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Abstract. The interpretation of atmospheric measurements and the forecasting of the atmospheric
composition require a hierarchy of accurate chemical transport and global circulation models. Here,
the results of studies using Bremens Atmospheric Photochemical Model (BRAPHO) are presented.
The focus of this study is given to the calculation of the atmospheric photolysis frequencies. It
is shown that the spectral high resolved simulation of the O2 Schumann–Runge bands leads to
differences in the order of 10% in the calculated O2 photolysis frequency when compared with
parameterizations used in other atmospheric models. Detailed treatment of the NO absorption leads
to even larger differences (in the order of 50%) compared to standard parameterizations. Refraction
leads to a significant increase in the photolysis frequencies at large solar zenith angles and, under
polar spring conditions, to a significant change in the nighttime mixing ratio of some trace gases,
e.g., NO3. It appears that recent changes in some important rate constants significantly alter the
simulated BrOx- and HOx -budgets in the mid-latitude stratosphere.

Key words: photochemical boxmodel, photolysis frequency, radiative transfer, stratospheric chem-
istry.

1. Introduction

Stratospheric photochemical models are widely used for the interpretation of
atmospheric measurements and the forecasting of the atmospheric composition
(Ravishankara et al., 1999, and references therein). Although significant efforts
have been done in the development of these models, there still remain a lot of open
questions when comparing model results with measurements.
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Chemical transport models underestimate the ozone loss during polar spring as
compared to observations especially in the Arctic (Hansen et al., 1997; Becker et
al., 2000b; Woyke et al., 1999). A 2-dimensional model study reveals an overesti-
mation of the NOy concentration in the upper stratosphere (Nevison et al., 1997).
Balloon borne NO3 measurements show a disagreement between measurements
and model results in the lower stratosphere (Renard et al., 1996). The observed
peak in the HOx concentration during sunrise near the tropopause is not yet sat-
isfactory explained by model studies (Salawitch et al., 1994; Wennberg et al.,
1999). For many of these unanswered questions, photolysis frequencies are critical
model parameters. Therefore, a detailed knowledge of the atmospheric radiative
transfer and accurate calculation of the photolysis rates are necessary to evaluate
stratospheric models. Recently, it was demonstrated that an improved numerical
solution of a widely used photolysis scheme (Lary and Pyle, 1991) is affecting
stratospheric photolysis rates significantly (Becker et al., 2000a).

In this study, model results of the photochemical box model BRAPHO (Bre-
mens Atmospheric Photochemical Model) that includes sophisticated calculation
of atmospheric photolysis frequencies are presented. BRAPHO includes the model
PHOTOGT (Blindauer et al., 1996) for the calculation of the photolysis frequen-
cies. In Section 3, an investigation of the photolysis frequencies of O2 and NO
are presented and compared with results from other radiative transfer models. Dif-
ferences arise as a results of the assumptions with respect to the spectrally highly
varying cross sections of O2 and NO. The impact of refraction on the photolysis
frequencies at large solar zenith angle (SZA) and photochemistry is discussed in
Section 4. In Section 5, the impact of new absorption cross section of HOBr in
combination with a new recommendation for heterogeneous BrONO2 hydrolysis
on stratospheric chemistry is presented.

2. BRemens Atmospheric PHOtochemical model (BRAPHO)

In this section, the different modules of BRAPHO are described. BRAPHO has
already been used successfully for stratospheric studies including the simula-
tion of the diurnal cycle of polar ClO (Raffalski et al., 1998), the identification
of stratospheric IO (Wittrock et al., 2000) and the interpretation of the mid-
stratospheric ozone variability (Sinnhuber et al., 1999), but its details have not
been previously described. Additionally, it participated successfully in an in-
tercomparison between German stratospheric chemical models (Krämer et al.,
2002).

2.1. PHOTOLYSIS FREQUENCIES

The photolysis frequency of an atmospheric molecule, J, is calculated as the wave-
length integral over the product of actinic flux, the absorption cross section, and
the quantum yield of the molecule (Madronich, 1987).
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Within BRAPHO photolysis frequencies are calculated with PHOTOGT (PHO-
TOGOMETRAN). Details of PHOTOGT were presented in Blindauer et al.
(1996). Therefore we only briefly summarize the main features of the model.

To calculate the intensity of the diffuse solar light, the pseudospherical version
of the one-dimensional radiative transfer model GOMETRAN is used (Rozanov
et al., 1997). It solves the radiative transfer equation using the ‘finite difference
method’. The actinic flux is calculated by adding the direct and the surface-
reflected beam to the diffuse light (Blindauer et al., 1996). Refraction is taken
into account for the direct beam. The implementation of refraction is based on the
variation of the refractive index of the air with height and described in Eichmann
(1995). The calculation of the actinic flux is performed on different wavelength
intervals ranging from 0.5 cm−1 (≈0.002 nm) to 20 cm−1 (≈0.5 nm) between
175 nm and 850 nm. Recently, GOMETRAN has been extended to SCIATRAN by
the inclusion of line-by-line and correlated-k coefficients to describe line absorbers
(Buchwitz et al., 2000). The molecular parameters – absorption cross section and
quantum yield – are taken from compilations (DeMore et al., 1997; Atkinson et al.,
1997). Integration over the wavelength is performed using Simpson’s rule (Press
et al., 1992). For the use within BRAPHO, the calculated photolysis frequencies
for the specified atmospheric profiles are stored in look-up tables at certain SZAs
(�SZA ≈ 0.5–2◦) and linearly interpolated in between.

The structure of PHOTOGT allows the easy implementation of updated or new
molecular parameters to calculate the photolysis frequency.

2.1.1. Treatment of the O2 Schumann–Runge Bands

Light absorption of molecular oxygen plays a decisive role in stratospheric
chemistry. Absorption of O2 strongly influences the attenuation of solar light;
photodissociation of molecular oxygen provides the only source of stratospheric
ozone.

The absorption cross section of O2 in the Schumann–Runge bands between
175 and 205 nm shown in Figure 1 is highly spectrally structured and temperature
dependent. In PHOTOGT, the calculation of the actinic flux and the O2 photolysis
frequency is performed using the temperature dependent spectral high resolved
(0.5 cm−1) cross sections from Minschwaner et al. (1992) in the Schumann–Runge
bands. For the underlying Herzberg continuum (185–242 nm) the cross sections of
Yoshino et al. (1988) are used. The validation of the actinic flux calculation can
be found in Blindauer et al. (1996). A comparison of photolysis frequencies of O2

and NO calculated using the high spectral resolved cross sections with simplified
broadband parameterizations are discussed in Section 3. Other species that disso-
ciate in this wavelength region include N2O and H2O. While photolysis of N2O in
the stratosphere is the main atmospheric sink for nitrogen oxide (Minschwaner et
al., 1993; Prather et al., 2001), photodissociation of H2O is an important source
for HOx radicals in the mesosphere (Siskind et al., 1994). The calculation of their



228 JÖRG TRENTMANN ET AL.

Figure 1. Absorption cross section of O2 in the Schumann–Runge bands at 216 K
(Minschwaner et al., 1992).

photolysis frequencies is also affected by the simulation of the radiative transfer in
the wavelength region of the O2 Schumann–Runge bands.

2.1.2. Calculation of the NO Photolysis Frequency

Photodissociation of nitric oxide (NO) occurs in two absorption bands in the UV
wavelength region where the actinic flux is determined by the O2 absorption in the
Schumann–Runge bands.

Similar to the O2 Schumann–Runge bands, the absorption cross section of NO is
highly structured and temperature dependent. In Figure 2 the NO absorption cross
section in the δ(1, 0) band (181.49 nm–183.49 nm) from Minschwaner and Siskind
(1993) are shown. To calculate the NO photolysis frequency also the δ(0, 0) band
(189.39 nm–191.57 nm) which shows a similar spectral structure is included. Other
absorption bands only have a 1% effect on the photolysis frequency and are there-
fore negligible (Minschwaner and Siskind, 1993). Also shown in the figure are the
O2 cross sections in this wavelength region (scaled with a factor of 10−5). The
spectral variation of the NO cross sections is even an order of magnitude larger
than for the O2 cross section, 0.05 cm−1 and 0.5 cm−1, respectively.

Within PHOTOGT these highly spectrally resolved temperature dependent
cross sections are used to calculate J(NO). The actinic flux is calculated on the
spectral grid of the O2 cross sections and interpolated onto the grid of the NO cross
sections.

The significant differences which are induced using simplified, broadband pa-
rameterizations to calculate the NO photolysis frequency compared to the accurate
calculation of PHOTOGT are discussed in Section 3.2.
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Figure 2. Spectral resolved absorption cross section of NO at 216 K, δ(1, 0) band (Min-
schwaner and Siskind, 1993). For comparison the O2 cross sections (scaled with a factor 10−5)
in this wavelength region are also shown (Minschwaner et al., 1992) (figure after Minschwaner
and Siskind (1993)).

2.2. HETEROGENEOUS REACTIONS

BRAPHO includes heterogeneous reactions on liquid and solid aerosols as well as
on ice particles. The reaction rates are calculated using a model developed at the
Max Planck Institute for Chemistry, Mainz, Germany, by K. Carslaw. This module
calculates the volume and the composition of the liquid aerosol particles from the
temperature, pressure, and the gas phase concentrations of H2SO4, H2O, and HNO3

using an analytical formula (Carslaw et al., 1995). Uptake of HCl, HOCl, and HBr
changes the gas phase concentrations as well as the composition of the aerosol. The
uptake coefficients and reaction rates are calculated using the formulas derived by
Hanson et al. (1994) based on the recommendations of DeMore et al. (1997).

Additionally, different pathways for phase transitions (melting, freezing) can
be chosen according to Peter (1997). These include, e.g., the three-stage concept
(Poole and McCormick, 1988) as well as the possibility of the existence of liquid
particles down to the ice freezing temperature (Koop et al., 1995). NAT, SAT
and ice particles are treated in equilibrium using the formulation of Hanson and
Mauersberger (1988) (NAT, ice) and Tabazadeh et al. (1994) (SAT). The reaction
rates are calculated using the formula given in Hanson et al. (1994) using sticking
coefficients based on the recommendations of DeMore et al. (1997). More detailed
information on the treatment of heterogeneous processes within BRAPHO can be
found in Eyring (1999).
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2.3. CHEMICAL REACTION SCHEME AND NUMERICAL SOLUTION

The selection of the chemical reactions is based on the Mainz Box Model (Crutzen
et al., 1992; Grooß et al., 1997) which includes Ox , NOx , HOx , Clx , Brx and
methane chemistry. The evolution of 39 chemical compounds is simulated taking
into account 127 chemical reactions (77 bimolecular, 9 trimolecular, 4 thermal
decomposition, 26 photolysis, and 11 heterogeneous reactions). The reaction rate
constants, absorption cross sections and quantum yields are mostly taken from
DeMore et al. (1997). The most important exceptions are the absorption cross
sections of O2 and NO which are described in more detail than recommended by
DeMore et al. (1997).

The transformation of the selected chemical reactions to a differential equation
system as well as the numerical integration of this system is performed using the
ASAD (A Self-contained Atmospheric chemistry coDe) package (Carver et al.,
1997). It allows the user to choose between different methods to solve the stiff
differential equations with different complexity. Within BRAPHO, the SVODE
integrator is used which is based on the Backward Differential Formula (BDF)
(Brown et al., 1989). This method explicit calculates the concentrations of the
different species without making use of the family concept.

3. Impact of Parameterizations on Photolysis Frequency Calculations

3.1. O2 PHOTOLYSIS FREQUENCY

In the following section, the photolysis frequency of molecular oxygen calculated
with different parameterizations of the O2 Schumann–Runge absorption bands are
compared with results from PHOTOGT. One very common parameterization is
the one from Allen and Frederick (1982) (A&F) which is recommended in WMO
(1985) and also includes the Herzberg continuum (185–242 nm). Another para-
meterization of the Schumann–Runge bands is based on the opacity distribution
functions (ODFs) (Minschwaner et al., 1993; Siskind et al., 1994). An improved
version of the ODFs including the temperature dependency of the cross sections
(ODF-T) is also in use (Prather, 1993). However, neither of these approaches
incorporated the full information of the spectral high resolved O2 absorption
cross section in the radiative transfer simulations leading to less accurate results
(Minschwaner et al., 1993).

The O2 photolysis frequency calculations using these parameterizations are
taken from the NASA Photolysis Rate Intercomparison for Assessment Models
(Stolarski, 1995). The DISORT model (Dahlback and Stamnes, 1991) uses the
standard ODFs while the UCI model (Prather, 1993) uses the improved ODFs
(ODF-T). The model of the CSIRO (Randeniya et al., 1996) uses the parameteriza-
tion of A&F. For the calculations with PHOTOGT the same atmospheric scenario
(temperature and ozone profile, ground albedo) as in the NASA intercomparison
assessment was used (R. Kawa, pers. communication).
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Figure 3. (a) O2 Photolysis frequencies calculated with different models using different pa-
rameterizations of the Schumann–Runge bands (see text for details); (b) relative difference
between PHOTOGT and the other models.

In the wavelength region of the O2 photolysis, the actinic flux is determined
by absorption while scattering is only of minor importance. As the absorption is
treated identically in all models no significant difference arises from the different
model formulations, especially at low SZA.

In Figure 3 the photolysis frequency of O2 calculated with the different para-
meterizations and the relative differences to the calculation with PHOTOGT at 0◦
SZA between 30 and 60 km altitude are shown. The relative differences are in the
range of 10% for overhead sun. This is consistent with the results of Siskind et al.
(1994) and Koppers and Murtagh (1996). For larger SZAs, the differences increase
up to ±30% (for 90◦ SZA, not shown), with CSIRO (A&F) and UCI (ODF-T)
overestimating and DISORT (ODF) underestimating J(O2).

For stratospheric photochemistry this difference has significant influence on
ozone production. As the correct calculation of the O2 photolysis frequency is
crucial to examine the ozone budget in the upper atmosphere, care has to be taken
when addressing this question using parameterization for the calculation of J(O2)
(Grooß et al., 1999).

3.2. NO PHOTOLYSIS FREQUENCY

Similar to the absorption spectrum of O2 in the Schumann–Runge bands there also
exist parameterizations of the temperature dependent NO cross sections. The first
parameterization was introduced by Allen and Frederick (1982) (A&F). Similar to
the oxygen spectrum there are also ODFs (Minschwaner and Siskind, 1993) which
were calculated from temperature dependent spectral high resolution cross sec-
tions. In PHOTOGT the high resolution cross sections shown in Figure 2 are used.
In Figure 4 the simulated NO photolysis frequencies and the relative differences to
the PHOTOGT calculations are shown for the same models as in Section 3.1. There
are two reasons for the differences in the calculated NO photolysis frequency: first,
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Figure 4. (a) NO photolysis frequencies at 0◦ SZA calculated with different models and
different parameterizations for the Schumann–Runge bands and the NO cross sections (see
text for details); (b) relative difference between PHOTOGT and the other models.

the different treatment of the Schumann–Runge bands of oxygen (Section 3.1)
leads to differences in the actinic flux. Second, the use of different parameterization
for the NO cross sections as described above lead to additional differences. The
CSIRO model uses the A&F parameterization for the Schumann–Runge bands and
for the NO cross sections. DISORT and the UCI model use both the ODFs for the
NO cross sections, but differ in the treatment of the Schumann–Runge bands as
described in Section 3.1.

The relative differences in the calculated NO photolysis frequency exceed
those of the O2 photolysis frequency by far. They even increase at larger solar
zenith angles and easily reach more than 100%. This large errors indicate that the
simple approximations are poor descriptions of the NO photolysis in the upper
atmosphere. This is important for atmospheric chemistry where NO photolysis is a
significant process, e.g., in the upper stratosphere and mesosphere (Nevison et al.,
1997).

4. Influence of Refraction on Photochemistry

At large solar zenith angles (low sun) refraction leads to a significant increase in the
actinic flux and the atmospheric photolysis frequencies (DeMajistre et al., 1995).

In Figure 5 the relative difference of the photolysis frequencies of selected
molecules which dissociate in different wavelength regions of the solar spectrum
in 20 km altitude calculated including and neglecting refraction are shown. Below
90◦ SZA the difference is negligible (<1%), but reaches nearly 100% at large solar
zenith angles. The largest difference is observed in the photolysis frequency of
NO3 which dissociates in the visible wavelength region where the contribution of
the direct solar radiation, which is primarily affected by refraction, to the actinic
flux is relatively large. At shorter wavelengths, higher Rayleigh scattering and ab-
sorption lead to much larger attenuation of the direct light at large SZA (long light
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Figure 5. Relative difference of various photodissociation frequencies at 20 km between the
simulations including and neglecting refraction.

path). Therefore the direct solar radiation contributes less to the actinic flux, and the
impact of refraction is smaller. This is consistent with the findings of DeMajistre
et al. (1995).

To asses the impact of refraction on polar stratospheric chemistry, BRAPHO
is used to simulate atmospheric chemistry at 78.9◦ N (Ny Alesund, Spitzbergen)
and 50 hPa (≈20 km) on 13 March 1997. Initial concentrations were taken from
the 3 dimensional SLIMCAT CTM Model (Chipperfield, 1999) and show denitri-
fication ([NOx] ≈100 ppt, [NOy] ≈9 ppb) and small chlorine activation ([ClOx]
≈650 ppt). The temperature was derived from ECMWF data and kept constant at
198 K. Model simulations were performed for two days, the presented results are
taken from the second day. Two simulations are compared: one including and one
neglecting refraction in the calculation of the photolysis frequencies.

As already mentioned by DeMajistre et al. (1995) and Balluch and Lary (1997)
the effect of refraction on the simulated ozone concentration is negligible for short
timescales. However, for the simulation of other trace gases refraction has to be
taken into account. In Figure 6 the NO3 mixing ratios for the two simulations are
shown. A difference of nearly 100% during night is observed with lower values
in the simulation including refraction. The higher NO3 photolysis rate and espe-
cially the longer duration of NO3 photolysis during sunset leads to increased NO2

concentrations. Due to enhanced Cl2O2 photolysis (Figure 5) also more ClO is
available. ClO and NO2 react to form ClONO2 which photodissociates at short
wavelength. Therefore, the ClONO2 photolysis is not significantly enhanced when
refraction is taken into account and the nighttime ClONO2 concentrations are
enhanced in the simulations including refraction. Under these polar stratospheric
conditions, refraction leads to a decrease in the nighttime NO3 mixing ratio by
nearly a factor of two. Therefore refraction has to be taken into account when
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Figure 6. NO3 mixing ratio for the polar scenario including and neglecting refraction. The
dotted line represents the SZA (right scale).

comparing stratospheric NO3 measurement with model calculations, especially for
nighttime conditions, e.g., those presented by Renard et al. (1996).

5. Bromine Chemistry and Photolysis Frequencies

In this section, the impact of new absorption cross sections for HOBr (Ingham et
al., 1998) together with a new parameterization for the heterogeneous hydrolysis
of bromine nitrate (BrONO2 + H2O −→ HOBr + HNO3) on sulphate aerosols,
both recommended in JPL 2000 (Sander et al., 2000), is presented. The new HOBr
absorption cross sections lead to a higher photolysis frequency of HOBr especially
at large SZA (sunrise and sunset). The new rate constant for the heterogeneous
hydrolysis of bromine nitrate is about a factor of 2 higher for typical stratospheric
mid-latitude conditions in late winter.

For this study, BRAPHO is used as a box model to simulate mid-latitude
stratospheric chemistry at 50 hPa (≈20 km) at Bremen, Germany (53◦ N, 4◦ E)
on 4 March 1997. The temperature was taken from ECMWF data and set to T =
213 K. Initial concentrations were taken from the SLIMCAT model (Chipperfield,
1999) and represent typical mid-latitude late winter conditions. Model simulations
were performed for two days, the presented results are taken from the second
day. Two model runs were performed: One using the rate constants from the old
recommendation (DeMore et al., 1997) combined with temperature dependent het-
erogeneous reaction rates (Carslaw et al., 1995) and another using the two updated
rate constants from Sander et al. (2000).

Figure 7 shows the simulated daytime BrO mixing ratio of the two model con-
figurations. Due to the combined effect of the increased heterogeneous production
of HOBr during night and faster photolysis during sunrise, the morning BrO mixing
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Figure 7. Simulated BrO mixing ratio of the simulations using the old recommendation (JPL
97, Carslaw et al., 1995) and the 2 updated bromine reaction rates (JPL 2000). The dotted line
represents the SZA (right scale).

ratio is significantly enhanced in the simulation using the new evaluation. These
new laboratory data significantly improve the agreement between model simula-
tions and BrO measurements in mid-latitudes at sunrise using the DOAS technique
as shown by Müller et al. (2002).

In Figure 8 the simulated HOx (= OH + HO2) mixing ratios from the two model
simulations are shown. Higher HOBr concentrations and faster HOBr photolysis
in the morning lead to the local maximum in the HOx concentration shortly after
sunrise in the simulation using the data from the new evaluation.

Observations in the lower stratosphere show a morning peak in the HOx mixing
ratio (Salawitch et al., 1994; Wennberg et al., 1999) that could not be explained
quantitatively with model simulations. Also in the upper troposphere, a com-
parison of HOx measurements with model calculations show an underestimation
of the HOx concentrations at mid-latitude for SZA > 80◦ (Jaeglé et al., 2000).
Using the new recommendations, the discrepancy between the observations and
the simulations might be reduced, however, more specific simulations have to be
performed.

6. Conclusions

The impact of accurate calculations of photolysis frequencies on stratospheric
chemistry was investigated using the photochemical box model BRAPHO. For the
calculation of the photolysis frequencies the radiative transfer model PHOTOGT
is used which includes a detailed treatment of the absorption cross sections of
O2 and NO as well as the radiative transfer at large solar zenith angles. Sim-
plified treatments of the atmospheric O2 absorption have been shown to lead to
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Figure 8. HOx mixing ratio for the simulations using the old recommendation (JPL 97,
Carslaw et al., 1995) and the 2 updated bromine reaction rates (JPL 2000). The dotted line
represents the SZA (right scale).

significant differences in J(O2) (10% for overhead sun). For J(NO) the discrepan-
cies introduced by simplified parameterizations easily reach 100%. Refraction has
been shown to increase stratospheric photolysis frequencies at visible wavelengths
at large SZA by up to 100%. This enhancement leads to significant changes in
twilight concentrations of several species and, under certain situations, to signifi-
cant changes in nighttime concentrations of some trace gases, e.g., an decrease in
the NO3 mixing ratio by a factor of 2. Higher HOBr cross sections and a faster
heterogeneous hydrolysis of bromine nitrate in the latest JPL evaluation (Sander
et al., 2000) compared to the previous evaluation lead to a significant increase
in the simulated concentrations of BrO at mid-latitudes. Additionally, a morning
maximum in the HOx mixing ratio, also observed in measurements, is simulated
using the data from the new evaluation.

Overall, the importance of the accurate calculation of the photolysis frequen-
cies for the simulation of stratospheric chemistry has been highlighted. For the
examination of the impact of special processes for stratospheric chemistry a flex-
ible model with detailed treatment of all the main processes (gas phase reactions,
photolysis reactions, heterogeneous reactions) is required. The modular structure
and the detailed treatment of all known processes in stratospheric chemistry make
BRAPHO an ideal tool to study stratospheric processes.
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