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Abstract 

The state of the stratospheric ozone layer and the temperature structure of the atmosphere are 

largely controlled by the solar spectral irradiance (SSI) through its influence on heating and 

photolysis rates. This study focuses on the uncertainties in the photolysis rate response to 

solar irradiance variability related to the choice of SSI data set and to the performance of the 

photolysis codes used in global chemistry-climate models. To estimate the impact of SSI 

uncertainties, we compared several photolysis rates calculated with the radiative transfer 

model libRadtran, using SSI calculated with two models and observed during the Solar 

Radiation and Climate Experiment (SORCE) satellite mission. The importance of the 

calculated differences in the photolysis rate response for ozone and temperature changes has 

been estimated using 1D radiative-convective-photochemical model. We demonstrate that the 

main photolysis reactions, responsible for the solar signal in the stratosphere, are highly 

sensitive to the spectral distribution of SSI variations. Accordingly, the ozone changes and 

related ozone-temperature feedback are shown to depend substantially on the SSI dataset 

being used, which highlights the necessity of obtaining accurate SSI variations. To evaluate 

the performance of photolysis codes, we compared the results of eight, widely used, 

photolysis codes against two reference schemes. We show that, in most cases, absolute values 

of the photolysis rates and their response to applied SSI changes agree within 30%. However, 

larger errors may appear in specific atmospheric regions because of differences, for instance, 

in the treatment of Rayleigh scattering, quantum yields or absorption cross-sections. 

Key points 

 Uncertainty in the photolysis rates related to SSI variability is characterized. 

 Ozone feedback can constitute up to a half of the stratospheric temperature response. 

 Performed analysis of photolysis codes is useful for CCM results interpretation.  
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1. Introduction 

 

There has been substantial progress in the study of the Sun’s influence on climate and the 

ozone layer in recent years. Although several mechanisms based on observational analyses 

and model simulations have been proposed, not all of their aspects have been clearly 

identified [e.g., Gray et al., 2010; Ermolli et al. 2013; Solanki et al. 2013]. The variability in 

the ultra-violet (UV) part of the solar spectrum is believed to affect the surface climate 

through the so-called “top-down” mechanism, which describes the dynamical coupling of the 

increased heating in the stratosphere during solar maximum with the local tropospheric 

decadal climate changes [Kodera and Kuroda, 2002; Kidston et al., 2015]. The detection of 

this signal from the satellite observations is problematic due to the short data periods 

available. Chemistry-climate models (CCMs), which do not have such limitations, however, 

disagree even at the starting point of “top-down” mechanism - heating and ozone increase in 

the upper stratosphere by enhanced solar UV. The disagreement is related to the uncertainties 

in the solar forcing and its treatment by CCMs.  

 

The main solar forcing mechanism is given by the spectral solar irradiance (SSI) changes. 

The magnitude and even the phase of SSI variations over the course of the activity cycle 

remain quite uncertain [Ermolli et al., 2013; Solanki et al. 2013; Thuillier et al. 2014. The 

most substantial difference between SSI datasets has come from the Solar Radiation and 

Climate Experiment (SORCE) satellite during the 23rd solar cycle (May 1996-January 2008). 

SORCE Spectral Irradiance Monitor (SIM) and Solar Stellar Irradiance Comparison 

Experiment (SOLSTICE) instruments revealed SSI variability in the UV up to 10 times larger 

than in all previously measured and modelled datasets [Harder et al. 2009, Ermolli et al., 

2013]. Results of CCM modelling studies, devoted to the uncertainty in SSI estimates, 
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showed that the spectral distribution and magnitude of SSI changes define not only the 

amplitude but also the sign of the direct ozone response [Oberlander et al. 2012; Ermolli et 

al., 2013; Shapiro et al., 2013]. 

 

However, even using the same SSI variability, different CCMs show a variety of results in 

amplitude and sign of stratospheric ozone and temperature responses [Ermolli et al., 2013], 

indicating that there are differences between models in the representation of solar-induced 

stratospheric changes. The treatment of the solar signal in CCMs starts with the changes of 

the heating and photolysis rates, which are usually considered separately using different 

parameterizations. Essentially, the main part of the solar heating in the atmosphere also 

originates from the dissociation of the absorbing molecules (mostly O3 and O2) with 

subsequent recombination [Mlynczak and Solomon, 1993]. However, since recombination is 

fast at altitudes below the mesopause (~80 km), it was assumed in earlier climate models that 

the incoming solar energy is instantly converted into heat. At the same time, atmospheric 

chemistry transport models used prescribed temperature fields and considered solar energy 

only as a source of photodissociation [e.g. Dhomse et al., 2011]. The integration of these two 

parts into CCMs has led to the existence of two separate sources of uncertainty in simulating 

the atmospheric response to solar irradiance variability. Our understanding of these two 

sources is not equal because uncertainties in heating rates and associated uncertainties in 

responses have been widely discussed in the literature [e.g. Egorova et al., 2004; Nissen et 

al., 2007; SPARC CCMVal report, 2010, Chapter 8; Forster et al., 2011], whereas the 

response of photodissociation rates to solar variability has not yet been examined, except in 

some early studies [Brasseur and Simon, 1981], when the SSI changes were not well 

established. 
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The global ozone abundance depends on ozone production and destruction processes and 

transport by air motion. However, in the tropical stratosphere above ~30 km, the ozone 

concentration depends primarily on photochemical processes [e.g. Brasseur and Solomon, 

2005]. In this region, ozone is produced mostly through the photolysis of molecular oxygen, 

followed by the recombination of atomic and molecular ozone in the presence of any third 

body molecule (M): 

 

JO2: O2+hv (242>ߣ nm) ĺ O+O (R1) 

O+O2+M ĺ O3+M (R2). 

 

The photolysis of ozone produces atomic oxygen:  

 

JO1D: O3+hv= (320>ߣ nm) ĺ O(1D)+O2 (R3) 

JO3P: O3+hv (850>ߣ nm) ĺ O(3P)+O2 (R4), 

 

which can then recombine back to ozone following R2, or be consumed by source gases or 

radicals as a part of catalytic ozone destruction cycles. Radicals, which affect ozone, can be 

photolytically produced directly from source gases as in the following examples: 

 

JCFC-11: CFCl3+ hv (170 nm<240>ߣ nm) ĺ 3Cl + other products  (R5) 

JH2O: H2O+hv (200>ߣ nm) ĺ H+OH (R6) 

 

and from reservoirs: 

JHNO3: HNO3+hv (190 nm<350>ߣ nm) ĺ OH+NO2 (R7) 
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JClONO2: ClONO2+hv (200 nm<400>ߣ nm) ĺ Cl+NO3 (R8) 

as well as indirectly: 

 

N2O+O(1D) ĺ NO+NO (R9) 

H2O+O(1D) ĺ OH+OH (R10). 

 

In the stratosphere, photolysis of NO and NO2 contribute positively to the ozone abundance. 

Photolysis of NO2 slows down the NOx catalytic cycle of ozone destruction through the 

production of atomic oxygen followed by the ozone production via R2:  

 

JNO2: NO2+hv (230 nm<650>ߣ nm) ĺ NO+O (R11), 

 

while photolysis of NO initiates a main sink of odd nitrogen: 

 

JNO: NO+hv (183 nm>193<ߣ nm) ĺ N+O (R12) 

N+NO ĺ N2+O (R13). 

 

In the polar regions, the ozone depletion in late winter/early spring is also initiated by 

photolysis processes. One of the most important polar catalytic cycles of ozone destruction is 

the ClO dimer cycle described by Molina and Molina [1987]. Several studies [e.g. 

Chipperfield et al. 2005; von Hobe et al., 2007] showed that the uncertainties in Cl2O2 

photolysis: 

 

JCl2O2: Cl2O2+hv (200 nm<450>ߣ nm) ĺ2Cl+O2 (R14) 
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can lead to large differences in the calculated ozone loss rate, since the formation of radicals 

defines the speed of ozone catalytic destruction cycles. 

 

The precise solution of the radiative transfer equation (RTE) and the subsequent photolysis 

rate calculations are computationally too expensive for current CCMs, therefore global 

models exploit simplified schemes or parameterizations. The disagreement between the 

different schemes can be caused by their spectral resolution, the method of solving the RTE, 

the treatment of the aerosols and clouds, and the applied values of absorption cross-sections 

and quantum yields. Although recommended absorption cross-sections and quantum yields 

are continuously updated [e.g., Sander et al., 2011], not all models are kept up to date. 

Moreover, even with the same set of cross-sections, uncertainties related to the method of 

wavelength integration, spectral resolution, or treatment of the temperature dependence 

cannot be excluded. Another source of uncertainty is the differences between the reference-

models used for the tuning of the parameterizations, which experience almost the same 

difficulties. All of these can lead to disagreement in the photolysis rates calculated with 

different parameterizations and, consequently, in the results of global models using these 

parameterizations. For example, Hsu et al. [2013] changed oxygen absorption cross-sections 

in the Herzberg continuum (200-242 nm) by ±30% in a 3D climate model with a coupled 

photochemistry module, and found important implications for the stratospheric and 

tropospheric circulations. The 'PhotoComp' section of CCMVal-2 report [SPARC CCMVal, 

2010, Chapter 6] examined almost all recent photolysis parameterizations in various 

experiments. It showed that most of the parameterizations are in a reasonable agreement for 

45 chemical constituents, although with a substantial spread for particular species and vertical 

levels. That comparison project avoided using one single code as a reference but performed 

comparisons with a “robust” mean, i.e. the mean calculated by excluding 2-sigma outliers. 
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Such decision was motivated by a fact that there is not always a clear evidence of, e.g., which 

cross-section data to use or how to treat its temperature dependence. However, comparison 

with the mean made it difficult to properly define the specific features of each scheme, 

because even codes with different solar spectra could constitute the mean. The PhotoComp 

project also only focused on the absolute values of photolysis rates, and the response of each 

photolysis code to the SSI variability was not discussed, while the parameterization 

performance in this respect is important for modeling efforts aimed at Sun-Earth connections. 

 

In this paper, we examine two major uncertainties related to the modelling of the solar 

irradiance influence on the photolysis rates: the choice of SSI data set and the performance of 

the photolysis codes frequently used in global chemistry-climate models. First, by performing 

the sensitivity experiments with 1D radiative-convective- photochemical model (RCPM) 

[Rozanov et al., 2002], we define which photolysis rates are the most important for ozone and 

temperature I the tropical stratosphere. Then, we address the questions of what are the solar 

variability-induced changes in the most important photolysis rates and how different they are 

for different SSI datasets. Further, we demonstrate the importance of the spectral resolution 

of the original SSI datasets for photolysis rate calculations. Finally, we analyze the 

performance of several state-of-the-art stratospheric photolysis parameterizations in terms of 

absolute values and response to solar variability by comparing their results to reference 

models using the latest recommended cross-sections, quantum yields and high resolution SSI 

data. 
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2. Description of the Datasets and Models 

 

2.1 SSI data sets 

 

We use SSI data obtained from two reconstructions and one composite based on SORCE 

observations [Harder et al., 2009]. The SORCE composite consists of SOLSTICE v12 data 

below 310 nm and SIM v17 data for longer wavelengths and represents one of the highest 

level of the solar UV variability among published datasets. Although newer versions of 

SORCE data with different changes at different wavelengths have been released, here we use 

the version with one of the largest overall UV variability to illustrate the extreme case, which, 

furthermore, has been widely used before in modelling studies [e.g. Haigh et al., 2010; Ineson 

et al., 2011; Swartz et al., 2013; Ermolli et al., 2013; Shapiro et al., 2013]. We also note that 

future releases may lead to further changes in the solar cycle trends, which, at least for the 

last three versions of SOLSTICE, lie within each other’s uncertainties [Ball et al., 2014]. We 

also employ two theoretical reconstructions of solar irradiance: the Naval Research 

Laboratory (NRL) SSI reconstruction [Lean, 1997; Lean, 2000] and the reconstruction based 

on the Code for Solar Irradiance (COSI) [Shapiro et al., 2010] and described in Shapiro et al. 

[2011]. The NRL dataset is chosen to represent the smallest solar UV variability and because 

it is the most frequently used dataset in global climate models. The COSI reconstruction is 

used because it simulates the SSI variability in the 200-400 nm range closest to SORCE 

observations among all SSI data available, [Ermolli et al., 2013], and also it provides SSI 

with very high spectral resolution.  

 

The NRL reconstruction is based on the facular and sunspot contrasts calculated by Solanki 

and Unruh [1998] with ATLAS9 code [Kurucz, 1993]. Since the code is based on the 
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assumption of the local thermodynamic equilibrium (LTE), which is not applicable in the UV, 

the data below 400 nm are based on the UARS/SOLSTICE measurements and multiple 

regression analysis. In contrast, COSI is a physics-based model of solar irradiance variability. 

It decomposes the solar disk into several magnetic components (quiet Sun, active network, 

faculae, and sunspots) and calculates solar irradiance by weighting the spectra of the 

individual components with corresponding disk area coverages [see Shapiro et al., 2011]. The 

code simultaneously solves the equations of radiative transfer and statistical equilibrium for 

all elements from hydrogen to zinc, which allows the code to properly calculate the spectra in 

the UV, where the assumption of the LTE breaks down. The COSI spectra and the absolute 

intensity returned by the code have been validated against numerous observed and theoretical 

spectra [Shapiro et al., 2010; Ermolli et al., 2013; Thuillier et al., 2014a; 2014b; 2015]. 

 

To study the effects of solar irradiance variability we use monthly averaged SSI from June 

2004, an active time during the declining phase of cycle 23, and February 2009, near to the 

solar minimum. These months were selected because SORCE measurements do not cover the 

entire period of the solar cycle, so we take an early period in the dataset to maximize the 

range we can investigate with SORCE. These dates reflect about one third of the sunspot 

number (SSN) change between a typical solar minimum and maximum (ǻSSN = 40.5). We 

also use the full cycle (ǻSSN = 120) from the COSI and NRL models to investigate how the 

uncertainty between two reconstructions can affect the photodissociation processes. The 

reconstruction datasets are referred here as COSI-full, COSI-part, NRL-full, and NRL-part. 

Technical information about the datasets is given in Table 1. The variability provided by each 

SSI dataset was applied to the SORCE spectrum at solar minimum conditions to exclude the 

potential influence of the absolute spectrum differences, which has been shown to be 

important for the stratosphere [Zhong et al., 2008]. For the calculations performed here, we 
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used the 120.5-700 nm spectral interval. For the analysis of the solar cycle, each SSI data was 

used with 1 nm sampling. The COSI data with higher sampling frequency is used for the 

analysis of the spectral resolution importance in section 5.1 and further for the comparison of 

the results from different photolysis parameterizations. 

 

The relative difference of the SSI between active and quiet conditions (i.e. the variability) is 

shown in Figure 1 for the spectral range 180-370 nm. We show results for this spectral range 

because most CCMs have their top layer at around 80 km, below which wavelengths shorter 

than 180 nm, except the Lyman-alpha line (121.6 nm), are not important. The variability in 

the Lyman-alpha line integrated over 121-122 nm is presented in Table 1. Also, photolysis at 

wavelengths longer than 370 nm plays weaker role in the stratosphere-mesosphere region 

considered in this study. The agreement between reconstructions is rather good, showing a 

steady decrease of SSI variability with increasing wavelength. NRL shows higher variability 

than COSI in the 180-225 nm range, similar variability in the 225-240 nm range and lower 

variability at wavelengths longer than 240 nm. The magnitude of the SORCE SSI changes 

exceeds the model-based values by up to a factor 5, and in some regions, e.g. from 210 to 350 

nm, it is comparable to, or even higher, than the magnitude of the reconstructed changes for 

the full cycle in NRL and COSI. The COSI data plotted with higher resolution illustrates the 

complicated structure of the Schuman-Runge bands (170-205 nm) consisting of many 

spectral lines. 

 

2.2 Models of the photolysis rate calculations  

 

We have analyzed the performance of 8 parameterizations against 2 reference models using 

an accurate solver of the RTE and very high spectral resolution. The details of these schemes 



 

 

 

©2016 American Geophysical Union. All rights reserved. 

are given in Table 2. As a reference, we used the high resolution model uvspec of the 

LibRadtran package, a widely used tool for UV calculations that has demonstrated good 

accuracy in a number of validation campaigns [Mayer and Kylling, 2005]. LibRadtran was 

applied with a 6-stream discrete ordinate solver in a spectrally resolved mode, specifically: 

0.001 nm steps in the 121-130 nm range, 0.5 nm steps in the 130-175 nm range, 0.001-0.002 

nm steps in the 175-205 nm range, 0.5 nm steps in the 205-305 nm range, and 1 nm steps in 

the 350-700 nm range. Another high resolution model is the short-wave version of the 

FLBLM model [Forster et al., 2011; Fomin and Falaleeva, 2012], which is based on the 

Monte-Carlo approach and has a spectral resolution of 0.25 cm -1 (about 0.0004 nm at 125 nm 

and about 0.003 nm at 350 nm). Both reference models used linear interpolation and the latest 

recommended cross-sections and quantum yields [Sander et al., 2011] for all species except 

ozone (cross-sections are mostly from Molina and Molina [1986] and quantum yields are 

from Talukdar et al. [1998]). The temperature dependence is taken into account with linear 

extrapolation beyond available ranges. 

 

Part of the participating parameterizations is the schemes with an offline calculation of the 

radiative transfer (SOCOL based on Rozanov et al. [1999], JVAL [Sander et al., 2014], 

SLIMCAT/TOMCAT based on Lary and Pyle [1991] and TUV-LMDz [Marchand et al., 

2012] based on TUV [Madronich and Flocke, 1999]. The idea of such schemes is that a 

model with a fine spectral resolution is used to create look-up tables (LUT), i.e. to 

precalculate photolysis rates and tabulate them as a function of several atmospheric 

parameters. Look-up tables are then used to obtain the photolysis rates by interpolation of the 

tabulated values to the current parameters given by a global model. This approach is 

widespread because of its high computational efficiency, since the most time consuming 

radiative transfer part is already solved offline or at infrequent intervals online. For example, 
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the SLIMCAT model uses zonal mean fields to calculate a look-up table for each of the 

model latitudes every month in order to capture long-term solar variability and account for 

seasonal variations in ozone. However, the accuracy of the method largely depends on the 

number of parameters used for tabulation and their resolution, resulting in a large size of the 

stored look-up tables. The basic parameters defining the attenuation of the solar radiation are 

the O3 and O2 slant columns (along the light path), the temperature profile to account for the 

temperature dependence of the absorption cross-sections, and pressure for the Rayleigh 

scattering. Usually, the cloud and aerosol effects, which are extremely important in the 

troposphere, are not considered for the calculations of LUTs and are added only to the already 

interpolated photolysis rates as modification coefficients. The JVAL scheme, however, in 

addition to precalculated photolysis rates in a pure absorbing atmosphere, performs the online 

calculation of influence of scattering by air molecules, aerosols, and cloud particles [Landgraf 

and Grutzen, 1998].  

 

More accurate inclusion of all feedbacks related to the propagation of solar flux through the 

atmosphere recently became available with the development of radiative transfer schemes 

that are fast enough to be used on-line with global 3D models. We consider here Fast-JX v7.2 

[Wild et al., 2000; Prather, 2015] based on the eight-stream RTE solver and its modified 

version Fast-JX-UKCA based on Fast-JX v6.5 [Telford et al., 2013]. Schemes of this type 

have coarser spectral resolution, but are validated against reference models. The accuracy of 

such schemes was also shown in the PhotoComp [SPARC CCMVal report, 2010, Chapter 6], 

where they all lie within 1-sigma uncertainty of the “robust” mean. The SUNY-SPB model 

[Smyshlyaev et al., 1998] and HP model [Harwood and Pyle, 1975] also use online schemes 

but only with the two-stream solver based on Dvortsov et al. [1992] and Isaksen et al. [1977], 

respectively. 
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We performed calculations with each of the participating schemes for each SSI dataset using 

a tropical standard atmosphere with 42 vertical levels from 0 to 80 km [McClatchey et al., 

1972], for aerosol and cloud-free conditions, for three solar zenith angles (10°, 40°, 70°) and 

an albedo equal to 0.1. For the two high resolution models (libRadtran and FLBLM) we 

applied exactly the same set of absorption cross-sections, while for the parameterizations we 

kept the original settings, the details of which are given in Table 2. Therefore, the differences 

between the two reference models can be used as an estimate of the uncertainty in the 

parameterizations given by the reference models design, which is mostly due to resolution, 

RTE solution and interpolation details. 

 

2.3 1D radiative-convective-photochemistry model (RCPM) 

To illustrate the possible effect of the photolysis processes on ozone and temperature, we use 

a 1D radiative-convective-photochemistry model (RCPM). The model was developed by 

Egorova et al. [1997] and Rozanov et al. [2002]. It consists of radiation, chemistry, 

convective adjustment and vertical diffusion modules and has 40 layers from 0 km to 100 km. 

The photochemical part of the model calculates the distribution of 43 chemical species of the 

oxygen, nitrogen, hydrogen, carbon, chlorine and bromine groups. To avoid any 

shortcomings of the model’s original radiative transfer calculation scheme we apply all 

photolysis rate and heating rate changes related to SSI variations (sections 4.2 and 5.3) as 

scaling coefficients for the original RCPM photolysis and heating rate profiles, rather than 

directly apply SSI fluxes. Namely, we scale the internally generated photolysis and heating 

rate profiles using the relative changes calculated with libRadtran or other codes. We do the 

same, when we estimate the importance of the deviations of each code from libRadtran for 

the solar minimum conditions (sections 5.2 and 5.3). To reach the equilibrium state we then 
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run the model in each experiment for 50 years with a 2-hour time step and analyze the 

resulting ozone and temperature changes compared to the reference run. For all calculations 

we used a tropical standard atmosphere. As we use a 1D model, which has no dynamical 

feedbacks, we do not consider its results as fully realistic but we use them only to illustrate 

the significance of different processes. 

 

3. Ozone sensitivity to photolysis rate changes 

 

In order to estimate the impact of photolysis rates from different species on ozone, we 

decreased JO2, JO3P, JO1D, JH2O, JCl2O2, JN2O, JHNO3, JNO2, JNO, JCFC-11, JCFC-12, JN2O5, JClONO2, 

JH2COa and JHCl in the RCPM separately by 30% over the entire model vertical profile. 

Experiments with other changes (±10%, ±20%, +30%) showed that the RCPM ozone 

response to changes up to at least 30% is linear. Therefore we used -30% for illustration here 

because most of photolysis deviations, revealed by the PhotoComp project [SPARC CCMVal 

report, 2010, Chapter 6], were within ±30% and, thus, our results can be compared with that 

study. The comparison of these results to the unperturbed model run is presented in Figure 2. 

Our results show that the most important contributors to ozone burden in the tropical 

stratosphere and mesosphere are production through JO2 and destruction involving JO3P and 

JO1D. In addition to the direct destruction, JO1D also contributes to the ozone destruction via 

R9 and R10. In the mesosphere, photolysis of water vapor also plays a substantial role 

through the production of HOx radicals.  

 

The ozone response to the photolysis of other species is much smaller. The most pronounced 

effects are the middle stratospheric negative ozone reactions to the decrease of JN2O, JNO2 and 

JNO. The N2O photolysis is a minor source of O(1D), which then can contribute either to 
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ozone destruction via R9-10 or to ozone production via R2 after quenching to the ground 

level by collision with N2 or O2. The NO2 photolysis partly compensates the ozone 

destruction by NO in the middle stratosphere. The expected effect from SSI variability should 

be much smaller, since NO2 absorbs mostly in the near UV, however JNO2 is highly dependent 

on Rayleigh scattering, which is a weak side of some photolysis codes. Photolysis of NO 

determines the main reactive nitrogen sink. JNO is additionally important as it had the largest 

uncertainty in PhotoComp [SPARC CCMVal report, 2010, Chapter 6]. This is related to the 

fact that the precise calculation of JNO is complicated and requires a detailed knowledge of 

the solar spectrum and O2 and NO absorption cross-sections. Modelling groups therefore use 

different empirical approximations, which are even not covered by IUPAC [Atkinson et al., 

2004] or JPL [Sanders et al., 2006; 2010] recommendations. The ozone decrease due to the 

reduction in the photolysis of reservoir species ClONO2, HCl and HNO3 is rather small.  

 

4. The response of the Photolysis Rates to SSI changes and their uncertainty 

 

4.1 The response of the Photolysis Rates to SSI changes 

 

Following from the results of Section 3, to investigate the solar signal response we focus on 

the most important photolysis reactions for ozone, namely the photolysis of O2, O3 (both 

JO1D+JO3P) and H2O. We also analyze the photolysis of HNO3 and NO2, in order to investigate 

the solar variability induced changes and parameterization performance for species absorbing 

in different UV spectral regions (190-300 nm and 300-400 nm, respectively), and the 

photolysis of Cl2O2 – the crucial reaction for the polar ozone chemistry. The 

photodissociation rate ܬ of molecule ܣ can be expressed by the equation 
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஺ܬ ൌ ׬ ǡߣ஺ሺߪ ܶሻݍ஺ሺߣǡ ܶሻܫሺߣሻ݀ߣఒమఒభ , (1) 

 

where ߪ஺ and ݍ஺ are the wavelength (ߣ) and temperature (ܶ) dependent absorption cross 

sections and quantum yields of gas ܣ, and ܫሺߣሻ is the actinic flux. ߣଵ-ߣଶ is the part of the 

solar spectrum over which the molecule can dissociate. Following equation 1, the magnitude 

of the photolysis rate response represents the combination of the spectral distributions of the 

SSI, the SSI variability and the absorption cross-sections and quantum yields. The changes in 

the photolysis rates from February 2009 to June 2004 for the SORCE, NRL-part and COSI-

part datasets and the full solar cycle differences for the COSI-full and NRL-full datasets 

calculated by the libRadtran are shown in Figure 3. The changes are presented as a relative 

difference between the photolysis rate during the solar minimum ܬ஺ǡ௠௜௡ and the photolysis 

rate during the solar maximum ܬ஺ǡ௠௔௫: 

஺ܬ݀  ൌ ൫௃ಲǡ೘ೌೣି௃ಲǡ೘೔೙൯௃ಲǡ೘೔೙ כ ͳͲͲǤ (2) 

 

In the middle stratosphere, oxygen photolysis occurs mostly in the Herzberg continuum (200-

242 nm), where the weak oxygen absorption allows solar flux to penetrate down into the 

lower stratosphere. In the upper stratosphere and mesosphere, oxygen photolysis in the 

Lyman-alpha line and Schumann-Runge bands is more important. The Schumann-Runge 

continuum (135-176 nm) is only important above 90 km due to its strong absorption. In 

Figure 3a, the largest changes, up to 15 % for the full cycle and 5% for the 2004-2009 period, 

are found in the mesosphere following the high SSI variability in the Lyman-alpha line and 

Schumann-Runge bands. At the altitudes of maximum ozone abundance in the middle 

stratosphere, variability of oxygen photolysis rates is about 3 times smaller and is dominated 
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mainly by the Herzberg continuum. NRL results are slightly larger than COSI because of 

higher variability in NRL in 180-230 nm range. SORCE results are very close to the COSI 

full in the stratosphere because of the similar SSI variability in the Herzberg continuum. 

However, they have a straighter vertical profile due to the variability behavior in the 

Schuman-Runge bands, which is different to NRL and COSI and decreases at shorter 

wavelengths.  

 

Ozone photolysis in the 20-80 km layer is determined mostly by the ozone absorption in the 

Hartley (200-300 nm), Huggins (320-360 nm) and Chappuis (375-650 nm) bands [e.g 

Brasseur and Solomon, 2005]. In Figure 3b, large and homogeneous photolysis rate changes 

are calculated in the upper layers (50-80 km) because the ozone absorption is rather weak 

there, and the SSI variability is larger for the shorter wavelengths. Starting from 50 km, the 

absorption of solar irradiance by ozone leads to a reduction in the short, highly variable, UV 

wavelengths, leading to a less intensive response of the photolysis rates at lower altitudes due 

to the smaller variability of the SSI at longer wavelengths. This feature is even more 

pronounced for larger solar zenith angles (not shown) due to the increase of optical paths and 

larger absorption by ozone. The magnitude of the photolysis rate response depends directly 

on the SSI changes in the considered wavelength interval. Therefore, the ozone photolysis 

increases only marginally (less than 0.6%) for NRL-part and COSI-part reconstructions with 

a slightly larger magnitude for the COSI dataset. The JO3 changes for the SORCE dataset are 

larger even than for NRL-full along the whole profile and larger than for COSI-full below 

~45 km, because SORCE has higher variability at wavelengths that dominate the ozone 

photolysis response in the stratosphere, i.e. the Hartley and Huggins bands.  

 

Photolysis of H2O in the stratosphere and mesosphere is dominated by the Lyman-alpha line. 
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This explains the small difference between the three SSI datasets considering the 2004-2009 

period, since the Lyman-alpha irradiance is similar for all considered SSI datasets (Table 1). 

This reaction is highly sensitive to solar variations and is important for the simulation of the 

influence of the 27-day and 11-year solar irradiance variability on the tropical mesospheric 

ozone and water vapor, as shown in many observational and modelling studies [e.g. Rozanov 

et al., 2006; Shapiro et al., 2012].  

 

Since NO2 photolysis mostly occurs in the ~300-400 nm range, all differences between the 

SSI datasets, shown in Figure 3f, can be explained by changes in this spectral interval. All 

changes have a flat vertical pattern and do not exceed a few tenths of a percent. Cl2O2 and 

HNO3 are reservoir species that bind ozone destroying radicals and release them through 

daytime photolysis. Both species play a significant role in polar ozone-related heterogeneous 

chemistry. Variations of SSI in the 190-300 nm and 200-450 nm spectral ranges explain the 

results in Figure 3d-e calculated for HNO3 and Cl2O2, respectively. 

 

4.2 Effects of SSI Uncertainty on Ozone and Temperature 

 

To illustrate the importance of the differences obtained between SSI datasets we use RCPM 

to calculate ozone and temperature responses to the changes in the oxygen, ozone and water 

vapor photolysis analyzed in section 4.1 (JR case, Fig. 4a-b). Since the heating also depends 

directly on the SSI variations and can compensate or enhance the photolysis effects, we also 

performed calculations with the corrected heating rate profiles (HR case, Fig. 4c-d) and with 

heating rate and three photolysis rate profiles corrected together (HR+JR case, Fig. 4e-f). All 

the applied perturbations of heating and photolysis rates were calculated using the libRadtran 

model. The results are presented as a difference between the unperturbed and experiment runs 
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driven by the changes of the SSI from all considered datasets. The temperature response to 

the SORCE SSI changes is 1.5-2 times larger over the entire model domain than the response 

to NRL-part and COSI-part, which are quite similar, and even larger than NRL-full and 

COSI-full below ~45 km (Fig. 4f). The ozone response is about 2 times larger for SORCE 

than for NRL-part and COSI-part below 35 km due to stronger oxygen photolysis in the 

Herzberg continuum (Fig. 4e). The negative ozone response around the stratopause (50-65 

km) for SORCE is due to the high SSI variability in the ozone Hartley and Huggins bands, 

which provides more ozone destruction both due to the increased ozone photolysis and to the 

enhanced temperature. The differences between ozone response to NRL and COSI SSI 

variations maximize between 35 and 65 km. The 65-80 km region, which is dominated by the 

Lyman-alpha line and Schumann-Runge bands irradiance, shows similar ozone response for 

all three datasets. 

 

Interestingly, although the COSI-full and NRL-full SSI variability differences are smaller 

than those of SORCE and NRL-part, the wavelength distribution of these differences leads to 

an ozone response difference of similar, or even higher, magnitude at particular altitudes (30-

65 km, Fig. 4e). On one hand, this means that SSI datasets even with less UV variability as 

given by SORCE can provide sufficiently different ozone responses qualitatively and 

quantitatively. On the other hand, the ozone-to-temperature feedback difference (JR case) 

between NRL-full and COSI-full is compensated by the difference in the heating rate 

response (HR case) and the overall effect on temperature is similar for both datasets (HR+JR 

case, Fig. 4f).  

 

Our results therefore confirm the high importance of the spectral distribution of SSI 

variations on the atmosphere as previously mentioned by several studies [e.g. Haigh, 1994; 
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Rozanov et al., 2002; Ermolli et al., 2013; Swartz et al., 2013; Ball et al., 2015]. As presented 

schematically in Figure 5, temperature and ozone changes balance each other. SSI variations 

introduce imbalance to the system through the changing of photolysis and heating rates. Both 

oxygen and ozone absorption contribute to the heating rate increase and the following 

negative feedback on ozone, but their photolytic effect differs, and, as shown in Figure 2, the 

increase of oxygen photolysis always leads to additional ozone production while the increase 

of ozone photolysis always enhances ozone destruction. Therefore, in the stratosphere the 

difference between SSI datasets due to the interaction between these main processes can be 

represented as a ratio between the SSI variations in the main ozone absorbing wavelengths 

(242-350 nm) and oxygen absorbing wavelengths (175-242 nm). Ozone also absorbs in the 

200-242 nm band, but the overall effect on ozone of this spectral interval is positive. Since 

the Lyman-alpha variations do not differ substantially among datasets we do not discuss them 

here. These ratios are presented in Table 1. From these we can conclude that the higher the 

ratio the more the ozone response is shifted towards the negative in the upper 

stratosphere/lower mesosphere, and the less the fraction of the temperature response is 

determined by the photolysis effect. Thus, the contribution to the temperature response for the 

SORCE and COSI datasets is ~1.5-2.5 times higher for the heating rates (Fig. 4d) than for the 

photolysis rates (Fig. 4b) everywhere except the lowermost stratosphere, where the 

temperature increase due to the additional ozone, produced through the oxygen photolysis in 

Herzberg continuum, becomes more important. While in the case of NRL-part the 

contribution of the photolysis and heating effects is of similar importance. Note, that our 

results are fully photochemical, while for the lower stratosphere the importance of dynamical 

feedbacks is increasing. Swartz et al., [2013] found qualitatively similar results of photolysis 

and heating rate separation also for the polar regions using 2D and 3D CCMs.  
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5. Uncertainty in Photolysis Rate Modeling 

 

5.1 Effects caused by the spectral resolution  

 

SSI data measured by satellites or calculated by SSI models is usually provided to users with 

a 1 nm sampling. It is generally accepted that 1 nm spectral resolution is sufficient to fully 

resolve any spectral variation in the broad ozone absorption Hartley, Huggins and Chappuis 

bands. However, the oxygen absorption in the Schuman-Runge bands, which is an important 

source of O(3P), is a complex system and requires a higher resolution to properly describe the 

solar and absorption spectra. The solar hydrogen emission Lyman-alpha line is also an 

important source of dissociation for oxygen, water vapor and other chemical constituents, 

because it is so strong that the irradiance penetrates down to the mesosphere. The problem is 

that the shape of the line is complicated, and so application of the mean irradiance and/or 

cross-sections will lead to some errors in the vertical profile of photolysis rates.  

 

To understand the importance of the SSI data resolution we calculated the oxygen photolysis 

rates using our reference model libRadtran with the original COSI-full dataset, which 

resolves the Schumann-Runge bands and the Lyman-alpha line, and with the COSI-full 

dataset with the spectral resolution decreased to 0.5 and 1 nm. The results of these two 

experiments relative to the case with original high resolution are presented in Figure 6 for 

solar minimum conditions (a): 

 

஺ܬ݀ ൌ ൫௃ಲǡ೘೚೏ି௃ಲǡೝ೐೑൯௃ಲǡೝ೐೑ כ ͳͲͲ, (3) 
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and for the solar signal (b):  

 

஺ܬ݀ ൌ ൫ௗ௃ಲǡ೘೚೏ିௗ௃ಲǡೝ೐೑൯ௗ௃ಲǡೝ೐೑ כ ͳͲͲ, (4) 

 

where ܣ is oxygen, ܬ஺ǡ௥௘௙ and ܬ஺ǡ௠௢ௗ are the photolysis rates under solar minimum conditions 

in the high resolution reference case and one of the cases with the decreased resolution, 

respectively. ݀ ݀ ஺ǡ௥௘௙ andܬ  ஺ǡ௠௢ௗ are the same but for the solar signal (max-min). For theܬ

solar minimum conditions the JO2 deviations can be as high as 19% in the mesosphere and 5-

10% in the stratosphere. The solar signal deviations also maximize in the mesosphere up to 

36% and are rather small in the stratosphere – less than 3%. The deviations are both positive 

and negative and are higher for 1 nm than for 0.5 nm spectral resolutions. The effects are not 

directly connected to the performance of parameterizations used in climate models, because 

their resolution is generally poorer than 1 nm. However, the higher resolution codes that were 

used to tune the parameterizations could employ the solar spectrum and oxygen cross-

sections with a coarse resolution and thereby transmit the error to the parameterizations. The 

performance of photolysis parameterizations is the second main source of uncertainty for the 

modeled solar signal and determines not only the direct response of chemistry to the solar 

changes but also the average state of chemical composition, notably the ozone distribution, 

and, thus, the response to any other perturbation including the thermal effects of solar 

changes.  
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5.2 Analysis of the performance of parameterizations for the solar minimum 

conditions 

 

A comparison of photolysis rates calculated by 8 parameterizations and 2 high spectral 

resolution codes relative to libRadtran is presented in Figure 7. This is also based on equation 

3 but for different species and ܬ஺ǡ௥௘௙ being libRadtran and ܬ஺ǡ௠௢ௗ being the result of each 

parameterization. We used the COSI dataset at solar minimum conditions, a solar zenith angle 

of 10° and an albedo of 0.1. The agreement between the high resolution models libRadtran 

and FLBLM is good and the differences generally do not exceed 5% for all chemical species 

considered, except for H2O in the stratosphere, where JH2O values are very small and are not 

crucially important for the chemistry. Since these two models used the same sources for 

absorption cross sections, the differences may originate from the RTE solvers and the spectral 

resolutions of the models. Additional tests (not shown) revealed that even the choice of the 

SSI interpolation method can result in clear differences, particularly in the Schumann-Runge 

bands and the Lyman-alpha line. 

 

The Fast-JX code uses an on-line solution of the radiative transfer and has 18 wavelength 

bins, between 177 and 850 nm [Bian and Prather, 2002]. Because Fast-JX does not provide 

photolysis rates for wavelengths below 177 nm, which are important for some reactions in the 

upper stratosphere and mesosphere (e.g. R1, R6), it was upgraded by Telford et al. [2013] for 

the UKCA component of the MetUM CCM. They calculated photolysis rates for these 

wavelengths using the offline scheme from Lary and Pyle [1991] with the Lyman-alpha 

parameterization based on Nicolet [1985] and added them to the Fast-JX reaction rates above 

0.2 hPa. In Figure 7, this addition is manifested as the increase of JO2 in the mesosphere and 

the inclusion of the JH2O reaction, which was absent in Fast-JX. All other differences between 
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Fast-JX and Fast-JX-UKCA results originate mostly from absorption cross-sections 

differences and can be as high as tens of a percent. This example is an illustration of the 

uncertainty caused by the absorption cross-sections, which are not always the same in 

atmospheric chemistry modelling studies, especially if one compares present-day studies with 

earlier ones. Fast-JX exploits cross-sections that are more up-to-date and shows better 

agreement with libRadtran and FLBLM compared to Fast-JX-UKCA. Another two schemes 

with an on-line solution of the RTE, SUNY-SPB and HP, shows certain problems in 

reproducing stratospheric values, which can be related to the Rayleigh scattering treatment. 

Look-up table (LUT) based schemes (SOCOL, TUV, SLIMCAT, JVAL) show a large variety 

of results. The lowest deviations (5-10%) between these schemes compared to libRadtran are 

shown by TUV-LMDz, except cases related to Lyman-alpha, and SLIMCAT, for all species 

except Cl2O2. The large SLIMCAT JCl2O2 values are due to the model using a long wavelength 

extrapolation of the JPL dataset in order to reproduce observed polar ozone loss rates [see 

Chipperfield et al., 2005]. Interestingly, the SLIMCAT look-up table code, which is an 

extensively updated version based on Lary and Pyle [1991], shows much better agreement 

with the reference codes for mesospheric JO2 and JH2O. This is in contrast to Fast-JX-UKCA, 

which also uses a scheme based on Lary and Pyle [1991], but with different modifications, 

for the wavelengths below 177 nm. The deviations of the SOCOL scheme in the stratosphere 

are largely defined by the neglected Rayleigh scattering effect and temperature dependence of 

absorption cross-sections and quantum yields. These results are mainly consistent with the 

PhotoComp project [SPARC CCMVal report, 2010, Chapter 6]. Generally, schemes, which 

directly apply the two-stream scattering approach (SUNY-SPB, HP) or in a form of LUTs but 

calculated by two-stream higher resolution codes (SOCOL, partly JVAL), are similar to each 

other and show worse results in the lower stratosphere than the schemes which apply multi-

stream scattering (Fast-JX, Fast-JX-UKCA, SLIMCAT, TUV-LMDz). Olson et al. [1997] 
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made the same conclusion examining results of a number of photolysis codes in the 

troposphere, where the effect of Rayleigh scattering is larger.  

 

To evaluate the possible effects of parameterizations inaccuracies we performed RCPM 

experiments similar to the previous sections, but with the JO2, JO3 and JH2O correction factors 

calculated from the deviation of the codes from libRadtran. The results are presented in 

Figure 8 and should be understood as the possible effects on the climatological results of 

CCMs caused by photolysis parameterizations. The effects are higher in the mesosphere 

because of the parameterizations uncertainty in JO2 and JH2O related to the Lyman-alpha line 

and Schumann-Runge bands. Note that the parameterizations shortcomings related to 

different species can offset or strengthen each other’s effects on ozone. Thus, for example, 

SOCOL’s ozone overestimation in the mesosphere due to overestimated JO2 is compensated 

partly by the effect of overestimated JH2O, or underestimated JO3 and overestimated JO2 in 

Fast-JX-UKCA deviations in the lower stratosphere amplify each other and result in ozone 

overestimation. The resulting stratospheric temperature changes then can indirectly affect the 

troposphere [Haigh, 1996; Kodera and Kuroda, 2002; Hsu et al., 2013]. The results presented 

can be used to understand the CCMs behavior in comparison with observations. Direct 

photolysis effects are always overlapped with other chemical and dynamical processes, 

therefore our modeling results should be used to define the sign and the relative strength of 

the deviation and not as an exact estimate, especially in the lower stratosphere, where the 

dynamics plays a larger role. For example, we show that the SOCOL CCM is expected to 

overestimate average ozone and temperature in the upper stratosphere and mesosphere, which 

is qualitatively consistent with the SOCOL CCM tropical ozone and temperature behavior 

compared to observations [Stenke et al., 2013]. Note also that we applied only the changes of 

JO2, JO3 and JH2O, while large errors in photolysis of other species can become important for 
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certain altitudes (e.g. JNO in the middle stratosphere). 

 

5.3 Analysis of the performance of parameterizations for the solar signal 

 

Figure 9 shows the parameterizations performance in reproducing the photolysis rate 

response to solar variability, i.e. the relative difference between the solar signals calculated by 

the participating schemes and libRadtran, which is similar to equation 4 but ݀ܬ஺ǡ௥௘௙ being the 

libRadtran results and ݀ܬ஺ǡ௠௢ௗ  - the results of each scheme. Again, we used here the COSI-

full dataset, solar zenith angle equal to 10° and an albedo equal to 0.1. The results should be 

interpreted as a part of the solar signal underestimated or overestimated by parameterizations. 

The high spectral resolution codes are in a very good agreement. The parameterization errors 

generally do not exceed 20% of deviation everywhere except mesospheric JO2 and JH2O. 

Comparison of this experiment results with Figure 7 shows that schemes with clear problems 

in representation of the absolute values can still reproduce well the solar variability induced 

changes (e.g. SUNY-SPB and HP stratospheric JO2) and, the other way around, schemes with 

a good representation of the absolute values can suffer in terms of variability representation 

(e.g. SOCOL and Fast-JX-UKCA mesospheric JO2). 

 

Using RCPM we then analyzed the effects caused by the obtained deviations. We applied the 

solar signal in JO2, JO3 and JH2O calculated by each of the codes as correction factors to RCPM 

photolysis profiles. The difference between each of the codes and libRadtran results (Figure 

4, JR COSI-full case) is shown in Figure 10. In the stratosphere, the representation of the 

solar signal due to photolysis rates is rather good and differs between parameterizations 

within ±0.3% for ozone and ±0.05 K for temperature. In the mesosphere, the difference is 
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much larger - by up to 6% in ozone and 0.7 K in temperature, mainly due to the response of 

JO2 and JH2O to the SSI enhancement. The apparent outlier is the SOCOL scheme in the lower 

mesosphere. The SPARC CCMVal multiple linear regression analysis of a number of 

observational and modelled datasets showed that only the SOCOL CCM reveals negative 

solar regression coefficients in the lower mesospheric ozone [SPARC CCMVal report, 2010], 

which can be potentially attributed to the overestimated JH2O response to SSI in SOCOL 

presented in our study, since the SOCOL heating rates changes representation was shown to 

be good in this region [Forster et al., 2011]. We highlight that the effects presented are related 

only to the photolysis changes and they can be compensated or enhanced by the feedback 

with heating rates, whose representation can also significantly suffer in CCMs [Forster et al., 

2011], as well as by dynamical feedbacks. 

 

5.4 JO3P and JO1D uncertainty. 

 

Special attention needs to be paid to the representation of JO3P and JO1D by parameterizations. 

Figure 11 shows the same differences to libRadtran as in Figure 7 and Figure 9 but for JO1D 

and JO3P. Compared to the total ozone photolysis case (JO1D+JO3P) the JO1D results from 

SOCOL, SUNY-SPB, JVAL and HP are quite different, while the results of TUV-LMDz, 

Fast-JX, Fast-JX-UKCA and SLIMCAT remain nearly the same. The difference between JO3P 

and JO1D deviations can be partly attributed to the treatment of the quantum yields, which are 

strongly temperature and wavelength dependent [Sander et al., 2011]. Besides this, it can be 

related to the parameterizations’ problems in representing the propagation of longer or shorter 

wavelengths. Thus, the treatment of Rayleigh scattering, which is more important for shorter 

wavelengths and lower altitudes, can be another reason for the JO1D underestimation of 

SOCOL, HP and SUNY-SPB schemes, in particular because these three schemes show 
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similar behavior for HNO3 and Cl2O2, which also absorb in the middle UV. In contrast, their 

representation of JO3P in the lower stratosphere, which is dominated by the Chappius bands, 

doesn’t exceed ±10% deviation range.  

 

6. Summary and Conclusions 

 

To evaluate the uncertainty in modeling studies investigating the Sun-Earth interactions, we 

analyzed effects of two primary sources of uncertainty – SSI variability and photolysis rate 

parameterizations. First, we performed sensitivity experiments with a 1D model (RCPM) and 

showed that the most important photodissociation reactions for tropical ozone in the 

stratosphere and mesosphere are the photolysis of oxygen and ozone and water vapor in the 

mesosphere. The ozone sensitivity to photolysis of other species is much lower compared to 

these species. Further, using the high resolution libRadtran model and different SSI datasets 

(COSI and NRL reconstructions, SORCE observations), we calculated the solar signal in 

photolysis rates of these three species and of three other species which photodissociate in 

different spectral intervals (HNO3, Cl2O2 and NO2). Additional experiments with RCPM 

revealed the high impact of the spectral variations between SSI datasets on the middle 

atmospheric ozone and temperature. As oxygen and ozone photolysis effects can compensate 

each other, the more important parameter for ozone becomes not the magnitude of SSI 

variations but the ratio between the SSI variations in the 175-242 nm (oxygen photolysis) and 

242-350 nm (ozone photolysis) intervals. We showed that, because of this, the differences 

between RCPM calculations forced by the SORCE SSI dataset and COSI or NRL SSI 

datasets can be of similar magnitude as the differences between RCPM calculations forced by 

COSI and NRL datasets. However, for the solar signal in temperature, the absolute SSI 

changes in both spectral intervals are the important quantities, since both absorption of 
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oxygen and ozone contribute to an increase in heating rates.  

 

A number of studies have exploited general circulation models (GCMs) to investigate the 

solar effects in the atmosphere using fixed climatological ozone or ozone with the solar 

component derived from the observational datasets using multi linear regression techniques 

(MLR) [e.g. Ineson et al., 2011; Hood et al. 2013; Ineson et al., 2015; Maycock et al., 2015]. 

If a study excludes the ozone feedback, our results suggest that it can miss up to half of the 

stratospheric temperature response with non-linear implications for the surface response. 

Several GCM studies [e.g. Haigh, 1999; Hood et al. 2013] have shown a high sensitivity of 

results to the applied latitudinal and altitudinal distributions of the stratospheric ozone due to 

the solar cycle variations. Chiodo et al. [2014] showed that the proper MLR derivation of 

such distributions is problematic due to contamination of the observational time-series by 

volcanic eruptions. Another disadvantage of MLR-derived solar signal in ozone is the scaling 

of ozone changes to the total solar irradiance (TSI) or integrated UV flux in order to account 

for the solar forcing, while the spectral features are shown to affect differently the shape of 

the ozone vertical changes. 

 

Evaluation of the performances of eight state-of-the-art CCM photolysis parameterizations in 

terms of middle atmosphere climatology and solar signal demonstrated that, in most cases, 

results from different parameterizations agree within 30%. However, each scheme shows 

large deviations from the reference schemes caused by specific reasons including Rayleigh 

scattering, quantum yields and absorption cross-sections treatments. The largest effect of 

parameterization uncertainty is found in the mesosphere and is related to the treatment of the 

Lyman-alpha line and Schumann-Runge bands, both for the solar signal and for the state of 

the atmosphere during the solar minimum. A 1D modelling analysis of the parameterization 
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spread revealed that the quality of the parameterizations has a strong influence on the 

climatological state of global models, which implement these parameterizations, as well as on 

their representation of solar signal.  

 

Our results highlight the necessity of obtaining proper SSI variations as well as accurate 

photolysis rate calculations in chemistry-climate modelling. We show that some 

parameterizations implemented in global 3D models are already good enough to simulate the 

main photodissociation processes driving the middle atmospheric response to solar variations, 

i.e. the JO2, JO3 and JH2O changes. Features of other parameterizations presented in our study 

are useful to take into account for the analysis of global modelling results. 
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Table 1. Details of the SSI datasets consider ed in this study. Variability is calculated 

as the change in % between active and quiet periods. 

SSI 

dataset 

Timespan used in 

the study 

Lyman-alpha 

variability, %  

(A) 175-242 

nm variability, 

%  

(B) 242-350 

nm variability, 

%  

B/A 

SORCE 06.2004 – 02.2009 20 3.64 0.99 0.29 

NRL-part 06.2004 – 02.2009 15 1.20 0.11 0.09 

NRL-full  04.2002 – 02.2009 46 3.73 0.33 0.09 

COSI-part 06.2004 – 02.2009 18 1.31 0.25 0.22 

COSI-full 04.2002 – 02.2009 55 3.35 0.75 0.22 
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Table 2. Details of photolysis schemes considered in this study. LUT is a look-up table (or 

offline) approach to treat the radiative transfer (RT). JPL15 [Sander et al., 2006] and JPL17 

[Sander et al., 2011] are the recommended rate data and cross sections based on laboratory 

measurements provided by Jet Propulsion Laboratory. 

Scheme Method and 

version 

Resolution CS 

comments 

Lyman-alpha 

SOCOL LUT  73 bins [120-750 nm] Mostly JPL17 Parameterized 

FastJX Online RT (v7.2) 18 bins [177-850 nm] Mostly JPL17 None 

TUV-LMDz  LUT 0.01-1 nm bins [116–850 

nm] 

Mostly JPL17 Parameterized 

FastJX-UKCA Online RT (v6.4) Fast-JX + Lary and Pyle 

(1991) above 0.2 hPa 

Mostly JPL15 Parameterized 

JVAL Partly LUT (v14) 8 bins [178.6-683 nm] Mostly JPL17 Parameterized 

SLIMCAT LUT 158 bins [177-850 nm] Mostly JPL17 Parameterized 

SUNY-SPB Online RT 78 bins [175-850 nm] Mostly JPL17 None 

HP Online RT 171 bins [121-730 nm] Diverse Param. (no 

JH2O) 

LibRadtran Ref. code (v1.7) 0.001-1 nm bins Mostly JPL17 Resolved 

FLBLM  Ref. code 0.25 cm-1 Mostly JPL17 Resolved 
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Figure 1. The relative difference (%) of the SSI between June 2004 and February 2009 for 

NRL-part, COSI-part and SORCE data sets and the difference between solar maximum and 

minimum for NRL-full and COSI-full. All five datasets are plotted with a 1 nm sampling and 

are designated by colors given in the legend. The COSI-full dataset is plotted, in addition, at a 

high resolution (light blue color). Different panels show different wavelength regions. Note 

the change of scale between the panels. 
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Figure 2. Response of ozone to the applied 30% decrease of photolysis rate profiles of 

different species simulated with RCPM. Different species are designated by different colors. 

Species with relatively small changes are plotted with the same orange color. Light blue solid 

and dashed lines show the contribution of O(1D) and O(3P) paths of ozone photolysis, 

respectively. 
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Figure 3. The relative difference (%) in the photolysis rates calculated by libRadtran using 

the NRL-part, COSI-part and SORCE datasets between June 2004 (medium solar activity) 

and February 2009 (near solar minimum) and NRL-full and COSI-full between solar 

maximum and minimum. Calculations are performed for a tropical atmosphere, with a solar 

zenith angle equal to 10° and an albedo of 0.1. Note the different x-axis scale for each panel. 
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Figure 4. Response of ozone (left) and temperature (right) profiles to the applied corrections 

of photolysis profiles of oxygen, ozone and water vapor (JR), to the correction of heating 

rates (HR) and to the heating rates and three photolysis rates correction together (HR+JR) 

simulated with RCPM. Correction factors are calculated from the results of Figure 3. 

Different SSI datasets are designated by different colors. Note the different x-axis scales for 

panels (a), (c) and (e). 
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Figure 5. The feedback chain initiated by an increase in spectral solar irradiance (SSI) at 

wavelength regions shorter and longer than 242 nm typical for the tropical middle 

stratosphere. Enhanced SSI leads to the increase in heating rates (HR) and ozone and oxygen 

photolysis (JO3 and JO2). The heating rate increase together with the ozone (O3) increase due 

to increased oxygen photolysis lead to a higher temperature (T), which is partly compensated 

by the additional ozone destruction due to increased ozone photolysis and temperature 

feedback, namely, the acceleration of the temperature-dependent ozone-destroying catalytic 

cycles.  
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Figure 6. Differences in the oxygen photolysis rates calculated by libRadtran using the 

COSI-full SSI dataset with a 1 nm (solid line) and 0.5 nm (dashed line) spectral resolution 

relative to the case using the original COSI-full high spectral resolution with the resolved 

Schuman-Runge bands and Lyman-alpha line. Calculations are performed for a tropical 

atmosphere, solar zenith angle equal to 10° and albedo of 0.1. 
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Figure 7. The relative difference (%) between the photolysis rates calculated by libRadtran 

and other codes using the COSI SSI dataset for solar minimum conditions, tropical 

atmosphere, solar zenith angle equal to 10° and albedo of 0.1. 
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Figure 8. Response of ozone and temperature profiles to the applied corrections of JO2, JO3 

and JH2O simulated with RCPM. Correction factors are calculated from the behavior of 

parameterizations in Figure 7. 
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Figure 9. The relative difference (%) between the solar signal (max-min) from photolysis 

rates calculated by libRadtran and other codes using the COSI-full SSI dataset, a tropical 

atmosphere, a solar zenith angle equal to 10° and an albedo equal to 0.1. 
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Figure 10. The difference between the solar signals in 1D-modelled ozone and temperature 

due to corrected profiles of JO2, JO3 and JH2O using different parameterizations and libRadtran 

(Figure 4, JR COSI-full case). 
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Figure 11. Same as in Figure 7 (left) and Figure 9 (right) but for JO1D (top) and JO3P (bottom). 

 


