
Atmos. Chem. Phys., 23, 10413–10422, 2023
https://doi.org/10.5194/acp-23-10413-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Inferring the photolysis rate of NO2 in the stratosphere
based on satellite observations

Jian Guan1, Susan Solomon1, Sasha Madronich2,3, and Douglas Kinnison2

1Department of Earth, Atmospheric, and Planetary Sciences, MIT, Cambridge, MA 02139, USA
2Atmospheric Chemistry Observations and Modeling Laboratory, National Center for Atmospheric Research,

Boulder, CO 80301, USA
3USDA UV-B Monitoring and Research Program, Natural Resource Ecology Laboratory, Colorado State

University, Fort Collins, CO 80523, USA

Correspondence: Jian Guan (jianguan@mit.edu)

Received: 23 March 2023 – Discussion started: 30 March 2023
Revised: 1 August 2023 – Accepted: 2 August 2023 – Published: 20 September 2023

Abstract. NO and NO2 (NOx) play major roles in both tropospheric and stratospheric chemistry. This paper
provides a novel method to obtain a global and accurate photolysis rate for NO2 based on satellite data. The pho-
tolysis rate J (NO2) dominates the daytime diurnal variation of NOx photochemistry. Here the spatial variation
of J (NO2) at 50–90◦ S in December from 20–40 km is obtained using data from the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) experiment. Because NO and NO2 rapidly exchange with one an-
other in the daytime, J (NO2) can be attained assuming steady state, and the results are shown to be consistent
with model results. The J (NO2) value decreases as the solar zenith angle increases and has a weak altitude
dependence. A key finding is that satellite-derived J (NO2) increases in the polar regions, in good agreement
with model predictions, due to the effects of ice and snow on surface albedo. Thus, the method presented here
provides an observation-based check on the role of albedo in driving polar photochemistry.

1 Introduction

Fast photochemistry in the Earth’s atmosphere is driven by
sunlight and affects the diurnal variation of many species.
The properties of sunlight entering the stratosphere, includ-
ing light intensity and its energy distribution, depend on
the solar zenith angle, as well as distributions of absorbing
species. Further, the solar zenith angle is related to latitude,
season, and local time. The sunlight entering the stratosphere
determines the photochemical rates in the stratosphere, thus
affecting stratospheric chemistry, and the diurnal variations
of species concentration is one of the impacts. Therefore, di-
urnal variation observations provide key information in ana-
lyzing the photochemical properties of the stratosphere. NOx
chemistry is one of the most important elements of strato-
spheric chemistry and plays a leading role in controlling
stratospheric ozone concentration (Crutzen, 1979; Johnston,
1971; Crutzen, 1970). The photolysis rate J (NO2) quanti-
fies the process of NO2 photolysis into NO, thus affecting

the diurnal variation of NOx . The stratospheric NO and NO2
abundances are controlled by the following reactions.

NO+O3→ NO2+O2 (R1)
NO2+hν→ NO+O (R2)
NO2+O→ NO+O2 (R3)
ClO+NO→ NO2+Cl (R4)

Because of the short lifetime of NO and NO2, they are in
steady state within the sunlit stratosphere. Therefore, the fol-
lowing equation holds.

[NO]
[NO2]

≈
J (NO2)+ kO+NO2 × [O](

kNO+O3 × [O3]+ kNO+ClO× [ClO]
) (1)

A number of studies on the diurnal variation of NOx and
J (NO2) in the stratosphere have been reported based on
models or airborne observations. Fabian et al. (1982) used
a two-dimensional model to examine the diurnal variations
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of NOx at different altitudes. Many studies focused on
the diurnal variation of NOx using airborne observations,
and these were subsequently compared with models (Pom-
mereau, 1982; Roscoe et al., 1986; Kawa et al., 1990).
Madronich et al. (1985) measured J (NO2) in the stratosphere
utilizing a balloon platform and compared it to a model; they
showed that the J (NO2) value has a weak altitude depen-
dence. Webster and May (1987) measured the diurnal varia-
tion of NOx and J (NO2) simultaneously utilizing a balloon.
Del Negro et al. (1999) calculated J (NO2) based on the con-
centrations of NO, NO2, O3, ClO, and HO2 measured on an
aircraft and BrO from a model and compared them with a
model. They found that the J (NO2) inferred from the data
assuming steady state matched their model well. Moreover,
it has been emphasized that albedo has a substantial effect
on J (NO2) (Madronich, 1987; Bösch et al., 2001; Laepple,
2005; Walker et al., 2022). Further, the surface albedo over
ice and snow has a large and important effect on tropospheric
chemistry in the polar regions (Walker et al., 2022) due in
large part to its effect on J (NO2), highlighting the need to
evaluate J (NO2) on a large scale. Surface radiometers have
also been used to infer information about J (NO2) for dif-
ferent sky conditions in the troposphere (Shetter et al., 1992;
Junkermann et al., 1989). However, aircraft, surface radiome-
ters, and balloon measurements are all local and the num-
ber of data are therefore limited. At the same time, models
are based on theoretical calculations and require measured
data for verification. These considerations are the motivation
for this paper, in which satellite data are used to characterize
J (NO2) on a global basis, with particular emphasis on values
obtained over ice and snow.

Satellite measurements of NOx allow elucidation of its
zenith angle and albedo dependence. The global concentra-
tions of NO, NO2, and related species as discussed below
can be easily obtained using satellite data and used to de-
termine J (NO2) at different latitudes, albedo, and altitudes.
Solomon et al. (1986) reported satellite observations of the
NO2 diurnal variation in the stratosphere at solar zenith an-
gles ranging from about 35 to 110◦, but concurrent NO data
were not available. Anderson et al. (1981) employed a simi-
lar method to study the zenith angle variation of mesospheric
O3. The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) is a Fourier transform spectrometer car-
ried on Envisat, measuring not only NO2 but also NO and O3,
as well as ClO, all of which are used here in inferring J (NO2)
(see below). MIPAS was designed and operated for the mea-
surement of atmospheric species from space and can detect
limb emissions in the middle atmosphere with high spectral
resolution and low-noise performance (Fischer et al., 2008).

In this work, the novel method of obtaining the zenith an-
gle dependence of NOx and J (NO2) using satellite data in
summer over the polar cap is reported, taking 50–90◦ S in
December at 20–40 km as an example. The diurnal varia-
tions of NOx and J (NO2) at different altitudes are described.
J (NO2) changes with latitude are discussed and a J (NO2)

Figure 1. Schematic representation of the MIPAS orbit at high lati-
tude in December showing the ascending (dayside) and descending
(nightside) portions of the orbit and the terminator.

map in the Antarctic is used to elucidate albedo effects. In
summary, this work shows a method for obtaining NOx di-
urnal variation and accurate J (NO2) based on satellite data,
expanding the way to attain information on this key photoly-
sis rate.

2 Data and methods

2.1 MIPAS data

The vertical resolution of MIPAS is approximately 3–8 km
in the stratosphere, and the horizontal resolution is 30 km
across-track, with about 500 km along-track until 2004
(400 km after 2004). The vertical scan range is 5–150 km.
Satellite operation was stopped temporarily in March 2004
due to technical issues and resumed in January 2005 in a new
operation mode. MIPAS allows nearly complete global cov-
erage, ranging from 87◦ S to 89◦ N obtained about every 3 d
by 73 scans per orbit and 14.3 orbits per day. Each day the
satellite passes through the same latitude at two local times
(ascending side and descending side, as shown in Fig. 1).
Therefore, for this dataset, there are only two solar zenith an-
gles at each latitude. We therefore focus on 50–90◦ S in the
polar day in December 2009, for which there are as many
solar zenith angles as possible in a relatively small latitude
range. The data from the satellite were averaged daily and
zonally (because the specific latitudes of the satellite data
vary somewhat from one orbit to another, we bin the data
using a 2◦ interval). Then we calculate the 4 d running mean,
which is shown in Figs. 2 and 3.

In this paper, we used the NO, NO2, O3, ClO, tempera-
ture, and pressure data from V8 MIPAS retrievals performed
with the IMK/IAA level 2 processor. The retrieval of temper-
ature was reported by Kiefer et al. (2021). For NO retrieval,
the method considered the populations of excited NO states
(Funke et al., 2005). This implies that photolysis of NO2
is included in the retrieval priors. However, retrieved NO is
only weakly dependent on prior knowledge of J (NO2) val-
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Figure 2. The concentrations of NO, NO2, and NOx at 50–90◦ S in December 2009 from MIPAS and the model at different altitudes:
(a) 23 km, (b) 28 km, (c) 33 km, and (d) 38 km. Model values are at the same time and location as the satellite data. The color bar represents
the latitude of the data points at each solar zenith angle. To ensure clear visual distinction for each point, black outlines are applied around
them.
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Figure 3. J (NO2) at 50–90◦ S from MIPAS and the model at different altitudes: (a) 23 km, (b) 28 km, (c) 33 km, and (d) 38 km. Model
values are for the same time and location as the satellite data. The color bar represents the latitude of the data points at each solar zenith
angle. In the correlation plots, the abscissa is J (NO2) from MIPAS and the ordinate is J (NO2) from the model; the slope of the dashed line
is 1. To ensure clear visual distinction for each point, black outlines are applied around them.
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ues (10 %–15 %). In our calculations, according to Eqs. (2)
and (3), NO, NO2, and O3 play comparable roles in the calcu-
lation of J (NO2), reducing the impact of prior knowledge on
the final results. Therefore, prior knowledge of J (NO2) will
have a small effect on our findings as long as prior knowledge
of J (NO2) is not completely incorrect. The NO retrieval was
documented by Funke et al. (2023), who reported an accu-
racy of 8 %–15 % for altitudes of 20 to 40 km. Regarding O3,
Kiefer et al. (2023) reported an accuracy of 3 %–8 % in the
altitude region of interest. The retrievals of NO2 and ClO
were described by Funke et al. (2005) and von Clarmann et
al. (2009), respectively, with accuracies of 0.2–0.8 ppbv for
NO2 and total error of more than 35 % for ClO. However,
please note that these papers refer to older data versions. Ac-
curacy estimates for V8 ClO and NO2 are not yet available,
but the values quoted here were used as a rough guideline.

2.2 Model calculations

The Whole Atmosphere Community Climate Model ver-
sion 6 (WACCM6) is used in this study. WACCM6 is a com-
ponent of the Community Earth System Model version 2
(CESM2; Gettelman et al., 2019; Danabasoglu et al., 2020).
The horizontal resolution is 1.9◦ latitude× 2.5◦ longitude,
with 88 vertical levels up to about 140 km, and the altitude
resolution increases from 0.1 km near the surface to 1.0 km
in the upper troposphere–lower stratosphere (UTLS) and 1–
2 km in the stratosphere. This work uses the specified dy-
namics version of WACCM6, wherein the atmosphere be-
low 50 km is nudged to the Modern-Era Retrospective Anal-
ysis for Research and Applications version 2 (MERRA-2;
Gelaro et al., 2017) temperature and wind fields with a re-
laxation time of 50 h. The chemistry mechanism includes a
detailed representation of the middle atmosphere, with a so-
phisticated suite of gas-phase and heterogeneous chemistry
reactions, including the Ox , NOx , HOx , ClOx , and BrOx
reaction families. There are ∼ 100 chemical species and
∼ 300 chemical reactions. Reaction rates are updated follow-
ing Jet Propulsion Laboratory (JPL) 2015 recommendations
(Burkholder et al., 2015). The photolytic approach is based
on both inline chemical modules (< 200 nm) and a lookup
table approach (> 200–750 nm; see Kinnison et al., 2007).
The lookup table (LUT) approach uses the Tropospheric
Ultraviolet–Visible Radiation Model (TUV4.2; Madronich,
1987; Madronich and Weller, 1990), an advanced radiation
transfer model widely used by the scientific community, us-
ing the four-stream pseudo-spherical discrete ordinate op-
tion. TUV has demonstrated excellent performance in inter-
comparisons with ground-based measurements, particularly
under ideal sky conditions (Shetter et al., 2003). Model val-
ues for December 2009 at the same times and locations as the
satellite data are selected by the satellite profile algorithm to
compare with the satellite data and denoted “model”. The
satellite profile algorithm outputs constituents (e.g., J (NO2)

and NOx concentrations) at the nearest latitude, longitude,
and local time to the observation.

2.3 Chemical equation

NO is assumed to be in a steady state in the sunlit atmosphere
at 20–40 km at least for zenith angles less than 94◦ due to its
short lifetime. Using the chemistry discussed above, J (NO2)
can then be expressed as

J (NO2)=
[NO]
[NO2]

×
(
kNO+O3 × [O3]+ kNO+ClO× [ClO]

)
− kO+NO2 × [O] , (2)

where k is the rate constant, J (NO2) is the photolysis rate of
NO2, and [O3] is the concentration of O3.

To obtain the concentration of O, O is assumed to be in a
steady state with ozone at 20–40 km. The concentration of O
can be expressed as

[O] =
J (O3)×[O3]

kO+O2+M ×[O2]× [M]
. (3)

kNO+O3 , kNO+ClO, and kO+NO2 , as well as their uncertainties,
are from JPL (Burkholder et al., 2015), and kO+O2+M and its
uncertainty are from International Union of Pure and Applied
Chemistry (IUPAC; Atkinson et al., 2004). It is worth noting
that J (O3) in Eq. (3) comes from the model here, which is
a limitation of this study. However, in the stratosphere be-
low about 33 km [O] has a small effect on J (NO2) calcula-
tion (less than 8.1 %) due to its low concentration (Johnston
and Podolske, 1978). ClO can similarly be ignored when al-
titudes are lower than 35 km, where ClO concentrations are
small (Sagawa et al., 2013); otherwise, using ClO data from
MIPAS would introduce large and unnecessary uncertainty.
HO2 and BrO can both react with NO, but they are not mea-
sured by MIPAS and their contributions to the partitioning
between NO and NO2 are negligibly small at the altitudes
considered here (Del Negro et al., 1999). Therefore, we do
not consider them in this paper.

3 Results and discussion

3.1 NOx concentration at different altitudes

To better understand the diurnal variation of NOx , concentra-
tions of NO and NO2 from MIPAS and the model at different
altitudes are shown in Fig. 2. The NO and NO2 concentra-
tions from MIPAS and the model show very good overall
consistency. The solar zenith angle of 90◦ is a clear dividing
line, showing that light drives the diurnal variation, and the
results are in good agreement with the theory.

NO and NO2 exchange with one another, but their sum
(NOx) varies relatively little for solar zenith angles less than
about 90◦. An increase in NO is matched by a decrease in
NO2 for zenith angles from about 30–50◦, and then NO
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concentration decreases at larger angles, mainly reflecting
changes in the photolysis rate as the satellite sweeps across
the midlatitudes and polar cap (see below). NO rapidly dis-
appears when the solar zenith angle exceeds 90◦, and the
concentrations of NO and NO2 change dramatically during
twilight. NO decreases rapidly, while NO2 increases rapidly.
When the solar zenith angle is more than 90◦ at these alti-
tudes, NO is completely oxidized to NO2, so there is no NO
and NO2/NOx is 1. In addition, the concentration of NO2
decreases slightly when the solar zenith angle is more than
90◦, which indicates the formation of N2O5.

It should also be noted that in Fig. 2, the concentrations of
NO and NO2 also reflect latitude variations because the data
at each zenith angle come from different latitudes as shown
by the color bar at the top of each panel, but these variations
are fairly small over the summer polar cap and consistent
with the model as shown. From 23 to 33 km, the concentra-
tions of NO and NO2 increase with altitude.

3.2 J (NO2) at different altitudes and solar zenith angles

Using Eq. (2) above, J (NO2) and the error bar at differ-
ent altitudes are shown in Fig. 3 along with the J (NO2)
values from the model. The correlation diagrams show that
the values inferred from the satellite observations are in ex-
cellent agreement with the model. Figure 3 shows that the
J (NO2) values at different altitudes within the 20–40 km
range are nearly identical. This indicates the weak depen-
dence of the J (NO2) value on altitude, which was also re-
ported by Madronich et al. (1985). This is because NO2 pho-
tolysis is largely driven by wavelengths ranging from 300 to
420 nm (Madronich et al., 1983), which lie within a spec-
tral region relatively free of atmospheric absorption. Con-
sequently, the flux remains nearly constant at different alti-
tudes. When the solar zenith angle is higher than about 90◦,
the J (NO2) value rapidly drops to 0. The uncertainty is also
shown in Fig. 3, and the model J (NO2) is within the error
bar. The deviation between the results and the model is sig-
nificantly smaller than the 1σ uncertainty, implying that the
estimates of measurement errors of MIPAS may be conser-
vative. To illustrate how different species affect our calcula-
tions at some altitudes, the effects of different gases at 38 km
are shown in Fig. S1 in the Supplement. The figure shows
that O3, O, and ClO are critical to NOx chemistry at 38 km.
However, the concentrations of ClO and O are smaller at al-
titudes lower than 35 km and have about a 3.6 % and less
than 12 % influence in our calculations, respectively. More-
over, the satellite data error of ClO becomes larger at lower
altitudes, so ClO is not considered here when the altitude is
lower than 35 km.

Figure 4. The relationship between J (NO2) and latitude from MI-
PAS and the model at 30–90◦ S and at 28 km. Model data are for
the same time and location as the satellite data. J (NO2) is exam-
ined wherever the solar zenith angle is less than 70◦ and averaged
every 5◦ of latitude.

3.3 J (NO2) at different latitudes

The J (NO2) values from the satellite and the model at dif-
ferent latitudes are next discussed. The clear relationship be-
tween J (NO2) and latitude from MIPAS and the model is
also displayed in Fig. 4, and the close comparison between
the two is remarkable. It is obvious that the satellite-inferred
J (NO2) monotonically increases with latitude from 30–70◦ S
and then decreases at higher latitudes. J (NO2) over the pole
is taken at a larger solar zenith angle, which explains its de-
crease relative to surrounding parts of Antarctica. Figure 5
displays maps of the detailed distributions of J (NO2) from
MIPAS and the model, which exhibits their excellent consis-
tency and shows a sharp transition between midlatitudes and
the Antarctic continent or regions covered by sea ice.

The sharp transitions in J (NO2) values shown in Fig. 5
can only be caused by the large difference in albedo be-
tween the ocean and the Antarctic environs, covered by sea
ice, land ice, and snow (Brandt et al., 2005; Shao and Ke,
2015). Albedo has a strong influence on J (NO2) because
NO2 is more sensitive than most atmospheric species to the
effects of scattering and reflection (Madronich et al., 1983;
Madronich, 1987; Bösch et al., 2001; Laepple et al., 2005).
This is because the atmosphere exhibits considerable trans-
parency at frequencies relevant to NO2 photolysis, allowing a
large number of photons to persist throughout the long atmo-
spheric path, reaching Earth’s surface and eventually return-
ing to the stratosphere. In the high-latitude area, the ground is
covered with ice and snow, and the albedo can be as high as
0.9, while at lower latitudes, the albedo is about 0.1 (Brandt
et al., 2005; Shao and Ke, 2015). Table 1 shows the J (NO2)
values at different solar zenith angles under different albedos.
The results show that the albedo has a strong influence on the
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Figure 5. The mapping of J (NO2) at 50–90◦ S and at 28 km from (a) MIPAS and (b) the model. (c) The distribution of the sea ice extent in
December 2009 in Antarctica from the model. Model J (NO2) data are for the same time and location as the satellite data. J (NO2) is shown
wherever the solar zenith angle is less than 70◦ and averaged every 3.33◦ latitude× 15◦ of longitude.

Table 1. J (NO2) at different solar zenith angles under different
albedos (α).

Solar J (NO2) J (NO2) J (NO2) (α = 0.9)/J (NO2) (α = 0.1)
zenith (α = 0.1) (α = 0.9)
angle

0 1.30 2.21 1.70
10 1.30 2.19 1.69
20 1.29 2.14 1.65
30 1.28 2.05 1.59
40 1.27 1.92 1.52
50 1.24 1.77 1.42
60 1.20 1.58 1.31
70 1.14 1.36 1.20
80 1.01 1.10 1.09
90 0.664 0.673 1.01

values, especially at low solar zenith angles. Based on Fig. 5,
J (NO2) above the continental ice is greater than that above
the Antarctic sea ice, which may be because the fraction of
open water within the pack influences the albedo (Brandt et
al., 2005).

4 Conclusions

The diurnal variations of NOx species and the resulting
J (NO2) from about 50–90◦ S in December at 20–40 km have
been evaluated based on MIPAS data. Light has a strong im-
pact on the diurnal variations. NO and NO2 are in steady state
in the daytime, and their sum is almost constant.

The calculated J (NO2) is remarkably consistent with the
model results, and the J (NO2) value decreases as the solar
zenith angle increases. The J (NO2) value rapidly drops to 0
at the solar zenith angle of about 90◦. Moreover, the weak
dependence of the J (NO2) value on altitude in this region is
evident.

The results from the satellite and the model both indicate
that J (NO2) increases with latitude, which can be attributed
to more reflected light from ice and snow surfaces with high
albedo. In summary, this work presents a new method for
obtaining accurate J (NO2) values mainly based on satellite
data. Further, this method can be extended to other photolysis
rates, paving the way for further tests of global photolysis
rate data based on satellites.
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