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Abstract

We have conducted a feasibility study for the geostationary monitoring of the diurnal variation of tropospheric NO2 over Tokyo.
Using NO2 fields from a chemical transport model, synthetic spectra were created by a radiative transfer model, SCIATRAN, for sum-
mer and winter cases. We then performed a Differential Optical Absorption Spectroscopy (DOAS) analysis to retrieve NO2 slant column
densities (SCDs), and after converting SCDs into vertical column densities (VCDs), we estimated the precision of the retrieved VCDs.
The simulation showed that signal-to-noise ratio (SNR) P 500 is needed to detect the diurnal variation and that SNR P 1000 is needed
to observe the local minimum occurring in the early afternoon (LT13–14) in summer. In winter, the detection of the diurnal variation
during LT08–15 needs SNR P 500, and SNR P 1000 is needed if early morning (LT07) and early evening (LT16) are included. The
currently discussed sensor specification for the Japanese geostationary satellite project, GMAP-Asia, which has a horizontal resolution
of 10 km and a temporal resolution of 1hr, has demonstrated the performance of a precision of several percent, which is approximately
corresponding to SNR = 1000–2000 during daytime and SNR P 500 in the morning and evening. We also discuss possible biases caused
by the temperature dependence of the absorption cross section utilized in the DOAS retrieval, and the effect of uncertainties of surface
albedo and clouds on the estimation of precisions.
� 2011 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nitrogen oxides (NOx = NO + NO2) are well-known
anthropogenic air pollutants emitted in the process of fossil

fuel combustion from power plants and vehicles mainly in
the form of NO. NOx itself is harmful to human health and
has a key role in the formation of tropospheric ozone,
which is also toxic to the human body and the dominant
component of photochemical smog; the photolysis of
NO2 first produces O(3P) and NO, and a three-body reac-
tion including O(3P) quickly forms ozone. The NO formed
in the photolysis of NO2 would oxidize ozone again with-
out other reactions. In polluted air, however, NO is succes-
sively oxidized by radical compounds such as organic
peroxy radical (RO2) and the hydroperoxyl radical (HO2)
before consuming ozone, and ozone formation can proceed
without consuming ozone (Hobbs, 2000).
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Since the mid 1990s, space-borne measurements based
on spectroscopic techniques have been developed to com-
plement the ground-based monitoring network. The Glo-
bal Ozone Monitoring Experiment (GOME) (Burrows
et al., 1999) and its successor Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Cartography (SCIAM-
ACHY) (Bovensmann et al., 1999) are the pioneers for the
global tropospheric trace gas measurements from space
using backscattered solar radiation. The measurements of
GOME and SCIAMACHY revealed global long-term
trends in the tropospheric NO2 including China, where a
large increase rate of the tropospheric NO2 was found
(Richter et al., 2005), constraints for the global inventories
of NOx emissions (Leue et al., 2001; Martin et al., 2003),
and global distributions of NOx sources by the identifica-
tion of the seasonal cycles of the sources (van der et al.,
2008). Following GOME and SCIAMACHY, measure-
ments with improved spatial resolutions and more frequent
global surface coverage are performed by the Ozone Mon-
itoring Instrument (OMI) (Levelt et al., 2006) and GOME-
2 (Callies et al., 2000). The observations from OMI and
GOME-2 facilitate studying the spatiotemporal distribu-
tion of the tropospheric NO2 over urban and industrialized
regions (Wang et al., 2007; Kim et al., 2009; Mijling et al.,
2009; Sitnov, 2009; Witte et al., 2009; Zhang et al., 2009).

The satellites carrying those sensors have sun-synchro-
nous low earth orbits (LEO), and the observations of a
given location would be conducted at a fixed local time
(except at high latitudes where several orbits from the same
day overlap) when only one sensor was utilized. Therefore,
the measurements based on only one sensor cannot obtain
the information on the diurnal variation of a species. To
overcome this limitation of the observation with one sen-
sor, a satellite constellation with several instruments was
utilized. Boersma et al. (2008) showed that the difference
of NO2 observed by SCIAMACHY (observing at LT10–
11) and OMI (at LT13–14) is up to 40% in summer,
depending on the sources of NO2. The authors attributed
the difference between SCIAMACHY and OMI’s results
primarily to daytime photochemical loss of NO2, weakened
by a broad daytime maximum of anthropogenic NOx emis-
sions. Boersma et al. (2009) showed further detailed results
on the seasonal difference of the diurnal variations of the
tropospheric NO2 over urban areas; SCIAMACHY
(observing at LT10–11) > OMI (at LT13–14) in summer
but vice versa in winter. The authors discussed the reason
of the seasonal difference using a chemical transport model
(CTM) and concluded that the seasonally varying photo-
chemistry mainly causes the difference. Such a satellite con-
stellation with instruments in morning and noon orbits has
contributed to the understanding on the most important
diurnal trends in chemistry and emissions. It could further
be complemented if measurements from additional instru-
ments in the afternoon were available.

In contrast to LEO, a geostationary earth orbit (GEO)
enables hourly measurements throughout the day. Hourly
observations with GEO are particularly useful for the study

of the diurnal variation of tropospheric species such as
NO2 because;

� data from one instrument are more consistent than data
from a constellation,
� hourly data can track emissions e.g. during rush hours

which is not possible with a constellation, and
� hourly data at high spatial resolution allow tracking of

transport.

Hourly NO2 data from a geostationary sensor ingested
into data assimilation systems could also provide the neces-
sary input to take air quality forecasts further and improve
them up to the point that they can reliably forecast viola-
tions of air quality standard hours in advance. A GEO
measurement has another advantage against the existing
satellite constellation; GEO can solve a temporal sampling
problem of the existing LEO measurements. We define the
temporal sampling problem of LEO as the shortage of the
temporal frequency in observations. The LEO observations
of a given location are conducted once per day at most. As
clouds often prevent measurements down to the surface,
the real sampling frequency at a given location tends to
be reduced to less than once per day. The introduction of
GEO can create a much larger number of cloud free obser-
vations, solving the temporal sampling problem of the
existing LEO measurements. Note that the introduction
of GEO would result in another problem: a spatial sam-
pling problem. Since GEO instruments can only cover part
of the Earth, they introduce a spatial sampling problem in
that the rest of the Earth is not covered at all. Therefore,
while solving the temporal sampling problem, the use of
a GEO-instrument generates a spatial sampling problem.
Indeed, the existing LEO measurements had a priority on
solving the spatial sampling problem and obtained a global
coverage of the tropospheric NO2. To solve the spatial
sampling problem in a GEO-based measurement system,
several simultaneous measurements, e.g., in Asia, Europe
and America will be needed. As an alternative, GEO and
LEO observations can be combined to create a complete
global picture.

Since the beginning of the last decade, the possibility of
GEO-based measurements of tropospheric tracers has been
discussed as a contribution to the local- and regional scale
air quality monitoring and forecasts (Kelder et al., 2005;
Edwards, 2006). In these discussions, several GEO mis-
sions such as GEO TROPSAT (Little et al., 1997) and
GeoTROPE (Bovensmann et al., 2002; Burrows et al.,
2004) were proposed in the past. Presently, the Geostation-
ary Coastal and Air Pollution Events (GEO-CAPE) mis-
sion is being studied in the United States, and the
Sentinel-4 mission is proceeding for launch in Europe. In
Asia, the Korean Geostationary Environment Monitoring
Spectrometer (GEMS) is planned to be operating onboard
of a GEO satellite. In Japan, the Geostationary Mission for
Meteorology and Air Pollution (GMAP-Asia) was pro-
posed by the Japan Society of Atmospheric Chemistry

1552 K. Noguchi et al. / Advances in Space Research 48 (2011) 1551–1564



(Akimoto et al., 2008; Akimoto et al., 2009). In those mis-
sions, the development of the sensor is one of the key
issues, as the requirements for the sensor specification in
GEO (36,000 km altitude) become much more severe than
for LEO (<1,000 km) because of the much weaker intensity
of light coming from the Earth’s atmosphere to GEO.

In the present study, we conducted a feasibility analysis
for the detection of diurnal variations of the tropospheric
NO2 from a GEO satellite. As a target region, we focused
on Tokyo, which is the largest polluted urban area in
Japan. We estimated the precision and its dependence on
local time and season by numerical simulations to deter-
mine the smallest acceptable signal-to-noise ratio (SNR)
for the detector if diurnal variations of NO2 are to be stud-
ied. First, we assume an ideal sensor with constant SNR for
the simulations. The results obtained here are general,
because no specific sensor specification is assumed in the
simulations. Based on these general results, we assume a
realistic sensor specification similar to that currently dis-
cussed in the GMAP-Asia project and investigate to what
extent this hypothetical sensor can detect the diurnal vari-
ation of the tropospheric NO2.

2. Method

In this section, we describe the method used for the sim-
ulation conducted in the present study. We refer to the sim-
ulation method proposed by Irie et al. (2009). Fig. 1 shows
the flow chart of the simulations. First we simulated the
Earth’s atmospheric radiance spectra as they would be
observed in GEO using a radiative transfer model. In the
simulation, we implemented the diurnal variations of the
vertical profiles of NO2 for typical summer and winter

conditions using numerical simulations. To take into
account sensor noise, we added pseudo-noise components
to the synthesized spectra. Then, we performed a spectro-
scopic analysis to retrieve NO2 slant column densities
(SCDs). Finally, we converted the SCDs into vertical col-
umn densities (VCDs) by using the stratospheric SCDs
and the tropospheric AMF of NO2, which were derived
by SCIATRAN. The tropospheric AMF was calculated
by using the exact same atmospheric scenario as used for
the calculations of Earth’s atmospheric radiance spectra
mentioned above. On the other hand, we can immediately
calculate the correct VCD by integrating the NO2 vertical
profile for a given atmospheric scenario. We compared
the retrieved VCDs with the correct one for error
estimation.

2.1. Calculation of the Earth’s atmospheric radiance spectra

We calculated the Earth’s atmospheric radiance spectra
by the radiative transfer model (RTM), SCIATRAN (ver-
sion 2.2.2), which has been developed to perform radiative
transfer modeling for the purpose of measurements of the
scattered solar radiation in the Earth’s atmosphere
(Rozanov et al., 2005). SCIATRAN can perform radiative
transfer calculations properly accounting for the spherical
shape of the Earth’s atmosphere including refraction. In
this study, the discrete-ordinates method, which is one of
the options provided by SCIATRAN, was selected to solve
the integro-differential radiative transfer equation. We
calculated the radiance spectra with a wavelength step of
0.1 nm.

As atmospheric scenarios for the input to SCIATRAN,
we prepared vertical profiles of the tracers and the

Noise scenarios
1. Constant SNR
2. Based on sensor specification

Adding noise to radiance

Atmospheric and geometric scenarios
•Diurnal variation of NO2
•Summer and winter cases
•Tokyo (35.7ºN, 139.7ºE)

Vertical column density (VCD)

DOAS fitting

Fitting window of 425-450nm with NO2, 
O3, H2O, CHOCHO, IO and O4

Radiative Transfer Model (SCIATRAN) 

Calculation of radiance Calculation of VCD

Comparison for 
Error estimation

Slant column density (SCD)

Removing stratospheric SCD and 
dividing by tropospheric air mass factor

Fig. 1. Flow chart of simulations.
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information on aerosols. We took into account the diur-
nal and seasonal variations of the stratospheric and the
tropospheric NO2 for typical summer and winter cases
by using the results from CTMs. For the stratospheric
NO2, we adopted the results of the Bremen 3D CTM
(Sinnhuber et al., 2003a; Sinnhuber et al., 2003b). The
Bremen 3D CTM is based on the SLIMCAT model
(Chipperfield, 1999) and is a global model with a spatial
resolution of 2.5� latitude and 3.75� longitude. The time
resolution is 30 minutes. For the tropospheric NO2, we
adopted the results from a CTM based on RAMS (Pielke
et al., 1992) and CMAQ (Byun and Schere, 2006). The
CTM has a 5 km grid cell for the Tokyo region
(200 km � 200 km). The emission inventory used in the
CTM includes hourly and monthly emission changes with
a 10 km grid cell in the Tokyo region (Kannari et al.,
2007). The vertical profiles of gas species except NO2 were
adopted from the database provided by the scientific
requirement team in the GMAP-Asia project. The data-
base was developed based on the measurements per-
formed during the TRACE-P aircraft mission (Jacob
et al., 2003) and the numerical simulations by the
WRF/Chem model version 3.0.1 (Grell et al., 2005) with
the calculation conditions defined in Takigawa et al.
(2007) and also by the CHASER model (Sudo et al.,
2002). For simplicity, we did not take into account sea-
sonal or diurnal variations of those gas species. Pressure
and temperature were taken from the US standard atmo-
sphere. The vertical profiles of gas species, temperature
and pressure (taking the logarithm) were linearly interpo-
lated with a vertical resolution of 200 m for the altitudes
of 0–10 km, 500 m for 10–12 km and 1 km for 12–100 km.

Figs. 2 and 3 shows the vertical profiles of NO2 and other
gas species utilized in the radiative transfer calculations in
the present study.

For aerosols, we adopted a typical mixing state
described in Hess et al. (1998) with the options prepared
by SCIATRAN. Table 1 summarizes the details of the aer-
osol conditions assumed in the present study. We also
assume a vertical profile of the extinction coefficient with
a scale height of 3 km and an optical depth of 0.2 at a
wavelength of 550 nm. The intensity of the radiance simu-
lated by SCIATRAN became 2–5% smaller (depending on
wavelength and geometrical conditions) when we included
the effect of aerosols.

We did not take into account the effect of clouds in the
RT calculation. We discuss the effect of clouds on the GEO
measurement in Section 3.4 by using results reported in the
literature for OMI measurements.

As an incident solar spectrum, we adopted a solar spec-
trum derived by Chance and Spurr (1997). The absorption
cross sections adopted in the present study are summarized
in Table 2. We convoluted the solar spectrum and the
absorption cross sections with a Gaussian slit function
(FWHM = 0.4 nm) and interpolated them by spline curve
with a wavelength grid of 0.1 nm. SCIATRAN can take
into account the temperature dependence of absorption
cross sections of gases. We conducted simulations for two
cases with respect to the temperature dependency; first we
neglected the temperature dependence (Section 3.1) and
second, we considered the temperature dependence of the
cross sections of ozone and NO2 in Section 3.2, where we
will discuss the bias effect caused by this temperature
dependence.
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Fig. 2. Vertical profiles of NO2 used in SCIATRAN for LT07 (left), LT12 (middle) and LT16 (right) in summer (red) and winter (blue). All the panels also
include other local times’ profiles (shown in broken curves) for comparison.
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For the definition of the scenario in SCIATRAN, three
angles are needed; solar zenith angle (SZA), relative
azimuth angle (the angle between the sun and a GEO satel-
lite or an observation point at the ground surface) and
line-of-sight (LOS) angle. Fig. 4 summarizes the definitions

of those angles in SCIATRAN. We prepared a diurnal
variation of SZAs and relative azimuth angles for summer
and winter solstices as shown in Table 3. The LOS angle is
constant for a geostationary satellite; 46.4� at the surface,
and 6.3� at the satellite position, which is chosen to be
located at the altitude of 36,000 km over 120�E on the
equator.

Data derived from GOME measurements (Koelemeijer
et al., 2003) and OMI measurements (Kleipool et al.,

Table 1
Aerosol scenario.

Layer
Num.

Altitude
range

Aerosol
types

Components and
number mixing ratios

Relative
humidity

#1 0–2 km Urban Water soluble: 0.177 80%
insoluble: 0.949E�5
soot: 0.823

#2 2–10 km Continental
average

water soluble: 0.458 70%

insoluble: 0.261E�4
soot: 0.542

#3 10–
30 km

Sulfate sulfate: 1 0%

#4 30–
100 km

Meteoric meteoric dust: 1 0%

 0.1

 1

 10

 100

10-2 10-1 100 101

VMR [ppmv]

O3

Al
tit

ud
e 

[k
m

]

 0.1

 1

 10

 100

10-4 10-3 10-2 10-1 100

VMR [ppbv]

CHOCHO

 0.1

 1

 10

 100

10-5 10-4 10-3 10-2 10-1 100 101

VMR [%]

H2O

Al
tit

ud
e 

[k
m

]

 0.1

 1

 10

 100

10-2 10-1 100 101

VMR [pptv]

IO

Fig. 3. Vertical profiles of O3, H2O, CHOCHO and IO used in SCIATRAN.

Table 2
Absorption cross sections used in the present study.

Gas species Reference

O3 Voigt et al. (2001)
NO2 Voigt et al. (2002)
CHOCHO Volkamer et al. (2005)
IO Martı́n et al. (2005)
H2O Rothman et al. (2009)
O4 Greenblatt et al. (1990)
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2008) show that the Lambert Equivalent Reflectance over
Tokyo is 0.04 and 0.06–0.07, respectively. In the present
study, we assumed a surface albedo of 0.05 in all the radi-

ative transfer calculations except in Section 3.3, where we
assumed a different surface albedo to examine the effect
of albedo uncertainty on the retrieval precision.

(b)

(a)

Fig. 4. Definition of the angles used in SCIATRAN (a) for the GEO satellite position and (b) for the viewing point at the ground. v is solar zenith angle
(SZA), h is line-of-sight (LOS) viewing angle, and u is relative azimuth angle between the sun and the viewing direction.

Table 3
Geometrical scenario.

LT GEO (120�E on the equator) Tokyo (35.7�N, 139.7�E)

Summer solstice Winter solstice Summer solstice Winter solstice

SZA RAZ SZA RAZ SZA RAZ SZA RAZ

05 117.6 38.2 116.8 91.4 84.5 146.6 111.0 107.1
06 104.1 40.6 103.2 89.0 73.2 138.7 99.4 99.3
07 90.4 41.4 89.2 88.2 61.4 131.1 88.2 90.9
08 76.6 40.8 75.7 89.0 49.3 123.1 78.5 81.4
09 63.0 38.3 62.1 91.6 37.1 113.7 70.0 70.1
10 49.9 33.6 49.0 96.5 25.4 99.7 63.5 56.9
11 37.7 24.2 36.9 106.2 15.3 71.6 59.8 41.9
12 27.8 6.3 27.3 124.9 12.8 13.4 59.3 25.9
13 23.5 24.2 23.4 156.1 20.7 27.6 62.1 10.5
14 27.5 55.2 27.8 173.4 32.0 45.6 67.8 3.3
15 37.1 73.8 37.6 155.6 44.1 56.4 75.7 15.1
16 49.2 83.3 49.8 146.3 56.2 64.8 85.2 25.2
17 62.3 88.4 63.1 141.5 68.2 72.4 96.0 33.9
18 75.9 90.9 76.7 139.2 79.8 80.1 107.4 41.8
19 89.2 91.3 90.5 138.5 90.2 88.5 119.3 49.4

LT: local time at Tokyo, SZA: solar zenith angle, RAZ: relative azimuth angle. Satellite’s zenith angle and azimuth angle at Tokyo are 46.4� and 211.5�,
respectively.
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2.2. Consideration of sensor noise

In the present study, we prepared two scenarios for
sensor noise. One is very simple and general; we just
assume a constant SNR of 100, 200, 500, 1000, 2000
and 5000. The other scenario is more realistic; we take
into account the sensor specification, which is discussed
in the GMAP-Asia project. We assume a back-illumi-
nated scanning CCD as a detector, and we can generally
define SNR g as follows (Yamamoto, 2008, private
communication):

g ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S þ N 2

read

q ð1Þ

where

S = (R�pD2/4�X�Dk�s�D t�e)�k/hc

S: signal electron number [e]
Nread: reading noise ( = 20 [e])
R: radiance [W m�2 sr�1 nm�1]
D: aperture diameter ( = 9.0 � 10�2[m])
X: solid angle ( = 7.72 �10�8 [sr])
Dk: sampling width ( = 4.0 �10�1 [nm])
(we assume that the sampling width is equal to the
FWHM in this definition)
s: optical efficiency ( = 0.1)
Dt: the time assigned for each step’s spatial scanning
time ( = 1.25 [s])
e: detector efficiency ( = 0.5)
k: wavelength [m]
h: Planck’s constant [J s]
c: velocity of light [m s�1]

In this definition, shot noise and reading noise of the
CCD detector are included. As the SNR depends on the
intensity of the input signal (i.e., radiance), the SNR
depends also on season and local time.

Note that the exact sensor specification has not yet been
decided in the project, and here we assume plausible num-
bers, which are listed in parentheses in the definition men-
tioned above. Those numbers are based on Yamamoto
[2008, private communication] and are currently discussed
in the project. We also assume that the sensor has an
instantaneous field of view (IFOV) of 10 km in an observa-
tion domain of 4000 km � 4000 km and a sampling time of
1 h.

By using Eq. (1), we calculated the magnitudes of the
SNR at each wavelength step for a given radiance calcu-
lated by SCIATRAN. Then, we calculated the noise com-
ponents according to the magnitude of the SNR using
random numbers generated by the Mersenne twister algo-
rithm (Matsumoto and Nishimura, 1998). Finally, we
added the noise components to the original radiance spec-
trum and regarded the radiance spectrum including the
noise components as a final product of the Earth’s atmo-
spheric spectrum. We prepared one hundred spectra

according to one hundred seeds of random numbers for a
single set of the parameters (season, local time, and
SNR) to estimate the NO2 errors statistically.

2.3. DOAS fitting and conversion of SCDs into VCDs

To derive the SCDs of NO2 from the synthesized Earth’s
atmospheric spectra, we applied differential optical absorp-
tion spectroscopy (DOAS) (Platt, 1994). DOAS is a proven
method to retrieve weakly absorbing atmospheric constitu-
ents from space-borne measurements. The DOAS method
obtains the SCDs of the gas species present along the ray’s
path, solving a simultaneous equation system including the
relationship between the absorption cross sections of the
supposed gases and the observed spectrum with linear/
non-linear fitting. The details of the application of DOAS
to satellite measurements are described in the existing liter-
ature (e.g. Burrows et al., 1999; Bovensmann et al., 1999).
In the present study, we used a fitting window between
425–450 nm and took into account not only NO2, but also
O3, H2O, CHOCHO, IO and O4, which all have absorption
features in the fitting window. A third order polynomial
was used in the fit. The simulations did not include rota-
tional Raman scattering that leads to the filling in of Fra-
unhofer lines. For each set of the parameters, one hundred
SCDs were obtained by DOAS as one hundred spectra
were calculated.

The NO2 SCDs obtained from the DOAS fitting are the
total NO2 SCDs including the stratospheric NO2 SCDs and
the tropospheric NO2 SCDs. In the present study, we con-
verted the total NO2 SCDs into the tropospheric NO2

VCDs as follows:

VCDDOAS
trop ¼ ðSCDDOAS

total � SCDRTM
strat Þ=AMFRTM

trop ð2Þ

where VCDDOAS
trop is a tropospheric VCD; SCDDOAS

total is a to-
tal (tropospheric and stratospheric) SCD retrieved by
DOAS; SCDRTM

strat is a stratospheric SCD calculated by a
RTM (SCIATRAN) and AMFRTM

trop is a tropospheric air
mass factor (AMF) calculated by a RTM (SCIATRAN)
at 437 nm, which is the approximate center wavelength
of the DOAS fitting window (425–450 nm). Fig. 5 shows
the diurnal variations of the stratospheric and tropo-
spheric NO2 VCDs, SCDs and AMFs, all of which are
calculated by SCIATRAN under summer and winter
conditions, respectively. The SCDRTM

strat in Eq. (2) are
shown as thin curves in Fig. 5 (a) and the AMFRTM

trop

are shown as broken curves in Fig. 5 (b). In this conver-
sion, we neglect uncertainties in the determination of the
stratospheric SCD and the tropospheric AMF. Although
these two errors are critical in real measurements
(Boersma et al., 2004), the investigation of the effect of
these errors on GEO measurements is out of the scope
in the present study. Then, we finally calculated standard
deviations and averages of the retrieved NO2 VCDs. We
interpret the standard deviation as an estimate of the
precision.
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2.4. Diurnal variations of VCDs, SCDs and AMFs

Before proceeding to the error estimation of the tropo-
spheric NO2 VCDs, we briefly investigate the basic behav-
ior of the diurnal variations of NO2 VCDs, SCDs and
AMFs for a GEO measurement (Fig. 5).

Several effects contribute to the importance of the
stratospheric NO2: The relative size of the NO2 amounts
in the stratosphere and troposphere, their change over
the day and the difference in sensitivity of the measure-
ments for the two regions, expressed as AMF. The varia-
tion in stratospheric SCDs depends strongly on solar
zenith angle and is almost entirely caused by the change
in stratospheric AMFs, which can be approximated by
the geometric AMF, 1/cos(LOS) + 1/cos(SZA). The tropo-
spheric AMF in contrast changes much less over the day,
and has a minimum at large SZAs.

According to the CTMs utilized in the present study, the
tropospheric VCDs (order of 1016 cm�2) are much larger
than the stratospheric VCDs (order of 1015 cm�2), and

have larger diurnal variations. This means that much more
NO2 exists in the troposphere than in the stratosphere over
Tokyo. However, the SCDs, which are directly obtained
from the measurements, behave differently; the strato-
spheric SCDs are comparable to the tropospheric SCDs.
Therefore, the relatively small amount of the stratospheric
NO2 could still significantly affect the measurements of the
total SCDs. This is due to the magnitude of the AMFs; the
tropospheric AMFs (<1) are much smaller than the strato-
spheric AMFs (4–15). In particular, the difference between
the tropospheric and stratospheric AMFs becomes larger
in the morning and evening than during daytime, and then
the stratospheric SCDs overtake the tropospheric SCDs in
the morning and evening. The stratospheric SCDs also
change very rapidly in the morning and evening. Therefore,
the measurements in the morning and evening could be
more strongly affected by the stratosphere than during
daytime.

One fact could improve the measurement in the morning
and evening; the diurnal variations of the stratospheric
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Fig. 5. Vertical column density (VCD, thick curve), slant column density (SCD, thin curve) and air mass factor (AMF, broken curve) of NO2 (a) for the
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for the AMFs are different in panels (a) and (b).
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VCDs are small in the morning and evening compared to
the diurnal variations of the stratospheric AMFs as men-
tioned above. For example, the stratospheric VCD
decreases by 8% from LT05 to LT06 in summer, while
the stratospheric AMF decreases nearly by 50%. Conse-
quently, the apparent variations of the stratospheric SCDs
in the morning and evening are primarily caused by the
change in stratospheric AMFs. As the diurnal variation
of the SZA can be calculated with high accuracy, the rela-
tive variation of the stratospheric SCDs can be well esti-
mated. During the daytime, in contrast, the diurnal
variation of the stratospheric VCD becomes more impor-
tant for the diurnal variation of the stratospheric SCDs.

Fig. 5 also indicates that the tropospheric AMFs
become smaller (half or less) in the morning and evening
than during daytime. This means that the sensitivity for
the tropospheric NO2 decreases in the morning and evening
even if the stratospheric NO2 is fully accounted for. On the
other hand, the stratospheric AMFs behave vice versa; the
sensitivity for the stratospheric NO2 increases in the morn-
ing and evening.

3. Results

3.1. Precision of the tropospheric VCDs

The diurnal variation of the retrieved tropospheric NO2

VCDs and the derived precisions are shown in Fig. 6. In
summer, the minimum and maximum of the diurnal varia-
tion of the tropospheric VCDs occurs at LT06 and LT12/
18, respectively. The magnitude of the diurnal variations is
0.5 � 1016 cm�2, which requires at least a SNR of 500 to be
detected. A SNR P 1000 is needed to observe the local
minimum occurring in the early afternoon (LT13–14). In
winter, the diurnal variation of the tropospheric VCDs
has a magnitude of 1 � 1016 cm�2 from morning to even-
ing. The detection of the diurnal variation during LT08–
15 needs SNR P 500, and SNR P 1000 is needed if early
morning (LT07) and early evening (LT16) are included.
As shown in Fig. 5, the precisions in the morning and even-
ing become worse because of the smaller tropospheric
AMFs.

The relative values of the precision are shown in Fig. 7.
For GMAP-Asia, a value of 10–30% of the VCD was pro-
posed as the target measurement precision for tropospheric
NO2 (Akimoto et al., 2008). The precision of 30% and 10%
is almost achieved by SNR P 200 and SNR P 500, respec-
tively, except in the morning and evening. A SNR P 1000
or even 2000 is required to achieve the precision of 10% if
morning and evening observations are included.

The assumed sensor, which has a horizontal resolution
of 10 km and a temporal resolution of 1hr, has a precision
of several percent, which is approximately corresponding
to a SNR = 1000–2000, except in the morning and evening.
Even in the morning and evening, the precision is corre-
sponding to a SNR = 500 (in the winter early morning)
or better. Therefore, the assumed sensor is able to detect

the diurnal variation of the tropospheric NO2 simulated
in the present study except in the winter early morning,
and is mostly able to fulfill the requirement of the proposal
by the GMAP-Asia project for the observations over
Tokyo.

Single measurements are accurate enough to observe a
diurnal cycle at strongly polluted sites such as Tokyo.
For areas with lower signals, spatial averaging would be
needed. For example, our additional simulations indicate
that a binning over four CCD pixels corresponding to
ground pixels of 20 km � 20 km or 400 km2 would result
in a 40% decrease of the VC error, enabling diurnal varia-
tions of 0.3 � 1016 (in summer) and 0.6 � 1016 (in winter)
[molec cm�2] to be detected if a pattern of the diurnal var-
iation similar to that in Tokyo were assumed. Not only
spatial averaging but also temporal (monthly/seasonal)
averaging will contribute to improving the precision of
diurnal patterns of NO2.

The results mentioned above could be (partially) applied
to other geostationary satellites. Sentinel 4 UVN, for exam-
ple, is planned to provide a spatial (8 km � 8 km) and tem-
poral (1 h) resolution (Bovensmann et al., 2010) which is
similar to the resolution of the planned GMAP-Asia sen-
sor. If the amounts of NO2 and other factors (aerosols
etc.) over Europe are also similar, observations of diurnal
variations in the tropospheric NO2 in that area will be pos-
sible with that instrument as well.

3.2. Effect of temperature dependence of absorption cross

section

For simplicity, no temperature dependency of the
absorption cross sections was considered in the radiative
transfer calculations shown in Figs. 6 and 7, where we used
the NO2 absorption cross section for a single temperature
(223 K) in the radiative transfer calculation, and also used
the same cross section in the DOAS fitting. In the real
atmosphere, however, the absorption cross section depends
on atmospheric temperature and this should be taken into
account in the retrieval. The problem is that the DOAS
analysis utilizes absorption cross sections for individual
temperatures. Fig. 8 shows the biases which are caused
by the use of an absorption cross section at inappropriate
temperatures in the DOAS analyses. In this figure, the radi-
ative transfer calculation took into account the tempera-
ture dependency of the absorption cross sections of NO2

and O3 in the troposphere and stratosphere, but a single
temperature’s absorption cross section was utilized in the
DOAS analysis. The absorption cross section at 280 K
gives the best results during the daytime among the temper-
atures drawn in Fig. 8, but in the morning and evening, the
cross section at 280 K causes large biases (0.5–
1 � 1016 cm�2) and the use of the cross section at colder
temperature (260 K) results in better accuracy. During
the daytime, inappropriate temperature would cause a sys-
tematic error of 0.1–1%/K, depending on local time and
season. Boersma et al. (2004) estimated the systematic
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effect of not accounting for atmospheric temperature vari-
ations as �5% to �7% for SCDs around Tokyo when they
used an absorption cross section taken at 221 K for the
GOME retrieval and did not apply any correction for the
SCDs. Our estimation gives comparable values: �9% to
�10% for the SCD’s errors, which are estimated as the dif-
ference of the SCDs fitted by using the absorption cross
sections of 223 K and 280 K.

The effective temperature of NO2, which we define here
as the temperature which gives the best fit in the DOAS
analysis, is generally determined by the relative profiles of
the box AMFs (that are dependent of SZA amongst other
variables), the NO2 profile, and the temperature profile.

Although the vertical distribution of NO2 and temperature
could affect the effective temperature, the lowering of the
effective temperature shown in Fig. 8 is primarily attributed
to the diurnal variation of the box AMFs (SZA). In the
morning and evening the SZA is large, and the light path
becomes longer in the stratosphere, where the atmospheric
temperature is colder than in the troposphere. Therefore,
the absorption cross section at the lower temperature gives
better agreement in the morning and evening.

In the practical retrievals of the tropospheric NO2 by the
existing LEO satellites, an empirical correction for the tem-
perature dependence of the absorption cross section is per-
formed (Boersma et al., 2004). The GEO measurements
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would also need such a correction for the temperature
dependence of absorption cross section, depending on sea-
son and local time.

3.3. Effect of surface spectral reflectance

The uncertainty of the surface spectral reflectance also
affects the precision of the tropospheric NO2 retrieval. Typ-
ical albedos for soils, forests, and urban areas range from
�0.05 to 0.2 (Schanda, 1986). Fig. 9 shows the relative pre-
cision of the retrievals as Fig. 7, but for a surface albedo of
0.20. When the albedo changes from 0.05 to 0.20, the pre-
cision improves by a factor of two (i.e., the error is reduced
by half). If there is a high variability of albedo at the sur-
face, the precision expected will also vary largely. At the
same time, the surface albedo also has a large impact on
the sensitivity to tropospheric NO2 which has to be taken
into account. The evaluation of the albedo in the region

focused on will be important for the accuracy of the retrie-
val and a proper error estimation.

3.4. Effect of clouds

In the discussion above, we neglected the effect of clouds
and supposed only clear-sky conditions. In the real mea-
surements, however, clouds come into the field of view of
sensors. In this section, we briefly discuss the effect of
clouds on the GEO measurements of the diurnal variation
of the tropospheric NO2.

The main effects of clouds on the tropospheric NO2

retrieval are caused by uncertainties in the determination
of cloud fraction and cloud height (Boersma et al., 2004).
We suppose that the two cloud parameters can be retrieved
simultaneously in the retrieval of the tropospheric NO2.
Boersma et al. (2007) conducted the retrieval of the cloud
parameters for the retrieval of the tropospheric NO2 by
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using the visible channel including the O2AO2 absorption
structure at 477 nm by OMI. The authors estimated the
errors of cloud fraction and cloud height as 0.05 and
60hPa, respectively, and the errors result in tropospheric
AMF errors (i.e., the VCD errors) of 30% and 15 %,
respectively. If we assume the same magnitude of the errors
in the GEO measurements, the magnitude of the error is
larger than the precision required for the detection of the
diurnal variation of the tropospheric NO2. Therefore, aver-
aging or strict data selection will be needed to reduce the
errors due to clouds.

In the GEO measurements, however, the pixel size at the
surface ground is smaller than for existing measurements.
Therefore, as an increased number of cloud free observa-
tions is expected at the better spatial resolution of the
instrument (Krijger et al., 2007), the errors expected should
be less critical than estimated above. We should also con-
sider the possibility that cloud properties could have sys-
tematic diurnal cycles which could cause artificial
patterns in the NO2 field.

4. Conclusions and future tasks

The present study investigates the minimum SNR of a
GEO sensor required to detect the diurnal variation of
the tropospheric NO2 over Tokyo by using numerical sim-
ulations. In summer, a SNR P 500 is needed to detect the
diurnal variations and a SNR P 1000 is needed to observe
the local minimum occurring in the early afternoon (LT13–
14). In winter, the detection of the diurnal variation during
LT08–15 requires a SNR P 500, and a SNR P 1000 is
needed if early morning (LT07) and early evening (LT16)
are included. The currently discussed sensor specification
for GMAP-Asia, which has a horizontal resolution of
10 km and a time resolution of 1 h, has demonstrated the
performance of a precision of several percent, which is
approximately corresponding to SNR = 1000–2000 during
daytime and SNR P 500 in the morning and evening. The
proposed sensor is therefore able to detect the diurnal var-
iation of the tropospheric NO2 simulated in the present
study except in the winter early morning, and is mostly able
to fulfill the requirements made in the proposal for the
GMAP-Asia project for the observations over Tokyo. We
also discussed the possible biases caused by the tempera-
ture dependence of the absorption cross section utilized
in the DOAS retrieval and the effect of uncertainties of sur-
face albedo and clouds on the estimation of precisions.

For the future, it is very important to perform more
detailed error estimates not only for the retrieval of SCDs,
but also for the removal of the stratospheric component
and the evaluation of the tropospheric air mass factor,
which have been discussed for the existing LEO measure-
ments of tropospheric NO2 (Boersma et al., 2004). One
of the problems to be solved is the dependence of surface
spectral reflectance on SZA in the AMF estimation. In
the LEO measurements, the SZA is almost constant but
the LOS angle is variable, and the surface spectral reflec-

tance depends on the LOS angle. Recently, it has been
shown that the dependence of surface albedo on the LOS
angle affects the AMF estimation in tropospheric NO2

measurements (Zhou et al., 2010). In the GEO measure-
ment, the situation is vice versa; the LOS angle is constant
but the SZA is variable. It would also be important to eval-
uate the dependence of surface albedo on SZA in the AMF
estimations for GEO measurements, as the SZA changes
over the course of a day and it can greatly influence the
observed diurnal NO2 pattern.
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