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Abstract

Following the launch of several satellite ultraviolet and visible spectrometers includ-
ing the Ozone Monitoring Instrument (OMI), much has been learned about the global
distribution of nitrogen dioxide (NO2). NO2, which is mostly anthropogenic in origin, ab-
sorbs solar radiation at ultraviolet and visible wavelengths. We parameterized NO2 ab-5

sorption for fast radiative transfer calculations. Using this parameterization with cloud,
surface, and NO2 information from different sensors in the NASA A-train constellation
of satellites and NO2 profiles from the Global Modeling Initiative (GMI), we compute
the global distribution of net atmospheric heating due to tropospheric NO2 for January
and July 2005. We assess the impact of clouds and find that because most of N0210

is contained in the boundary layer in polluted regions, the cloud shielding effect can
significantly reduce the net atmospheric heating due to NO2. We examine the effect of
diurnal variations in NO2 emissions and chemistry on net atmospheric heating and find
only a small impact of these on the daily-averaged heating. While the impact of NO2
on the global radiative forcing is small, locally it can produce instantaneous net atmo-15

spheric heating of 2–4 W/m2 in heavily polluted areas. We also examine the sensitivity
of NO2 absorption to various geophysical conditions. Effects of the vertical distributions
of cloud optical depth and NO2 on net atmospheric heating and downwelling radiance
are simulated in detail for various scenarios including vertically-inhomogeneous con-
vective clouds observed by CloudSat. The maximum effect of NO2 on downwelling20

radiance occurs when the NO2 is located in the middle part of the cloud where the
optical extinction peaks.

1 Introduction

The absorption of incoming solar and outgoing terrestrial radiation by trace gases is
one of the key factors in the Earth’s radiative budget and plays a leading role in climate25

change (Hansen et al., 2007). Carbon dioxide (CO2) is the largest anthropogenic cli-
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mate forcing gas, but other trace gases are also important including methane (CH4),
tropospheric ozone (O3), nitrous oxide (N2O), and halocarbons such as chlorofluour-
carbons (CFCs) (Forster et al., 2007). Little attention has been paid to nitrogen dioxide
(NO2), because its effect on the global radiative budget, particularly the radiative forc-
ing, is small. However, on a local scale, enhanced NO2 in polluted areas can change5

the partitioning of absorbed solar radiation between the atmosphere and surface; it pro-
duces atmospheric heating in the troposphere and contributes to dimming (reduction
of solar radiation) at the surface.

Solomon et al. (1999) showed that NO2 can produce significant absorption of solar
radiation locally under some conditions. During several days of ground-based obser-10

vations in a moderately polluted area (Boulder, Colorado, USA), the peak absorption
of downwelling radiation by NO2 was 5–12%. The estimated peak net heating was in
the range of 5–30 W/m2. The high peak values appeared to be influenced by lightning-
generated NOx associated with thunderstorms.

NO2 trends spanning a decade have been derived with data from the Global15

Ozone Monitoring Experiment (GOME), the Scanning Imaging Absorption Chartog-
raphy (SCIAMACHY), and the Ozone Monitoring Instrument (OMI) (e.g., Richter et al.,
2005; van der A et al., 2006, 2008). In some areas, NO2 has increased significantly.
For instance in the Shanghai region, tropospheric NO2 increased ∼29%/year since
1996. In other areas, NO2 has been decreasing. Reductions of up to 7% per year have20

been observed in Europe and parts of the eastern United States.
In this paper, we compute the global distribution of the net atmospheric heating

(NAH) due to tropospheric NO2 with an emphasis on polluted areas. We also examine
the sensitivity of the NO2 NAH to various geophysical parameters including the vertical
cloud distribution. Here, we use several data sets from the NASA A-train constellation25

of afternoon satellites flying within fifteen minutes of each other near 13:30 local solar
time. These include cloud and surface properties from the NASA Aqua Moderate Res-
olution Imaging Spectroradiometer (MODIS) on the Auqua platform and tropospheric
NO2 and cloud pressure from OMI, which flies on the NASA Aura satellite.
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The organization of the paper is as follows: in Sect. 2, we develop a parameterization
of NO2 absorption that is used in a radiative transfer scheme to compute NO2 NAH. In
Sect. 3, we show how the vertical profiles of NO2 and cloud optical depth affect NAH
and downwelling surface radiances for clear-sky and cloudy conditions. In Sect. 4,
we present computed global and regional distributions of the tropospheric NO2 NAH5

based on NO2 amounts derived from OMI observations and cloud data taken from
MODIS and OMI retrievals. Conclusions are given in Sect. 5.

2 Parameterization of NO2 absorption

NO2 absorbs solar radiation throughout the spectral range 300–650 nm with a peak
near 400 nm. The temperature dependence of the NO2 absorption is weak, so we10

neglect it and use the cross section at 294 K from Vandaele et al. (1998). In this work,
we neglect a small portion (<1%) of absorbed energy that goes to NO2 fluorescence
(Thornton et al., 2000).

Figure 1 shows the optical thickness, τ, for a vertical path through an NO2 column
amount of 0.5 Dobson Units (DU, 1 DU=1.343×1016 mol/cm2), that is typical of heavily15

polluted areas (e.g., Cede et al., 2005) and the approximate spectral absorption of
solar irradiance A=F τ≈F (1−exp(−τ)), where F is the extraterrestrial solar irradiance.
The low values of optical thickness even for high NO2 amounts indicate that NO2 is a
relatively weak absorber. According to the data in Fig. 1, most solar absorption takes
place in the spectral range of 350–500 nm.20

To reduce the computational burden for heating calculations, we parametrize the
spectral NO2 absorption coefficients following Chou and Lee (1996). The transmission
function averaged over a spectral band is first calculated from

T (w/µ) =

∫λ2

λ1
F (λ) exp[−a(λ)w/µ]dλ∫λ2

λ1
F (λ)dλ

, (1)
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where w is the NO2 column amount, F is the extraterrestrial solar flux, a is the NO2
absorption coefficient, and µ is the cosine of the solar zenith angle (SZA). An effective
absorption coefficient, aeff, for a given spectral band is then derived by inverting the
transmittance function:

aeff = ln[T (w/µ)]µ/w. (2)5

Variations of aeff with w/µ are relatively small and do not exceed 5% for realistic values
of w/µ. Table 1 gives the mean values of aeff for the two spectral bands in the Chou
and Suarez (2002) algorithm where NO2 absorption is significant.

To assess the overall efficiency of the parameterization, we compute NO2 NAH us-
ing the high spectral resolution and effective absorption coefficients in clear skies for10

different SZAs. The calculations are performed with the Linearized Discrete-Ordinate
Radiative Transfer-Rotational Raman Scattering (LIDORT-RRS) code that does not ac-
count for polarization (Spurr et al., 2008). In general, the NAH is defined as

Q = (Fd − Fu)TOA − (Fd − Fu)surface, (3)

where Fd and Fu are the downward and upward irradiances, respectively, and the sub-15

scripts TOA and surface refer to the top-of-atmosphere and ground, respectively. All
NAHs reported here are those due to tropospheric NO2, i.e., Q = Qtrop NO2

−Qno tropNO2
.

Figure 2 shows that the difference between the NAH computed at high spectral reso-
lution and with the parameterization does not exceed 5% for SZA<60◦ in either spectral
band. To compute the NAH in Fig. 2, we use a total NO2 column amount of 0.5 DU dis-20

tributed uniformly in the lowest km of the atmosphere. The surface albedo is set to
0.05.

It should be noted that no other atmospheric absorbers are included in this com-
putation and computations carried out for sensitivity studies described in Sect. 3. An
important absorber in the spectral range of 320–700 nm is ozone. Ozone absorption25

can affect NO2 NAH because ozone absoption in the stratosphere reduces downwelling
flux thus decreasing NO2 heating in the planetary boundary layer where most NO2 is
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confined in polluted land regions. However, this effect is small. We performed compu-
tations of NAH for three cases: ozone and NO2 QO3+NO2

, ozone alone, QO3
, and NO2

alone, QNO2
, in the spectral range of 320–400 nm. The difference QO3+NO2

−QO3
, that

characterizes NO2 heating in the presence of ozone absorption, appears to be less
than QNO2

just by 1.7% (at SZA=45◦ ). In computations of global and regional NAH5

described in Sect. 4, we accounted for ozone absorption and calculated the NO2 NAH
as the difference QO3+NO2

−QO3
.

3 Sensitivity studies

To better understand the global calculations of NO2 NAH that are shown in the next
section, we first perform a series of sensitivity tests. These tests are conducted at a10

SZA of 45◦ with the high spectral resolution absorption coefficients.
Our calculations show that the dependence of the NAH on the vertical distribution

of tropospheric NO2 in clear skies is relatively small. For instance, when the top of a
0.5 DU 1 km thick layer of NO2 increases from 1 to 3 km, the NAH increases ∼8% in
the 400–700 nm band and ∼15% in 320–400 nm band. The total increase of the NAH15

in the two bands is ∼10%.
Figure 3 shows the dependence of the NAH on surface albedo for clear skies with

0.5 DU of NO2 placed in the lowest km. The significant increase of NAH with surface
albedo is a result of enhanced photon path lengths through the NO2 layer at higher
albedos owing to an increase in photons reflected from the surface.20

We next investigate the impact of clouds on the tropospheric NO2 NAH. We take the
phase function to have the Henyey-Greenstein form with an asymmetry parameter of
0.85. This corresponds to water clouds with equivalent droplet radius of 6µm (Hu and
Stamnes, 1993).

The impact of clouds on the NAH is significant and depends on both the vertical25

cloud structure and the placement of NO2 with respect to the cloud. For NO2 above a
cloud layer, the cloud increases the tropospheric (or stratospheric) NO2 NAH similar to
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the effect of a higher surface albedo.
We next consider an NO2 layer that lies entirely below a cloud. Here, we use a

vertically uniform cloud with a geometrical thickness of 1 km. The cloud bottom was
placed just above the NO2 layer located in the lowest km. In this situation, the cloud
reduces the tropospheric NO2 NAH. The NAH dependence on cloud optical depth, τ,5

is shown in Fig. 4.
In this work, we define the NAH for a partly cloudy scene as Q=Qclr(1−f )+Qcldf ,

where f is the geometrical cloud fraction, and Qclr and Qcld are the NAH for clear
and overcast skies, respectively. This definition follows the so-called independent pixel
approximation and assumes there is no radiative interaction between clear and cloudy10

pixels. For the above scenario with the cloud placed just above the NO2 layer (in the
lowest km), NAH decreases linearly with increasing cloud fraction. The slope of the
NAH dependence on cloud fraction is dependent on τ.

We next perform radiative transfer simulations in realistic vertically extended clouds
to study the effect of the vertical distribution of NO2 within a cloud. We use the two15

cloud optical extinction profiles shown in the left panel of Fig. 5. They are derived from
CloudSat radar reflectivities (Stephens et al., 2002) and MODIS TOA reflectances. We
use the CloudSat standard product 2B-TAU that provides cloud optical depth by layer
(Stephens et al., 2008). Vasilkov et al. (2008) and Ziemke et al. (2009) used these
profiles to examine ozone absorption and rotational-Raman scattering within clouds20

and showed that they are typical for tropical deep convection. The total cloud optical
depths are 32 and 66 for profiles 1 and 2, respectively. The cloud tops as detected by
both MODIS and CloudSat are within 150–250 hPa for both profiles. The profiles show
the clouds to be optically thin near the tops.

The middle panel of Fig. 5 shows the NAH (300–700 nm) as a function of NO2 layer25

midpoint for the two CloudSat profiles. The NO2 layer is 0.5 DU distributed uniformly
within 1 km. Also shown is the NAH computed for a vertically uniform distribution of
NO2 throughout the clouds (0.5 DU). The NAH is minimal when the NO2 is located in
the lower-most portions of the clouds. For profile 1, the NAH increases rapidly for NO2
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layer heights between ∼3 and 7 km as the in-cloud multiple scattering increases. The
NAH then decreases with NO2 layer height for layers near the cloud top. The NAH for
profile 2 exhibits a plateau when the NO2 is located in between the two distinct cloud
layers. The NO2 layer heights at which the NAH are equal to values for the vertically
uniform NO2 distribution throughout the clouds differ noticeably for two cloud profiles.5

To simulate the Solomon et al. (1999) measurements of downwelling zenith surface
radiance, we also calculate the fractional change of surface zenith radiances due to
tropospheric NO2: I/I0−1, where I and I0 are the zenith radiances at 400 nm calcu-
lated with and without NO2, respectively. Solomon et al. (1999) performed calculations
assuming a vertically uniform cloud and suggested that the cloud effect on NO2 ab-10

sorption would be greatest if the NO2 is placed near the cloud top.
The right panel of Fig. 5 shows the changes of the zenith radiance as a function

of the NO2 layer height for the two CloudSat profiles along with that computed for a
vertically uniform distribution of NO2 throughout the clouds. It is interesting to note that
the maximum effect of NO2 absorption on the zenith radiance occurs when the NO215

is located near the peak of the cloud extinction. The maximum photon path enhance-
ment takes place in the most scattering portion of clouds, and that is where the NO2
absorption effect on the downwelling radiance is also at a maximum.

4 Global NO2 net atmospheric heating calculations

In this section, we perform global radiative transfer (RT) calculations with a stand-alone20

version of the algorithm developed by Chou and Suarez (2002) (henceforth referred to
as CS). The algorithm has been used in various atmospheric models in the NASA
Goddard Laboratory for Atmospheres, We first provide brief descriptions of the CS
algorithm and input data sets.
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4.1 Chou-Suarez (CS) radiative transfer algorithm

In the CS algorithm, the short-wave spectrum is divided into 8 bands in the ultraviolet
(UV) and photo-synthetically active (PAR) regions with a single ozone absorption co-
efficient and Rayleigh scattering coefficient in each band. NO2 absorption is similarly
accounted for in two bands: 320–400 and 400–700 nm using the effective absorption5

coefficients listed in Table 1.
Reflection and transmission of cloud layers are calculated using the δ-Eddington

approximation, and fluxes are computed with a two-stream model. Data provided by
Yang et al. (2000) for ice clouds and Tsay et al. (1989) for water clouds are used
to derive an effective band-mean single scattering albedo, extinction coefficient, and10

asymmetry factor. Aerosol is not included in our computations. Roughly, aerosol acts
like a cloud of low optical depth and the OMI cloud algorithm treats it as such.

4.2 Input data sets

4.2.1 OMI NO2 retrievals

Here we briefly describe the standard OMI NO2 algorithm and retrievals. Additional15

details can be found in Bucsela et al. (2006, 2008) and Celarier et al. (2008). OMI
provides daily global coverage with a swath width of 2600 km (Levelt et al., 2006). The
NO2 level 2 retrievals are reported at the nominal OMI spatial resolution (13 km×24 km
at nadir).

NO2 total column amounts are retrieved with a differential optical absorption spec-20

troscopy (DOAS) technique using OMI TOA reflectance spectra. First, NO2 slant
column amounts are estimated by spectral fitting within the wavelength region 415–
465 nm (Bucsela et al., 2006; Celarier et al., 2008). This spectral range falls within
OMI’s visible detector that has a spectral resolution of about 0.6 nm. Initial vertical
column amounts are calculated using air mass factors (AMFs) for a stratospheric NO225

distribution, and are approximately geometric. Tropospheric AMFs are derived with
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gridded annual mean NO2 profiles from the GEOS-Chem model (Bey et al., 2001).
The NO2 stratosphere-troposphere separation is based on the fact that the strato-

spheric field has small gradients, particularly in the zonal direction. The slowly varying
spatial component of the total NO2 column is identified as the stratospheric field and
the rest is assigned to the troposphere. The initial tropospheric column amount is then5

multiplied by the ratio of the stratospheric-to-tropospheric AMFs.
The OMI NO2 retrievals have been compared with in situ, ground-based, and aircraft

measurements. Using in situ NO2 aircraft measurements, Bucsela et al. (2008) con-
clude that the OMI algorithm yields NO2 amounts lower than the in situ columns by a
factor of 0.86. Similarly, Celarier et al. (2008) report that the OMI tropospheric columns10

are underestimated by 15–30%. Comparing the total NO2 amounts with those derived
from ground-based direct-Sun Brewer measurements, Wenig et al. (2008) show that
monthly averages of coinciding measurements correlate well, but OMI retrievals are
about 25% lower than the Brewer data.

Because tropospheric NO2 has significant diurnal variations (Cede et al., 2005;15

Boersma et al., 2008), it is important to note that the OMI equator crossing time is
13:30 local time. The diurnal cycle of tropospheric NO2 is governed by emissions that
are mostly due to human activities in urban regions and chemical loss that is strongest
at midday. Therefore, the NO2 concentration exhibits a minimum near the afternoon
OMI overpass time in urban regions (Boersma et al., 2008). As expected, OMI retrieves20

lower NO2 column amounts (20–30%) over urban areas than SCIAMACHY, which has
an equator crossing time of 10:00 (Boersma et al., 2008).

To compute global NAH, we use monthly mean values of the OMI NO2 tropospheric
column gridded to a resolution of 1◦ latitude×1◦ longitude. We use the following filters
to compute the gridbox means:25

1. View zenith angles<50◦; this removes large-footprint pixels at the swath edge.

2. Radiative cloud fractions (percent of pixel radiance contributed by cloudy portion
of the scene) <30%. This removes pixels where significant amounts of NO2 are
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shielded by clouds. The use of a threshold less than 30% gives similar results but
worse cover.

3. South Atlantic anomaly (SAA) flag bit set to zero or SAA flag>0 and the fitting
χ2<1500.

4. Processing quality flag bits 0 and 1 equal to zero (for information about the flags,5

see http://toms.gsfc.nasa.gov/omi/no2/OMNO2 readme.pdf).

Figure 6 shows the well-known seasonal variability in tropospheric NO2 column
amounts as observed by OMI. In industrial regions, such as the eastern US, Europe,
and Southeast Asia, the dominant source of NO2 emissions is anthropogenic. These
areas have a column NO2 maximum in the winter due to the longer lifetime of NOx at10

that time of year (van der A et al., 2008). The effects of seasonal changes in biomass
burning in Central Africa are also reflected in NO2 columns.

We use monthly-mean NO2 vertical distributions based on a simulation from the
Global Modeling Initiative (GMI) chemistry-transport model (Duncan et al., 2007). We
find that in polluted regions, most of the NO2 is contained within a layer about 200 hPa15

thick above the surface. Rather than scaling the entire NO2 profile to give the OMI-
derived NO2 column, we adjust the model NO2 profiles such that the total column
amounts are equal to the gridded OMI monthly mean value by adding or subtracting
an appropriate amount in a 200 hPa thick layer just above surface. While there is little
sensitivity to the NO2 profile shape in clear skies, the profile shape in cloudy conditions20

significantly affects the computed NAH. The adjustment of NO2 profiles provides a
more accurate estimate of the cloud effect.

4.2.2 Cloud data sets

We use retrievals of cloud optical depth, effective radius, and phase from MODIS daily
gridded 1◦×1◦ level 3 (L3) data sets (Platnick et al., 2003) as described in detail by25

Joiner et al. (2009). The dataset includes separate statistical descriptions of parame-
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ters for ice and water clouds. We use the gridbox-mean effective radii and cloud optical
depths for ice and water clouds, along with their associated cloud fractions. Joiner
et al. (2009) showed that the use of daily gridbox-mean values, as opposed to the
full gridbox statistical distributions that are provided in the MODIS data set, provides
sufficiently good accuracy for RT calculations related to trace-gas absorption.5

To compute NAH, we also need to specify the cloud extent. As in Joiner et al.
(2009), we use optical centroid cloud pressures from the OMI rotational-Raman al-
gorithm (Joiner et al., 2004; Joiner and Vasilkov, 2006). The optical centroid cloud
pressures from this algorithm are similar to those derived from oxygen dimer and oxy-
gen A-band absorption (Sneep et al., 2008) and are significantly different from the10

cloud-top pressure (Vasilkov et al., 2008). The optical centroid cloud pressure is more
appropriate than cloud-top pressure for radiative calculations in the visible and ultravi-
olet because it accounts for photon penetration into the cloud (Ziemke et al., 2009).

We distribute the cloud optical depth uniformly in a 1 km layer centered at the OMI
centroid cloud pressure. This provides a good first order approximation for cloud ef-15

fects on trace-gas absorption at visible wavelengths when the absorber is well mixed
(Ziemke et al., 2009). However, errors will occur in more complex situations such as
when the absorber and cloud distributions are non-uniform as shown in Sect. 3. It is
difficult to quantify the errors as the exact distributions in such situations are unknown.

4.2.3 Surface albedo and other ancillary data sets20

As in Joiner et al. (2009), we specify the surface albedo separately for direct and diffuse
fluxes using 16-day gridded albedos from the MODIS filled-land surface albedo product
(MOD43B3) (Lucht et al., 2000). Over ocean, we use a model of the surface albedo
from Jin et al. (2004) with the 2 m wind speed from the Goddard Earth Observing Sys-
tem 5 Data Assimilation System (GEOS-5 DAS) (Rienecker et al., 2007). Temperature,25

water vapor, and ozone profiles are also taken from the GEOS-5 DAS.
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4.3 Results

4.3.1 Diurnally-averaged net atmospheric heating

Here, we compute monthly-mean NO2 NAH by averaging values calculated every two
hours. We fix the NO2 column amount at the OMI gridded monthly mean value, i.e.,
the value near 13:30 local time. This will produce systematic errors in the diurnally-5

averaged NAH that will depend upon the diurnal variations in NO2. The error magnitude
is estimated in Sect. 4.3.3. Although we use monthly mean values of the tropospheric
NO2 column for computing NAH, we use daily cloud data from MODIS and OMI to
properly account for the high variability of cloud optical thickness and pressure and the
non-linearity of these cloud parameters with respect to the NO2 NAH.10

Figure 7 shows the global distribution and seasonal variations in the NAH along
with the cloud effect. The spatial distribution of the NAH primarily reflects the global
distribution of NO2. However, the effect of SZA is also evident in the NAH. For example,
NO2 column amounts in European urban and industrial areas are somewhat higher
than over Central Africa in January. The NAH over Europe, however, is lower than15

over Central Africa owing to the reduced amount of solar irradiance at high latitudes in
January. The seasonal maximum of diurnally-averaged NAH for polluted extra-tropical
regions is in summer owing to the greater amount of solar irradiance.

The cloud effect is defined as Qallsky/Qclearsky−1. In polluted regions, large values
of this parameter are mainly due to shielding of the planetary boundary layer (PBL)20

where most of the NO2 resides. This decreases atmospheric heating as shown in
Fig. 7. The decrease (in terms of percent) is larger in winter than summer for most
polluted areas.

Over the ocean, NO2 is not so restricted to the PBL as it is in polluted land regions.
Most of the tropospheric NO2 column over ocean results from pollution transport, NO225

brought down from the stratosphere through tropopause folds, and lightning. In this
situation clouds can increase heating when NO2 is present above them as shown in
Sect. 3. However, the total amount of NO2 and associated heating over oceans is
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relatively small.
On the west coast US and in southern Europe during July, the net cloud effect is

close to zero. In these areas there is a compensation of the cloud shielding and cloud
enhancement effects.

4.3.2 Instantaneous net atmospheric heating5

Figure 8 shows detailed maps of maximum daily (instantaneous) NAH over North
America and Southeast Asia for January and July 2005. As noted above, the com-
puted daily maxima assume a fixed NO2 column amount equal to the OMI-derived
value. The winter instantaneous maximum NAH values are higher than summer val-
ues in many polluted areas in contrast with the diurnally-averaged NAH values. The10

instantaneous maximum NAH values are approximately a factor of 2 higher than the
diurnally-averaged.

4.3.3 Effect of time variations in sources and chemistry

In the above calculations, we assumed a constant NO2 amount equal to the OMI-
derived value near 13:30 local time. Here, we examine the effect of diurnal variations in15

NO2 on the calculated NAH. Figure 9 shows diurnal variations in the tropospheric NO2
column for two geographic regions in August 2006 as given by Boersma et al. (2008):

1. An urban area in the northeastern United States where NO2 amounts are domi-
nated by fossil fuel burning

2. southern Africa, where NO2 is produced primarily from biomass burning20

Three scenarios are considered:

1. constant NO2 amounts (equal to the OMI amount);

2. constant NOx emissions;
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3. diurnally varying NOx emissions.

NO2 columns for the latter two cases were derived with the GEOS-Chem model
(Boersma et al., 2008). To calculate SZAs needed for the NAH computations, we used
40◦ N and 20◦ S latitude for the US and African areas, respectively, for mid-August.

The instantaneous NAH values for these different scenarios are shown in Fig. 9 for5

cloud-free conditions. For the case of constant NO2, the variation of NAH is deter-
mined only by SZA changes. There are significant differences (up to ∼30%) in the
instantaneous NAH values calculated for the various scenarios and similar differences
in the peak values for the urban case. However, daily-integrated and averaged NAHs
differ less. Daily-averaged NAHs are lower for the constant NO2 amount as compared10

with the diurnally varying NO2 columns (11–14% for the urban case and 1–6% for the
biomass burning scenario). These differences are relatively small and represent an up-
per bound on the error in the computed diurnally-averaged NAH shown in Sect. 4.3.1.
Note that the cloud effect reduces the error for an all-sky monthly mean.

4.3.4 Effect of spatial resolution15

The effect of spatial resolution on the computed mean NO2 column is well known;
averaging the data on a finer grid will produce larger peak values in polluted areas. The
data may be averaged at a finer resolution than the actual pixel sizes. Because of the
32 day repeat cycle of the Aura spacecraft, the OMI pixel centers vary from day to day.
Therefore, by spatial oversampling, some information about NO2 distributions may be20

obtained at a higher resolution than the individual pixel sizes. In Fig. 10, we compute
the maximum daily NAH as in Fig. 8, but using NO2 columns gridded to 0.1◦×0.1◦

resolution for a region encompassing Los Angeles. In order to maximize the coverage,
we averaged all data from 1 January 2005–31 December 2007 and included cloud
fractions up to 100%. At this resolution, instantaneous NAHs are approximately a25

factor of 2 higher than at 1◦×1◦ resolution and the sub-grid variability is significant.
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5 Discussion and conclusions

We showed that absorption by NO2 can be accurately accounted for in standard ra-
diative transfer algorithms using parametrized band-averaged absorption coefficients.
Our sensitivity studies showed that NO2 net atmospheric heating in cloudy conditions
strongly depends upon the vertical distributions of both NO2 and cloud optical depth5

in realistic deep convective clouds. Effects of the vertical distributions of cloud optical
depth and NO2 on downwelling radiance were simulated for vertically-inhomogeneous
convective clouds observed by CloudSat. The simulations showed the maximum effect
of NO2 on downwelling radiance occured when the NO2 was located in the middle part
of the cloud where the optical extinction peaked. Note that the net heating dependence10

on layer height that we computed would be virtually the same for any visible or near-IR
absorber.

We computed the global distribution of daily maximum and diurnally-averaged NO2
net heating using cloud, surface, and NO2 information from different sensors in the A-
train constellation of satellites and NO2 profiles from the GMI. While the impact of NO215

on the global radiative forcing was small, locally it could produce instantaneous NAH
of 2–4 W/m2 in heavily polluted regions. We assessed the impact of clouds and found
that because most of NO2 was contained in the boundary layer in polluted regions, the
cloud shielding effect significantly reduced the NAH due to NO2. We also examined the
effect of diurnal variations in NO2 emissions and chemistry on NAH and found only a20

small impact of these on the daily-averaged heating. Uncertainties in the NAH are due
mostly to the uncertainties in the NO2 satellite observations. For clear skies, NAH is
practically proportional to NO2 amount. We show that the dependence of NAH on the
vertical profile of tropospheric NO2 is small and the effect of NO2 diurnal variations on
the daily-integrated NAH is small as well. Thus, the NO2 amount uncertainties directly25

propagate into NAH and relative error in NAH is determined by relative error in the
NO2 observations. Using the estimates of the NO2 observations given in Sect. 4.2.1,
we can state that NAH is underestimated by 20–25% for clear skies. The error estimate
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is more complicated for cloudy skies. NAH nonlinearly depends on cloud optical depth,
cloud height, NO2 amount, and NO2 vertical distribution. However, since clouds reduce
the heating for most of the important areas, the clear sky error can be considered as
the upper limit of the NAH uncertainties.

Our computed NAHs are somewhat lower than peak values reported by Solomon et5

al. (1999). However, it should be noted that the Solomon et al. (1999) measurements
were highly localized in both time and space and were likely influenced by thunder-
storms that may have produced small-scale NO2 plumes. For our global calculations,
we used monthly-averaged NO2 column amounts in gridboxes of ∼100 km×100 km.
Averaging at higher spatial resolutions results in higher peak NO2 column amounts,10

greater heating, and peak values approaches those estimated by Solomon et al.
(1999).

The radiative impact of NO2 at the surface is dimming (a reduction in solar radiation).
Dimming has been increasing over the last several decades primarily due to aerosol
indirect effects (e.g., Stanhill and Cohen, 2001). Various estimates of dimming have15

been reported, and they vary with location. Stanhill and Cohen (2001) estimate a
reduction of 20 W/m2 during the past 50 years (2.7% per decade) while Liepert (2002)
reports a decline of 7 W/m2 or 4% from 1961 to 1990. Our calculations of the surface
irradiance reduction by NO2 is ∼1 W/m2 in the most polluted areas (Southeast Asia).
Therefore, although NO2 may be of importance locally in radiative forcing, the trace20

gas is not likely contributing significantly to the observed global dimming.
NO2 absorption is currently not included in most general circulation model radiative

transfer codes. We have shown that it could be easily incorporated using effective
absorption coefficients and distributions derived from satellite data or carried on line. In
this way, heating from stratospheric NO2, which is comparable to that from tropospheric25

NO2 in slightly to moderately polluted conditions, can also be included.
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Table 1. Fractional solar flux (F/F0) and effective NO2 absorption coefficients (aeff).

Spectral band (nm) F/F0 aeff (cm2)

320–400 0.0591 4.872×10−19

400–700 0.3908 1.992×10−19
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Fig. 1. Thick line: spectral optical thickness, τ (left scale) for 0.5 DU of NO2. Thin line: corre-
sponding approximate absorption, A, of solar irradiance by NO2(right scale).
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Fig. 2. NO2 net atmospheric heating computed with the high spectral resolution (solid line) and
the effective (dashed line) absorption coefficient.
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Fig. 3. NO2 net atmospheric heating dependence on surface albedo.

12699

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/12675/2009/acpd-9-12675-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/12675/2009/acpd-9-12675-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 12675–12706, 2009

Satellite-derived
radiative impact of
tropospheric NO2

A. P. Vasilkov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 4. NO2 net atmospheric heating dependence on cloud optical depth, τ, when the NO2
layer is below the cloud.
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Fig. 5. Left: cloudSat/MODIS cloud extinction profiles used in radiative transfer simulations;
middle: net heating dependence on the 1 km NO2 layer midpoint. Dashed(solid) lines are for
CloudSat profiles 1(2); vertical lines are for uniform distributions of NO2 inside the clouds; right:
as in middle but for zenith radiances.
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Fig. 6. Monthly-mean tropospheric NO2 column amounts for January (left) and July (right) 2005
from OMI. White areas correspond to pixels not meeting the cloud fraction criterion.
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Fig. 7. Clear-sky daily-averaged NAH (left) and cloud effect in % of clear-sky NAH (right) for
January (top) and July (bottom) 2005.

12703

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/12675/2009/acpd-9-12675-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/12675/2009/acpd-9-12675-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 12675–12706, 2009

Satellite-derived
radiative impact of
tropospheric NO2

A. P. Vasilkov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 
Fig. 8. Clear-sky daily maximum net atmospheric heating for January (left) and July (right)
2005 over the US (top) and Southeast Asia (bottom).

12704

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/12675/2009/acpd-9-12675-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/12675/2009/acpd-9-12675-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 12675–12706, 2009

Satellite-derived
radiative impact of
tropospheric NO2

A. P. Vasilkov et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 9. Diurnal variations in tropospheric NO2 columns (thin lines) and NAH (thick lines) for the
Northeastern US (left) and African regions (right). Diamonds: OMI-derived NO2 column; solid
lines: correspond to simulated diurnal variations in NOx emissions (see text for details); dashed
lines: correspond to constant NOx emissions; dot-dash line: NAH computed for a constant NO2
column corresponding to the OMI derived value.
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Fig. 10. Annual average NO2 columns (left) and corresponding maximum daily NAH for 01 July
(right) over Los Angeles computed with a 0.1◦×0.1◦ grid.
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