenic emissions is compared with the
a priori assumptions in Fig. 5 and Table 2, together with the comparisons for indi-
vidual sectors. Diurnal variation of the top-down emissions for East China (103.75°—
123.75° E, 19°-45°N) is shown in Fig. 4. Differences between the two datasets are
attributed to three factors. First, they represent two different years: 2006 versus 2008.
Chinese emissions differ in these two years due to the rapid pace of industrialization
(the Gross Domestic Product increases by ~10% per year), offset to some extent by
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extensive efforts to reduce emissions (targeting the 11p"P 5-year plan and the 2008

Beijing Olympics). The second factor is the uncertainties in the a priori emissions.
Third, the top-down approach is subject to uncertainties relating to errors in satellite
retrievals, GEOS-Chem and methodology (see Sect. 5). Random retrieval errors are
particularly significant over western regions where retrieved columns are typically less
than 10'° molec/cmz. Top-down emissions in these regions are thus not calculated
using the present methodology, but are rather set equal to the a priori values.

The general spatial pattern of the top-down emissions is similar to the a priori (Fig. 5),
with highest emissions in the Shanghai area followed by northern East China with
several local hot spots in other regions. The total top-down budget implies a source
of 5.5 TgN/yr over East China (Table 2), as compared to 5.7 TgN/yr in the a priori.
The national budgets are 6.8 TgN/yr and 6.6 TgN/yr for the top-down and the a pri-
ori, respectively. However, significant differences exist between the two datasets in
the spatial distribution (Fig. 6a). The top-down emissions are often smaller than the
a priori along the east coast and over the industrial regions of the three northeastern
provinces. The 15-50% lower emissions near Beijing may be due partially to the mea-
sures implemented there to reduce emissions in advance of the Olympics; Mijling et
al. (2009) reached a similar conclusion. The lower emissions in the northeast may be
related to recent efforts to reduce pollution by shutting down heavily polluting factories
and by associated restructuring of industry. On the other hand, the top-down emis-
sions exceed the a priori over many inland regions in the east. One particular region
is the southern boundary of Inner-Mongolia Province, where significant numbers of
large coal-fired power plants are being installed (Zhang et al., 2009). Over central East
China (103°-118°E, 25°-33° N), our assumption of doubling soil emissions appears
inadequate to compensate for the likely underestimation of a factor of 3 suggested by
Wang et al. (2004).

Despite the larger NO, columns in GOME-2 and OMI retrievals than the modeled
columns, our best top-down estimate suggests an emission budget similar to the a pri-
ori assumption. One apparent cause is that soil emissions are doubled for deriving the
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top-down anthropogenic emissions. This leads to ~10% less top-down anthropogenic
emissions than if soil emissions were kept unchanged. The other, and most impor-
tant, cause is that the top-down emissions are determined by the weighted difference
between the “retrieved” NO, columns corresponding to GOME-2 and OMI, and not
necessarily directly by either column (Eq. 6). In other words, the top-down estimate is
based on changes in the “retrieved” NO, columns. As such, the relationship between
the magnitude of NO, retrievals and the magnitude of top-down emissions become
non-linear, unlike that with the Martin et al. method. Meanwhile, impacts of errors in
individual retrievals on the top-down estimate may become less important, e.g., part of
retrieval errors in GOME-2 and OMI may be canceled out by utilizing differences be-
tween the retrieved columns. Averaged over China, the weighted difference between
the two “retrieved” NO, columns does not depart much from the weighted difference
between the modeled columns at corresponding times. This leads to small differences
between top-down and a priori emission budgets. That higher retrievals may not lead
to higher top-down emissions is a unique characteristic of our approach that is worth
highlighting. The impacts of retrieval errors are analyzed further in Sect. 5.

By comparison, the Martin et al. method leads to much higher top-down anthro-
pogenic emissions than the a priori over most eastern regions (Fig. 7). The derived
emission budget from all sources for East China is 10.1 TgN/yr using GOME-2 for
constraint and 8.9 TgN/yr using OMI. Assuming soil emissions are doubled, the cor-
responding budgets for anthropogenic sources are 8.5 TgN/yr (~50% higher than the
a priori) using GOME-2 for constraint, in contrast to 7.3TgN/yr (~29% higher) using
OMI.

5 Uncertainties in the top-down emissions

Uncertainties in the present top-down estimate may be attributed to a humber of fac-
tors, the influences of which were evaluated in a series of sensitivity tests (see Table 2).
The first factor relates to systematic and random errors in the retrievals, which to-
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gether are about 30—100% over East China (Boersma et al., 2004; Boersma et al.,
2007). Random errors in GOME-2 and OMI retrievals may not contribute significantly
to the top-down emission budget for China. Systematic errors in both retrievals are
most likely of high and positive correlation with each other, while their magnitudes may
differ to some extent. This difference is expected to contribute partially to that the
GOME-2 retrieval leads to 13% higher total top-down emission budget than OMI using
the Martin et al. method. (Another factor contributing to the 13% difference may be
errors in modeled columns at the time of GOME-2 and OMI overpass.) Here three
sensitivity tests were conducted for evaluating the situation where systematic errors in
GOME-2 and OMI differ (Table 2). In the first test (case 6), the 13% difference was
assumed to be contributed only by differences between GOME-2 and OMI retrievals.
Thus the GOME-2 retrieval was scaled down by a factor of 113% (so that the Martin
et al. method produces the same top-down emission budget using either GOME-2 or
OMI), and the top-down emissions were re-calculated using our approach. We chose to
reduce the GOME-2 retrieval instead of enhancing the OMI retrieval because the OMI
retrieval is estimated to have overestimated the true VCD (Boersma et al., 2009b; Hains
et al., 2009; Huijnen et al., personal communication, 2009; Lamsal et al., 2009; Zhou
et al., 2009). The resulting top-down emission budget for East China is 17% higher
than the best estimate and 13% higher than the a priori. The second test (case 7) was
to adjust GOME-2 and OMI retrievals independently before the top-down derivation.
van Noije et al. (2006) compared the KNMI retrieval method for GOME with the other
two independent methods at Bremen University (Richter and Burrows, 2002; Richter
et al., 2005) and Dalhousie University/SAO (Martin et al., 2003). They found that the
VCD in July 2000 retrieved by the three methods ranges from ~2.5x10"° molec/cm2
(By Bremen University) to ~5.1 x10"° molec/cm2 (by KNMI) over northern East China
(110°-123° E, 30°—40° N). Assuming the mean of VCD retrievals from the three meth-
ods as the true VCD, the KNMI retrieval for GOME would be overestimated by ~32%
for July 2000. Assuming the GOME-2 retrieval here had the same level of error as
GOME, it was reduced by 32% over China. A number of recent studies (Boersma
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et al., 2009b; Hains et al., 2009; Huijnen et al., personal communication, 2009; Lamsal
et al., 2009; Zhou et al., 2009) have suggested that the KNMI OMI retrieval is biased
positively, most likely with a magnitude of 0-30% irrespective of season. Thus the OMI
retrieval was reduced by 15% as a medium modification. The top-down results using
the adjusted GOME-2 and OMI retrievals showed a budget ~7% (~3%) larger than our
best estimate (a priori) for East China. In the third test (case 8), NO, retrievals from
SCIAMACHY by KNMI were used in place of GOME-2. The SCIAMACHY retrieval has
been compared with OMI by Boersma et al. (2008b) for evaluating emission and chem-
ical variations of tropospheric NO, for East China and other world regions. Combining
SCIAMACHY and OMI using our approach lead to a top-down emission budget for East
China that is ~9% (~5%) higher than our best estimate (a priori). In conclusion, we
find our best estimate provides relatively robust information on Chinese anthropogenic
emissions. Systematic errors in both retrievals may lead to underestimation in our best
estimate by at most 17% (mostly likely <10%).

Second, GEOS-Chem simulations may be subject to systematic errors. The non-
local PBL mixing scheme is expected to improve the simulated vertical profiles of NO,.
A sensitivity simulation assuming full PBL mixing leads to ~4% increase in the top-
down emission budget (case 9). However, the non-local scheme may still fail to sim-
ulate the PBL mixing accurately due to the relatively coarse spatial resolution of the
model. Also, the monthly climatology assumed for lightning may not be able to rep-
resent the real world due to its large interannual variability, introducing thus potential
biases in the top-down constraint since lightning is an important source of NO,. A sen-
sitivity simulation doubling lightning emissions results in ~15% reduction in the anthro-
pogenic emission budget (case 10). Additionally, this study also uses the INTEX-B
emissions for carbon monoxide (CO) and volatile organic compounds (VOCs), which
could differ from the actual emissions in 2008 resulting in errors in the simulated OH
and thus the NO, lifetime. Another sensitivity simulation (case 11), with anthropogenic
CO and VOC emissions increased by 50%, indicates that the modeled OH column and
NO, lifetime are affected by less than 4%, and that the top-down emission budget for
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East China is reduced by ~3%. Furthermore, the a priori emissions do not have diurnal
variation when used in the GEOS-Chem simulation for calculating 7 and Qg ,, with
the assumption that these two quantities are independent of NO, emissions. In another
sensitivity test (case 12), our best estimate of emission diurnal profiles (Fig. 4) was ap-
plied to the a priori and the GEOS-Chem simulation was re-run. As a result, 7 and
Qno, r are affected by less than 3%, while the top-down emission budget is increased
by ~9%.

The third factor relates to the assumptions on the diurnal profiles of emissions and
the uncertainties in overall budgets across the four sectors. The single diurnal variation
curve for each sector cannot distinguish individual sub-sectors (vehicle types, factory
sizes, etc.), locations, or day-to-day variability. Two additional scenarios were designed
to test the impacts of emission diurnal variation assumptions. In one scenario (case
4), we assumed that emissions were constant with time for all sectors and obtained
an “upper limit” to the top-down emissions. In another (case 5), we assumed that the
diurnal variations for all sectors followed the US EPA 1989 estimation (Fig. 4), with
emissions from 6:00 a.m. to 2:00 p.m. 35% higher than the daily mean. This results in
a “lower limit” for top-down emissions, since total Chinese anthropogenic emissions are
not expected to exhibit such a large diurnal variation. Anthropogenic emission budgets
for the two scenarios are 6.6 and 4.9 TgN/yr, respectively, for East China (Table 2).
Additionally, the budget uncertainty estimate for the four sectors is preliminary, par-
ticularly since it was derived for national budgets but is applied here to all locations.
A sensitivity test (case 13), with uncertainty of power plant emissions increased by
50%, showed impacts on the contributions of each sector to individual locations, but
not on their national budgets (Table 2).

Fourth, the top-down constraint is affected by the assumptions on soil emissions. To
evaluate this, two additional cases were implemented to test each of the “best esti-
mate”, “upper limit” and “lower limit” scenarios, where soil emissions are assumed to
be either (1) the same as or (2) tripling the a priori (case 14-19). The resulting top-
down anthropogenic emission budgets are within 10% of the corresponding scenarios
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(Table 2).

Figure 8 summarizes the aforementioned uncertainties in our top-down estimate as
a histogram plot. It is shown that the top-down emission budget is within 15% of our
best estimate in 13 (12) out of the total 17 sensitivity cases for the whole country (East
China). The standard deviation over all cases is ~13% of the best estimate emission
budget. The total uncertainty in our best top-down estimate may be larger than 13%,
since the sensitivity cases analyzed here are not completely independent. Therefore
the uncertainty is estimated here with an alternate approach. It is approximated as the
standard deviation of the top-down estimations derived for individual days of the month
divided by the top-down estimation using the monthly-mean columns. Similar approx-
imations have been used in previous studies (e.g., Wang et al., 2004). An additional
30% error is added tentatively to account further for impacts of systematic errors in
retrievals and model results persistent in July 2008. Figure 6b shows that uncertainties
in the top-down total anthropogenic emissions are less than 60% in most regions. The
large uncertainties in several sparse locations correspond often to low emissions in
both top-down and a priori datasets.

The a posteriori emissions relative to the best top-down estimate are derived for each
sector together with the total (Fig. 5), using uncertainties in the top-down and a priori
emissions to determine their relative contributions (Martin et al., 2003). The resulting
emission budget is 5.7 TgN/yr over East China and 6.8 TgN/yr for the whole country
(Table 2). The uncertainties for total anthropogenic emissions are 45% or less over
most regions (Fig. 6d). The national budget here is ~10% less than the a posteriori
estimate of 7.5 TgN/yr for July 2007 by Zhao and Wang (2009). This may be a result of
different time of interest (July 2008, with more emission restriction due to the Olympics,
versus July 2007), different estimate methods (the newly proposed approach applied to
monthly means versus the Martin et al. approach applied to daily assimilation), different
retrievals (the KNMI retrieval versus the mean of KNMI and NASA retrievals) and/or
different resolutions.
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6 Conclusions and discussions

The methodology introduced here offers an improvement on the Martin et al. method
(Martin et al., 2003) for constraining anthropogenic emissions. By incorporating GEOS-
Chem with multiple satellite retrievals and accounting for diurnal variations of differ-
ent anthropogenic sectors, it not only improves the constraint of daily mean total an-
thropogenic emissions, but is able also to simultaneously constrain individual sectors,
which as a result improves the quantification of the diurnal variation of total anthro-
pogenic emissions.

The best top-down estimate leads to an anthropogenic emission budget of about
5.5TgN/yr over East China for July 2008, comparable to 5.7 TgN/yr in the a priori.
The national budgets are 6.8 TgN/yr and 6.6 TgN/yr in the top-down and a priori
datasets, respectively. These small differences are possibly as a result of the rapid
pace of industrialization and urbanization balanced to a large extent by the emission
control efforts in recent years. The top-down emissions are smaller than the a priori
near Beijing, in the northeastern provinces and along the east coast. They, however,
exceed the a priori over many inland regions. Differences in systematic errors between
individual retrievals may lead to underestimation of top-down emissions by at most
17% (most likely <10%). Impacts of errors and uncertainties in GEOS-Chem and
methodology are analyzed by a suite of sensitivity tests. The standard deviation of
all sensitivity cases is only ~13% of the top-down emission budget derived from our
best estimate. The a posteriori emissions corresponding to the best top-down estimate
suggest a national budget of 6.8 TgN/yr (5.7 TgN/yr in East China).

A key assumption in both methods is the neglect of horizontal transport. Thus, even
in summer, it is important to avoid incorporating the nighttime evolution of NO,, since
its lifetime is relatively longer allowing for more effective transport. Since the Martin
et al. method is restricted to analysis of a single satellite retrieval, their results depend
implicitly on the treatment of the nighttime evolution of NO, (see Sect. 2). By com-
parison, using multiple retrievals, the present approach accounts for the evolution of
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NO, in the daytime (10:00 a.m.-2:00 p.m.), when its lifetime is relatively short and when
the neglect of horizontal transport is likely to be less problematic. Also, the quantities
required from the model in the present study, including the ratio between NO, and NO,
columns and the lifetime of NO, in the daytime, are insensitive to the treatment of NO,
during nighttime. If the methodology were to be applied to wintertime when photo-
chemistry is less efficient and the lifetime of NO, is longer, additional measures may
be needed to account appropriately for the effects of horizontal transport.
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Table 1. Properties of Level-2 NO, retrievals from GOME-2 and OMI?
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Instrument Onboard Local equator Nadir view Viewing Global Retrieval
satellite ~ crossing time  resolution swath  coverage version

GOME-2 MetOp-A 9:30a.m. 40x80km® 1500 km ~1d TM4NO2A v1.10
omI EOS-Aura 1:30p.m. 13x24km? 2600 km 1d DOMINO v1.0.2

& See more information at http://www.temis.nl/airpollution/no2.html.
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Table 2. Annual anthropogenic emission budgets (TgN/yr) of NO, in China®
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Case Description” China East China (103.75°-123.75°E,
19°-45° N)°
total ind pow mob res total ind pow mob res
(1) a pr|or| a priori 66 17 29 17 04 57 15 25 14 03
(2) TD:? best estimate  best estimate 68 17 29 18 05 55 14 24 13 03
@) a postenon relative to (2) 68 17 29 17 05 57 15 25 14 03
(4) TD: upper limit no emission diurnal variations 82 20 383 21 08 66 1.7 28 1.6 0.5
(5) TD: lower limit emission variations use the 61 15 26 16 04 49 12 22 12 0.2
US EPA 1989 estimation
(6) TD: adj.GOME-2 GOME-2 scaled down by 113% 80 20 32 21 07 64 16 27 16 05
(7) TD: adj_ GOME-2 GOME-2 reduced by 32% and 73 18 30 19 06 58 15 25 14 04
& OMI OMI reduced by 15%
(8) TD: SCIA+OMI SCIAMACHY in place of GOME-2 73 18 30 19 06 60 15 26 15 04
(9) TD: fullmix assume full mixing PBL 71 18 30 18 06 57 15 25 14 04
(10) TD: 2xIgt lightning NO, emissions doubled 58 14 25 15 04 46 12 21 141 0.2
(11) TD: 1.5xHC anthropogenic emissions of CO 67 16 28 17 05 53 13 23 13 0.3
and VOCs increased by 50%
(12) TD: dv_emis best estimate emission diurnal 74 18 30 19 06 60 15 26 15 04
variations applied to the a priori
(13) TD: 1.5xpow budget uncertainty for power 68 17 29 18 05 55 14 24 13 0.3
plants increased by 50%
Sensitivity to assumed soil emissions
(14) TD: 1xsoil similar to (2), but with soil 75 18 31 19 06 60 15 26 15 04
emissions unchanged
(15) TD: 3xsoil similar to (2), but with soil 62 15 26 16 05 50 13 22 12 03
emissions tripled
(16) TD: UL+1 xsoil similar to (4), but with soil 90 22 36 23 09 72 18 30 18 06
emissions unchanged
(17) TD: UL+3xsoil similar to (4), but with soil 74 18 30 19 06 60 15 25 15 04
emissions tripled
(18) TD: LL+1xsoil similar to (5), but with soil 67 16 28 17 05 53 13 24 13 03
emissions unchanged
(19) TD: LL+3xsoil similar to (5), but with soil 55 14 24 15 03 44 11 20 141 0.2

emissions tripled

& Assuming no seasonal variations. Emissions include total anthropogenic sources (“total”) and
all four sectors: industry (“ind”), power plants (“pow”), mobile (“mob”) and residential (“res”).

b Descriptions for Case (4—15) only show differences from the best estimate (Case (2)).
¢ Gridcells not occupied by Chinese lands are not included for calculating the total.

d Top-down.
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Fig. 1. Scatter plot (“pluses”) for the spatial distributions of monthly mean tropospheric NO,
columns (1015 molec/cmz) from different retrievals over East China in July 2008. Results from
the RMA regression are provided as well. The dashed line is the fit to the data, and the dotted

line denotes the 1:1 ratio.
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Fig. 2. Tropospheric NO, column concentrations (10" molec/cmz) for July 2008 retrieved by
(a) GOME-2 and (b) OMI, and corresponding GEOS-Chem simulations in (¢) for 10:00a.m.

and (d) 2:00 p.m., respectively.
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Fig. 3. Normalized (i.e., divided by monthly mean) daily variations of retrieved (solid lines
with “triangle” symbols) and simulated (dashed lines with “square” symbols) tropospheric NO,
column concentrations in July 2008 for East China and its southern and northern portions. Red
lines correspond to GOME-2 and green lines OMI. Dotted vertical lines indicate the standard
deviations of retrievals. Daily retrieval-simulation correlations are also shown.
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Fig. 4. Estimated diurnal profiles of Chinese anthropogenic emissions from individual sectors
(black, red and green lines), the US EPA 1989 estimate (blue line), and the profile correspond-
ing to our best top-down estimate of total anthropogenic emissions in East China (orange line).
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Fig. 5. Chinese anthropogenic emissions of NO, (kgN/s) from four major sectors and their
total in the a priori, top-down and a posteriori datasets. Top-down and a posteriori emissions
are kept the same as the a priori for gridcells with either GOME-2 or OMI retrievals less than
1x10"® molec/cm? (mostly in the western provinces). Gridcells not occupied by Chinese lands
or with zero emissions are masked out as gray.
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Fig. 6. Differences in total anthropogenic emissions between our best top-down estimate and
the a priori datasets (i.e., top-down minus a priori) (a) and relative uncertainties in the top-down
emissions (b) over China in July 2008; and the corresponding differences between the a pos-
teriori and the a priori datasets (i.e., a posteriori minus a priori) (¢) and relative uncertainties in
the a posteriori emissions (d).
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Fig. 7. Top-down total anthropogenic emissions of NO, (kg N/s) for July 2008 derived with the
Martin et al. method, using the (a) GOME-2 and (b) OMI retrievals. Soil emissions are doubled
for deriving these anthropogenic emissions. Emissions are kept the same as the a priori for
gridcells with retrievals less than 10" molec/cm2 (mostly in the western provinces). Gridcells
not occupied by Chinese lands or with zero emissions are masked out as gray.
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Fig. 8. Histogram plot of top-down emission budgets in the 17 different cases described in
Table 2. Cases (1) and (3) represent the a priori and a posteriori, respectively, and are not

included here.
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