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Abstract. Recent observations of nitrous acid (HONO) in the remote troposphere found much higher 

concentrations than can be explained through known sources, with important implications for air 

quality and climate. Laboratory evidence and modelling of field observations suggests that nitrate 

aerosol photolysis is the likely mechanism providing the additional HONO, offering a rapid route for 35 

recycling of NOx from nitric acid (HNO3). Previous studies of the global impact of this chemistry 

have used either very restricted HONO data or a “top-down” approach to parameterize the HONO 

source by reconciling simulated and observed NOx concentrations. Here, we use multiple, 

independent tropospheric HONO observations from different locations to parameterize nitrate 

photolysis, and evaluate its impacts on global atmospheric chemistry using GEOS-Chem. The 40 

simulations improve agreement between modelled and observed HONO concentrations relative to 

previous studies, decreasing the model bias by 5-20%. The remaining (and large) underestimate of 

HONO in the model is due predominantly to an underestimate of total nitrate aerosol (-95%) and is 

reduced to 20% when accounting for low model nitrate. Despite the low bias in the model HONO, 

we find that nitrate aerosol photolysis leads to substantial global increases in NOx, O3 and OH 45 

concentrations, likely beyond the observational constraints. The additional source of NOx (~48 Tg N 

yr-1 globally) is comparable to total NOx emissions from all sources (~55 Tg yr-1). These HONO 
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observations in the remote troposphere, thus imply a large uncertainty in the NOx budget and an 

incomplete understanding of atmospheric chemistry. 

1 Introduction 50 

Nitrogen oxides (NOx: NO + NO2) and hydroxyl radicals (OH) are crucial drivers and regulators of atmospheric 

chemistry processes (Monks et al., 2015; Nguyen et al., 2022). NOx catalyses the production of ozone (O3), a significant 

air pollutant (Monks et al., 2015) and greenhouse gas (Szopa et al., 2021) and modulates the abundance and distribution 

of OH. OH is known as the atmosphere’s “self-cleansing agent” and is the primary oxidant of hydrocarbons, leading to 

O3 formation and the production of particulate nitrate aerosol (NO3
-), a significant contributor to the atmospheric aerosol 55 

load and its radiative effects. Nitrous acid (HONO) is a key species in the cycling between NOx and HOx (OH + HO2) 

radicals and therefore is also central to regulating tropospheric O3 (Jiang et al., 2023).  NOx is removed from the 

atmosphere predominantly by the reaction of OH with NO2 to give nitric acid (HNO3) or through the hydrolysis of 

dinitrogen pentoxide (N2O5) on aerosol surfaces to give particulate nitrate (pNO3
−) (Ramazan et al., 2006; Stavrakou et 

al, 2013). There is rapid cycling between the gas (HNO3) and particulate phase nitrate. HNO3 and pNO3
− are soluble and 60 

removed rapidly through wet and dry deposition (Parrish et al., 1986; Meng et al., 1997). HNO3 can return reactive 

nitrogen compounds through photolysis or reaction with OH, but these reactions are slow relative to deposition. 

Conversion of reactive nitrogen oxides to HNO3 or pNO3
- has traditionally therefore been considered a terminal sink for 

reactive nitrogen oxides (Knipping and Dabdub, 2002).  

 65 
There is however a growing body of laboratory and field evidence that pNO3

− can be rapidly photolysed to produce 

HONO and NO2 (with yields x and y; R1) (Ndour et al., 2009; Ye et al., 2016; Ninneman et al., 2020; Shi et al., 2021). 

 

𝑝𝑁𝑂3
− + ℎ𝑣 → 𝑥𝐻𝑂𝑁𝑂 +  𝑦𝑁𝑂2                                                                                                          𝐽𝑝𝑁𝑂3

−  (𝑅1)      

 70 
This return of reactive nitrogen compounds from HNO3 and pNO3

- has been termed “renoxification” (Lary et al., 1997; 

Bekki et al., 1997; Ndour et al., 2009), effectively acting as a secondary chemical source of NOx. Laboratory studies have 

found that R1 occurs 10-1700 times faster than HNO3 photolysis under atmospheric conditions, typically expressing this 

rate as an enhancement factor (EF) relative to the rate of HNO3 photolysis (EF = JpNO3- / JHNO3) (Ye et al., 2016; Ye et al., 

2017; Bao et al., 2018; Shi et al., 2021; Sommariva et al., 2023).  75 
 

Recent field studies have demonstrated that renoxification is a plausible mechanism for the production of HONO measured 

in the remote oceanic atmosphere (Ye et al., 2016; Reed et al., 2017; Bao et al., 2018; Zhu et al., 2022; Andersen et al., 

2023). In such environments, where NOx concentrations are low, HONO is typically thought to be produced slowly from the 

gas phase reaction of OH with NO. While there are various alternative direct or chemical sources of HONO in polluted air 80 
(Yu et al., 2022; Song et al., 2023), these are expected to be very slow in clean, background air (Andersen et al., 2023). 

Crilley et al. (2021) further showed that any oceanic direct emission source is also negligible. HONO is lost rapidly by 

photolysis, hence concentrations are expected to be low in the marine atmosphere (generally mixing ratios < 1 pptv; Reed et 

al., 2017). However, HONO measurements have revealed atmospheric concentrations significantly higher than would be 

expected from this gas phase chemistry alone (Ye et al., 2016; Reed et al., 2017; Ye et al., 2017; Zhu et al., 2022; Andersen 85 
et al., 2023; Ye et al., 2023; Zhong et al., 2023; Weyland et al., 2024), challenging our understanding of atmospheric 

chemistry. This renoxification process could represent an important source of NOx in remote or marine regions where there 

are few other reactive nitrogen sources (Kasibhatla et al., 2018; Shah et al., 2023).  

 

Tropospheric O3 is formed in the atmosphere when carbon monoxide, methane or volatile organic compounds (VOCs) are 90 
oxidized in the presence of NOX. In remote regions far from human activity, low emissions mean that NOx is generally the 

limiting factor for O3 production, therefore a secondary in-situ source of NOx from nitrate photolysis could have important 

implications for background concentrations of tropospheric O3. Long term measurements show that background tropospheric 
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O3 levels have been increasing in recent decades (Gaudel et al., 2018). Shah et al. (2024) showed that nitrate photolysis 

could partially explain the observed trend. With decreasing SO2 emissions and increasing ammonia emissions leading to 95 
decreased aerosol acidity (Bauer et al., 2007; Bauer et al., 2020), nitrate aerosol concentrations have increased (Bauer et al., 

2020). If this trend were to continue, nitrate photolysis could drive a continued increase in background tropospheric O3 

concentrations.  

 

A number of studies have implemented pNO3
- photolysis into chemical transport models. Kasibhatla et al. (2018) found that 100 

implementing nitrate photolysis on sea-salt aerosols with EFs of 25-50 improved model simulation of marine NOx 

concentrations. However, EFs of 100 were required to adequately simulate HONO measurements in the remote marine 

boundary layer, resulting in an overestimate of NOx relative to observations. Shah et al. (2023) successfully reproduced NO 

observations in the free troposphere when applying an EF of 100, scaled to the sea-salt:nitrate aerosol ratio, but did not 

evaluate the model’s ability to reproduce HONO observations. Similarly Dang et al. (2023) used the same nitrate photolysis 105 
parameterization and again found significant improvement in the modeling of NO2. These parameterizations were not based 

directly on the observed mechanism but rather by reverse-engineering the process to produce the expected NOx and O3 

concentrations. Thus, knowledge of the precise impact of nitrate photolysis as seen in laboratory and field studies and the 

effect of measured HONO is currently unknown. 

 110 
Here we use recent measurements of HONO made in remote locations (Section 2.1), together with the GEOS-Chem 

chemistry transport model (Section 2.2) to develop a new parameterization of the EF (Section 3) and implement it into the 

model. We then assess its impact on HONO concentrations in the model (Section 4) and the impact of nitrate photolysis on 

the composition of the troposphere (Section 5). The wider impacts of this process on our understanding of atmospheric 

chemistry are then discussed in Section 6.  115 

2 Methods 

Here we describe the datasets and tool used for the analysis. We first describe field observations of the concentration of 

HONO and other species and then the configuration of the GEOS-Chem model.   

2.1 Field Measurements 

2.1.1 ARNA Campaign 120 

The ARNA (Atmospheric Reactive Nitrogen over the remote Atlantic) field campaigns took place over the tropical Atlantic 

Ocean in August 2019 and February 2020 using the FAAM BAe-146-301 atmospheric research aircraft and in August 2019 

at the Cabo Verde Atmospheric Observatory (CVAO; Figure S1). Twelve flights (four in summer and eight in winter) were 

conducted with in situ measurements including NO, NO2, HONO, O3, and aerosol surface area. pNO3- was determined from 

aerosol filters sampled over each straight-and-level run. HONO concentrations were determined using differential photolysis 125 
as described in Andersen et al. (2023). This technique photolytically converts both NO2 and HONO into NO. Subsequently, 

NO is detected using chemiluminescence with a dual-channel instrument featuring two custom-built photolytic converters. 

HONO conversion efficiencies were calibrated against measurements from ultraviolet-visible cavity enhanced absorption 

spectroscopy conducted at HIRAC (The Highly Instrumented Reactor for Atmospheric Chemistry), following the 

methodology of Reed et al. (2016). The average detection limit for HONO across the study period was 4.2 pptv at the 2-130 
sigma level. At the CVAO, NOx, pNO3-, O3, and photolysis rates are measured routinely (Carpenter et al., 2010) and these 

were supplemented by HONO measurements described in Section 2.1.5 

2.1.2 FIREX-AQ 

The FIREX-AQ campaign was conducted from July to September 2019, with multiple aircraft deployed from California, 

Idaho and Kansas in the USA (Bourgeois et al., 2022; Warneke et al., 2022). The datasets were collected from an archived 135 
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merged dataset (https://www-air.larc.nasa.gov/cgi-bin/ArcView/firexaq), averaged over 60 second intervals. In order to get 

measurements representative of ‘clean’ or background air, measurements are excluded when the concurrent CO 

concentration exceeds 120 ppb, which would be indicative of pollution from either a biomass burning or anthropogenic 

source.  
HONO was measured using an iodine-adduct chemical ionization mass spectrometer (CIMS) (Lee et al., 2014; Veres et al., 140 
2020; Bourgeois et al., 2022). Ambient air mixed with reagent ions, specifically iodide ions and iodide-water clusters, was 

ionized and analyzed for mass-to-charge ratio. HONO was detected as a cluster with iodide, and background signals were 

accounted for to determine ambient HONO levels. The fixed-temperature measurement uncertainty is ±(15% + 3 pptv), with 

a precision of ±2 pptv for 1 s data. 
NOx was measured with ozone induced chemiluminescence, with three channels measuring NO, NO2 and NOy, respectively. 145 
The instrument continuously samples ambient air from an aircraft, with specific flow rates for each gas. Instrument 

calibrations occur both on the ground and in-flight, and measurements are taken with high temporal resolution. Corrections 

are applied for factors like water vapor content and interference from other compounds. The estimated measurement 

uncertainties at 1hz for NO, NO2, and NOy at sea level are ±(4% + 6 pptv), ±(7% + 20 pptv), and ±(12% + 15 pptv), 

respectively. 150 
Carbon monoxide (CO) was measured by tunable diode laser absorption spectroscopy (TDLAS) using the DACOM 

(Differential Absorption Carbon monoxide Measurement) instrument (Sachse et al., 1987; Sachse et al., 1991; Bourgeois et 

al., 2022). TDLAS used three single-mode tunable diode lasers, measuring CO using a quantum cascade laser (QCL) at 4.7 

µm. Measurement precision (1σ), calculated after the campaign, was approximately 0.1% at 1 s. 
Bulk nitrate aerosol measurements used to produce the nitrate photolysis parameterization (Figure 2) were made with the 155 
Soluble Acidic Gases and Aerosol (SAGA) filter collector with subsequent offline IC analysis (Dibb et al., 1999; Dibb et al., 

2002; Scheuer et al., 2003). Sample resolution during FIREX-AQ was 2-5 minutes. Concentrations of chloride and other 

ions were also reported. SAGA has a detection limit of 1 to 25 pptv depending on the sampled species. 
A high-resolution aerosol mass spectrometer (HR-AMS) was used to measure fine-mode particulate nitrate (pNO3

-) at a high 

time resolution (Guo et al., 2021; Bourgeois et al., 2022). Submicron aerosol composition was derived using flash 160 
vaporization of the aerosol, followed by 70 eV electron ionization of the volatilized gas phase and analysis by mass 

spectrometry. Typical detection limits were ~30 ppt. 

2.1.3 CAFÉ-Africa 

The Chemistry of the Atmosphere: Field Experiment in Africa (CAFE-Africa) campaign took place in August and 

September 2018, with 14 flights from Cabo Verde over the Atlantic Ocean and West African coastline. A ‘mini-DOAS’ was 165 
deployed on the German High-Altitude and Long-Range (HALO) research aircraft to measure HONO. The mini-DOAS is an 

airborne six-channel optical spectrometer, which records UV, visible, and near infra-red light in the nadir and limb viewing 

geometries. The spectrometers are kept in an evacuated and cooled housing in the otherwise unpressured, uninsulated 

fuselage of the HALO aircraft. Collected skylight spectra are analyzed for signatures of light absorption by trace gases using 

the DOAS technique. Slant column densities of trace gases determined by the DOAS technique are then converted to volume 170 
mixing ratios or concentrations by the novel scaling method. The scaling method requires a gas whose concentration is 

known or otherwise measured in situ, to construct a proportional relationship between concentrations and slant column 

densities. The Monte Carlo radiative transfer model McArtim helps to attribute absorption to specific layers of the 

atmosphere. Gas concentrations retrieved with the scaling method represent averages over several dozen square kilometers 

as a function of the mean light path length, as well as the distance traveled by the aircraft during integration of the spectra. 175 
Due to the dependence on pathlength and large variations with altitude and visibility, no reliable, overall limit of detection 

has been established for this technique. 

2.1.4 SEANA  

The Shipping Emissions in the Arctic and North Atlantic atmosphere (SEANA) project took place between 20 May and 26 

June 2022 around the coast of Greenland (Zhang et al., 2024).  HONO was measured using a Long Path Absorption Photometer 180 
(LOPAP-03, Quma GmbH) during the DY151 cruise aboard the RSS Discovery research ship. HONO was sampled within a 
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stripping coil into an acidic solution and derivatized with an azo dye. Absorption of light (550 nm) by the azo dye was measured 

with an Ocean Optics spectrometer using an optical path length of 2.4 meters. The technique is described in detail in Heland 

et al., 2001. The instrument was calibrated and operated following the standard operating procedures described in Kleffman 

and Wiesen 2008. 185 
The LOPAP instrument was located inside a shipping container on the foredeck of the ship and was 
sampling via a 3 meters long umbilical to the inlet located on the roof of the shipping container. The detection limit of the 

LOPAP during the cruise was between 0.7 and 1.5 ppt (2-sigma, 30 seconds), with an estimated relative error of 10%.  
A zero signal was taken at regular intervals (6 hours) by overflowing the inlet with dry nitrogen for 30 minutes. The zero 

signals were linearly interpolated to obtain a baseline which was then subtracted from the calibrated signal. Because of the 190 
very low HONO levels in the Arctic Ocean, the LOPAP signal was sometimes indistinguishable from the zero signal. A 

correction factor of 1.5-3.5 ppt was therefore applied to the final time series on the assumption that the HONO concentration 

in the darkest period of the Arctic day is zero. Due to the inherent uncertainties in this assumption the reported values should 

be considered lower limits. 

2.1.5 Cabo Verde Atmospheric Observatory 195 

The Cabo Verde Atmospheric Observatory (CVAO) is a World Meteorological Organisation (WMO) Global Atmospheric 

Watch (GAW) site that operates on the north-west coast of São Vincente, Cabo Verde (16°51’ N, 24°52’ W). Measurements 

at the site are considered to be representative of clean, marine background air (Carpenter et al., 2010).  

HONO has been measured at the CVAO in November-December 2015 (Reed et al., 2017), August 2019, February 2020 

(Andersen et al., 2023) and in February 2023, using a long-path absorption photometer (LOPAP-03 QUMA Elektronik & 200 
Analytik GmbH). A full description of the instrument’s operating principle and measurement technique can be found in 

Heland et al. (2001) and Kleffman et al. (2007). In the 2023 campaign, the inlet for the LOPAP was placed on top of a 

shipping container (roughly 3 m agl). Zeroes were measured every 6 hours for 30 minutes using an N5 N2 cylinder. The 

instrument was calibrated using a Titrisol nitrite standard solution (1000 mg of NO2
- diluted to 0.01 mg L-1) on 9th, 11th and 21st 

February. The detection limit was 0.3 ppt (2s), calculated using the noise during zero measurements. As recommended by 205 
QUMA, the relative error of the instrument was set at 10% of the measured HONO value. Particulate nitrate (pNO3

-) was 
measured in 24-hour samples using a PM10-inlet and subsequent laboratory analysis using standard ion chromatography 

technique (Fomba et al., 2014).  

2.1.6 Tudor Hill Observatory 

The Tudor Hill Marine Atmospheric Observatory is a continuous monitoring station located on the island of Bermuda 210 
(32°15’ N, 64°52’ W). In field studies in 2019, ambient HONO concentrations were measured continuously by a long-path 

absorption photometry (LOPAP) system (Zhu et al., 2022). Corrections were done using the zero-HONO air generated by 

pulling ambient air through the Na2CO3 denuder. The LOPAP system, described in detail in Zhu et al., (2022), has been 

widely used and proven accurate in HONO measurement during the previous NOMADSS field campaigns (Ye et al., 2016, 

Ye et al., 2018). The detection limit was calculated as ∼0.6 pptv at 10 min time resolution. Ambient HNO3 and pNO3
- were 215 

also measured by similar LOPAP systems, where the nitrate was converted into nitrite through a Cd column in NH4Cl buffer 

solution. The detection limit of particulate nitrate measured by the LOPAP system was ∼17 pptv (3σ) at 10 min time 

resolution. NOx concentrations were measured by a low-level commercial chemiluminescence analyzer. 

2.1.7 ATom 

The NASA Atmospheric Tomography mission (ATom) consisted of four aircraft campaigns conducted between August 220 
2016 and May 2018 (Wofsy et al., 2021; Thompson et al., 2022). Using NASA DC-8 research aircraft, ATom provided 

detailed datasets of atmospheric composition with an extensive spatial coverage, in particular over oceans. Here used the 10-

second merged ATom dataset for all four seasonal campaigns (https://doi.org/10.3334/ORNLDAAC/1925) (Wolfsy et al., 

2021). The data was filtered to only use data measured over the ocean, to broadly avoid polluted air. 
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 225 

2.2 GEOS-Chem 

The three simulations were completed using the 3-D global chemical transport model GEOS-Chem, version 14.2.2 (Bey et al., 

2001) (http://www.geos-chem.org, last access: 31 March 2024; https://zenodo.org/records/10034814, The International 

GEOS-Chem User Community, 2022). The model was driven by MERRA-2 meteorology from the NASA Global Modeling 

and Assimilation Office (Gelaro et al., 2017), with 72 vertical levels and a spatial resolution of 4.0° × 5.0°. All simulations 230 
were run for 2 years through 2018 and 2019, with the first year considered spin-up. The model used an updated chemical 

mechanism with improved benzene, toluene and xylene oxidation chemistry, as described by Bates et al. (2021). The model 

used biomass burning emissions from GFED4s (van der Werf et al., 2017) and biogenic emissions from MEGAN v2.1 

(Guenther et al., 1995). Anthropogenic emissions are from the Community Emissions Data System (CEDS) (Hoesly et al., 

2018; McDuffie et al., 2020).  235 
The Shah parameterization for nitrate photolysis was developed by Shah et al. (2023) and is incorporated into the standard 

GEOS-Chem model. They found best agreement with NO observation with an EF of 100 applied to coarse-mode nitrate, 

while the EF for fine-mode nitrate was scaled based on the pNO3
- to sea-salt ratio.  For the purposes of this study, nitrate 

photolysis according to Shah et al. (2023) was switched off in the model for the “Base” simulation and turned on in the 

“Shah” simulation. 240 
 

When simulating the preindustrial atmosphere, anthropogenic emissions for the year 1750 are taken from CEDS (Hoesly et 

al., 2018), with natural emissions matching the present-day simulations and meteorology for the year 2019. Methane (CH4) 

for the year 1750 is prescribed from the CMIP6 dataset (Meinshausen et al., 2017). A normalised radiative forcing (NRF) of 

42 mW m-2 DU-1 (Stevenson et al., 2013) is used to calculate the preindustrial to present-day O3 radiative forcing.  245 
Normalized mean bias is used to assess model performance compared to observations, defined here as 𝑁𝑀𝐵 =
 ∑ (𝑃𝑖 − 𝑂𝑖) / ∑ 𝑂𝑖

𝑛
𝑖=1  𝑛

𝑖=1 , where P are the simulated values and O is the observations. The nitrate photolysis 

parameterisation was developed by fitting a non-linear least squares function to the observed data, using the SciPy python 

package (https://docs.scipy.org/doc/scipy-1.15.0/reference/generated/scipy.optimize.curve_fit.html; Virtanen et al., 2020). 

3 Development of a nitrate aerosol photolysis parameterization 250 

Here we use observations of HONO, nitrate aerosol and photolysis rates from (1) the Atmospheric Reactive Nitrogen over 

the remote Atlantic (ARNA) aircraft campaign over the Tropical Atlantic (Andersen et al., 2023), (2) the Fire Influence on 

Regional to Global Environments Experiment - Air Quality (FIREX-AQ) aircraft campaign over the continental USA 

(Warneke et al., 2023) and (3) HONO measurements from the Cabo Verde Atmospheric Observatory (see Methods Section), 

to generate a parameterization of the nitrate aerosol photolysis process. This is then applied in GEOS-Chem to simulate 255 
HONO concentrations and evaluated with independent HONO measurements from the Chemistry of the Atmosphere: Field 

Experiment in Africa (CAFE-Africa) aircraft campaign in the Atlantic (Weyland et al., 2024), the Shipping Emissions in the 

Arctic and North Atlantic Atmosphere (SEANA) ship campaign and from Tudor Hill, Bermuda (Zhu et al., 2022). The 

locations and measured concentrations of HONO in the various campaigns are shown in Figure S1.  
 260 
Following Ye et al. (2016), we assume that the photolysis of nitrate aerosol leads to the production of 0.66 HONO molecules 

and 0.33 NO2 molecules (R1). The photolysis of HONO is its dominant sink (R2) with a lifetime in the tropical marine 

boundary layer of about 12 minutes (Ye et al., 2016; Andersen et al., 2023) and thus we derive a rate equation by placing 

HONO into steady state (Equation 1 and 2).  

 265 
𝐻𝑂𝑁𝑂 + ℎ𝑣 → 𝑂𝐻 +  𝑁𝑂                                                                                                         𝐽𝐻𝑂𝑁𝑂 (𝑅2)      

 
Thus; 
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𝑑[𝐻𝑂𝑁𝑂]

𝑑𝑡
=  

2

3
 × 𝐽𝑁𝑂3

−  ×  [𝑝𝑁𝑂3
−] − 𝐽𝐽𝑂𝑁𝑂  ×  𝐻𝑂𝑁𝑂                                                                 (1)      270 

 

 [𝐻𝑂𝑁𝑂] =  
2

3
 ×  

𝐽𝑁𝑂3
−

𝐽𝐻𝑂𝑁𝑂
 ×  [𝑝𝑁𝑂3

−]                                                                                                      (2)      

 

Where JHONO and JNO3- refer to the rate of photolysis of HONO and pNO3
-, respectively. Following Ye et al., 2016 we assume 

that the photolysis of nitrate is equal to the photolysis rate for gas phase HNO3 (JHNO3) multiplied by an enhancement factor 275 
(EF) which can be rearranged to give Equation 3.  
 

𝐸𝐹 =  
3

2
 ×  

[𝐻𝑂𝑁𝑂]

[𝑁𝑂3
−]

×  
𝐽𝐻𝑂𝑁𝑂

𝐽𝐻𝑁𝑂3

                                                                                                               (3)      

 
The renoxification process is thought to be efficiently driven by photolysis of surface-bound rather than bulk nitrate or nitric 280 
acid, due to enhanced absorption cross sections and higher quantum yields at the interface compared to bulk solution (Zhu et 

al., 2010; Du and Zhu 2011; Ye et al., 2017). Further, the presence of certain cations has been shown to lead to preferential 

distributions of nitrate ion at the interface (Wingen et al., 2008; Richards et al., 2012; Hua et al., 2014). Therefore, following 

Andersen et al. (2023), we fit a nonlinear function to the observed EF (see Methods Section), derived from the measurements 

of HONO, nitrate aerosol, JHNO3 and    JHONO from the CVAO, ARNA and FIREX-AQ campaigns, to a Langmuir isotherm 285 
model (Equation 4, Figure 1.). 
 

𝐸𝐹 =  
5.02 ×  108

(1 + 7.19 ×  105  ×  [𝑝𝑁𝑂3
−])

                                                                                                   (4)      

 
We note though that unlike the fit in Andersen et al. (2023), the equation (4) no longer resembles a Langmuir isotherm as 290 
the nitrate-dependent portion of the denominator under realistic atmospheric conditions is significantly larger than 1. This 

may reflect the mixed contribution of surface and bulk processes, the different aerosol compositions in the field campaigns 

(see discussion below), or other factors.  
 

295 
Figure 1. Nitrate aerosol photolysis enhancement factor necessary to balance the observed HONO against its photolytic loss 

as a function of the nitrate aerosol concentration (see Methods Section).  
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The large range in the estimated EFs from measurements (Figure 1) results in large variance around the fit, with an R-

squared value of 0.41. This is not surprising since the measurements span a variety of environments, likely experiencing 300 
different aerosol pH, composition and ambient humidity, all of which are known to impact the efficiency of renoxification 

(Ndour et al., 2009; Gen et al., 2022; Andersen et al., 2023; Sommariva et al., 2023; Li et al., 2024; Jiang et al., 2024). 

However, more complex parameterizations accounting for such dependencies resulted in only minor improvements in the 

agreement with observed EFs (see examples in Figure S2 in the supplementary material). Therefore, for the sake of 

simplicity and due to the paucity of observations, the parameterization with only pNO3
- dependency was used here.   305 

 
The mean EF values calculated from the combined ARNA, FIREX-AQ and CVAO measurements are 2-3 times lower than 

that found in Andersen et al. (2023) using the ARNA campaign alone. This may reflect that the FIREX-AQ observations 

were over a continental region whereas the Andersen data was collected over the ocean, where sea salt aerosol dominates the 

aerosol mass. Sodium and chloride ions have been observed to enhance the yield of HONO and NO2 from particulate nitrate 310 
photolysis, attributed to the existence of a double layer of interfacial Cl− and subsurface Na+ drawing nitrate ions closer to the 

interface when the Cl-:NO3
- ratio increases (Wingen et al., 2008; Sommariva et al., 2023). The observed bulk chlorine from 

filter measurements during the ARNA campaign was substantially higher than during FIREX-AQ (median value of 0.63 μg 

m-3 compared to 0.03 μg m-3), reflecting the contrast between marine and terrestrial campaigns and possibly contributing to 

the difference in calculated EF. 315 
 
Our parameterization produces a much greater range of EF values (from 3 to 562) than used in previous nitrate photolysis 

modeling studies (Kasibhatla et al., 2018; Shah et al., 2023). Kasibhatla et al. (2018) used fixed EF values (of between 25 - 

100) on sea-salt aerosol and Shah et al., (2023) tied the EF magnitude to the availability of sea-salt with fixed upper and 

lower EFs, resulting in a range of 10 to 100. While these studies demonstrated that nitrate photolysis could improve model 320 
performance in simulating NOx and O3, the resulting parameterizations were not based on the EF values derived in laboratory 

and field studies (Ye et al., 2016; Shi et al., 2021). 

4 Evaluation of  parameterisation 

Here we implement the parameterization of the enhancement factor (Equation 1) into the GEOS-Chem model (see Methods 

Section and Equation 4). We evaluate this model simulation together with a version with no nitrate photolysis (Base) and 325 
that using the Shah et al. (2023) parameterization (Shah) against a wider set of pNO3

- (Prospero et al., 2001) and HONO 

observations (CAFE-Africa, SEANA, Tudor Hill). We use a normalized mean bias (NMB; see Methods Section) metric to 

assess model performance and impact of changes between simulations.  
 
The extent and impact of the simulated nitrate photolysis relies critically on the model’s ability to replicate nitrate aerosol. 330 
Nitrate aerosol in GEOS-Chem is split into two modes; a fine-mode associated with sulfate and ammonia and a coarse-mode 

(0.5-8.0 μm) associated with sea-salt and desert dust. Various studies have reported a persistent high-bias in fine-mode 

nitrate aerosol in GEOS-Chem compared to aerosol mass spectrometry (AMS) observations (Walker et al., 2012; Miao et 

al., 2020; Zhai et al., 2021a; 2021b; Gao et al., 2022). This may be linked to the model underestimating acidity in remote 

regions (Nault et al., 2021). There has been little work evaluating the coarse-mode nitrate. Consistent with previous studies, 335 
we find that the base simulation without nitrate photolysis significantly overestimates fine-mode nitrate when compared with 

observations from the NASA Atmospheric Tomography Mission (ATom) campaign (Figure 6a, NMB=+271%) and in some 

regions of the mid and upper troposphere in the FIREX-AQ campaign (Figure S3), except over California where nitrate is 

very low, likely due to an underestimate of ammonia emissions (Walker et al., 2012). The inclusion of the nitrate photolysis 

parameterization generally decreases fine nitrate aerosol concentrations and improves the NMB relative to observations for 340 
the ATom campaign from +271% to +93% (Figure 6a).  
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Figure 2. Frequency density comparisons between observed (black) and simulated (Base simulation (blue); Shah simulation 

(purple); New parameterization (red)) total pNO3
- (left) and HONO (right) concentrations during the FIREX-AQ campaign 345 

(top) and the ARNA campaign (middle). Bottom panels show simulated diurnal concentrations over the Cabo Verde 

Atmospheric Observatory (CVAO) compared to available observations (HONO diurnal averaged from campaigns in 2015, 

2019 and 2023 represented by the black line, grey shading indicating 10th-90th percentile in panel c, 25th-75th percentile in 

panel f). Dashed grey lines in panels d, e and f represent the estimated limit of detection.  

 350 
 
In contrast, total particulate nitrate (Figure 2a-c) observations from FIREX-AQ, ARNA, and CVAO of total nitrate 

underestimated by the base model with a NMB of -88 to -95%. The inclusion of nitrate photolysis has only a small impact, 

decreasing aerosol concentrations and resulting in a NMB of between -92 and -98% across the 3 datasets. A further 

comparison with global surface observations collected between 1980 and the present (Figure 3) (Prospero et al., 2001), also 355 
shows the model underestimates total nitrate at the majority of sites. This is likely to be of larger importance in regions with 

a higher ratio of coarse to fine mode aerosol, such as marine regions where coarse sea-salt aerosol is prominent. Overall, we 

conclude, consistent with previous studies (Walker et al., 2012; Miao et al., 2020; Zhai et al., 2021a, 2021b; Gao et al., 

2022), that the model overestimates fine mode nitrate and significantly underestimates coarse mode. Inclusion of nitrate 

photolysis improves the comparison with fine mode nitrate and leads to a distinct diurnal profile in pNO3
- which decreases 360 

around midday and steadily increases overnight (Figure 2c). As sea salt nitrate makes up >90% of the nitrate at Cabo Verde 

in the model, mostly in the coarse mode, the pNO3
- diurnal simulated here is a result of photolysis depleting nitrate aerosol. 

There appear to be no marine coarse mode nitrate observations at a high enough time resolution available to evaluate this 

result. 

 365 
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Figure 2(d-f) compares the simulations of HONO “background” air (selected as described in Methods Section) with 

observations from FIREX-AQ, ARNA and the CVAO. Observed HONO mixing ratios across the 3 datasets range between 1 

to 100 pptv. Without nitrate photolysis, simulated mixing ratios are substantially lower (<1 pptv) than observations. The 

inclusion of the Shah parameterization decreases the bias by increasing HONO concentrations at the CVAO (NMB 

improves from -95% to -16%), with only a minor change  for the airborne ARNA (-97% to -95%) and FIREX-AQ (-370 
92% to -81%) campaigns. Inclusion of the new nitrate parameterization increases peak daytime HONO concentrations to >4 

ppt for all campaigns, in better agreement with observations. It does however lead to a mean nighttime overestimate of 1.5 

ppt (Figure 2f). This is potentially due to dry deposition of HONO in the model being too slow, resulting in higher overnight 

concentrations than in observations (Yu et al., 2022).  
 375 
While the inclusion of nitrate photolysis increases HONO concentrations, there remains a daytime underestimate of HONO 

relative to each of these datasets. This is likely due to the model being biased low for total nitrate concentrations, and thus 

the model HONO production being too low. To test this hypothesis, we further evaluated the HONO in the FIREX-AQ 

dataset, subsampling the entire dataset when the model shows various degrees of underestimate in pNO3
- (Figure 4). When 

sampling the entire FIREX-AQ dataset, the new parameterization reduced the model HONO underestimate by around a 380 
quarter (-85% to -62%). When ignoring data points where the simultaneous pNO3

- measurement had a low bias of >75%, the 

HONO bias of the new simulation improved to -30%, while the bias in the Base and Shah simulations showed only very 

minor changes. The best agreement (NMB of -20%) was found with the new parameterization when only considering data 

with a pNO3
- underestimate of less than 25%. This demonstrates that the new parameterization is capable of reproducing 

measured HONO concentrations reasonably accurately when modelled pNO3
- is close to observations and that the main 385 

limiting factor for the model simulation of HONO is the pNO3
- bias. It was not possible to replicate this analysis for the 

ARNA and CVAO datasets due to the amount of data available. 
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Figure 3. Comparison of total nitrate (pNO3

-) measurements from the Prospero network (Prospero et al., 2001) with 

simulated nitrate in the base model simulation. Lower panel shows the locations of the sites. Colour of the marker on the 

map indicates whether the model overestimates observation (red star) or underestimates (yellow). 415 
 
The modelled HONO is also compared to measurements from independent datasets SEANA (ship), CAFE (aircraft) and 

Tudor Hill (in-situ) (see Methods Section) (Figure 5). Across all three datasets the base model has a large underestimate (-

89%), which is somewhat reduced by the Shah parameterization (-84%) with further improvement from the new 

parameterization (-78%), but there remains a large low model bias for HONO. The comparison between the model and the 420 
CAFE-Africa campaign is very consistent with the ARNA comparison shown in Figure 2, as these campaigns took place in 

a similar area of the Atlantic Ocean. Importantly, Figures 2 and 5 demonstrate the persistence of marine background HONO, 

and highlight the model failure to reproduce these observations without nitrate photolysis or with previous 
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parameterizations. The introduction of a rapid nitrate photolysis parameterization leads to improvements in the simulation, 

however the model and measurements of HONO cannot be reconciled without substantial improvement in the simulation of 425 
total nitrate aerosol in the model (as demonstrated in Figure 4).   

 

 
Figure 4. HONO from the FIREX-AQ campaign (black line) compared with simulated HONO for all data (top panel) and 

with the data filtered by various degrees of pNO3
- error (lower panels). Number of data points after filtering is shown in the 430 

legend of each panel, as well as the NMB of each model simulation.  
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Figure 5. Frequency density comparisons between observed and simulated HONO concentrations during the (a) SEANA 435 
ship campaign (surface), (b) CAFE-Africa aircraft campaign (surface to 15km) and (c) in-situ measurements from Tudor 

Hill, Bermuda (surface) (Zhu et al., 2022). Dashed grey lines represent the estimated limit of detection. 

5 Impact on key atmospheric species 

The model simulations with and without nitrate photolysis are compared to observed mean vertical profiles from the four 

NASA ATom missions in Figure 6 (Wofsy et al., 2018). Without nitrate aerosol photolysis, fine mode nitrate aerosol is 440 
substantially overestimated by the model (NMB=271%), consistent with Gao et al., 2022. Introducing nitrate photolysis at 

the rate suggested by Shah does not substantially change the model fine mode nitrate simulation (NMB=243%). However, 

introducing nitrate photolysis at the rate determined by equation 1 decreases fine mode nitrate, bringing it into better 

agreement with the observations (NMB=93%), particularly at 2-7km (NMB=20%). The absence of a rapid nitrate photolysis 

parameterization may thus in part explain the persistent overestimate in fine-mode nitrate described by previous studies 445 
(Walker et al., 2012; Miao et al., 2020; Zhai et al., 2021a, 2021b; Gao et al., 2022).   
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All three simulations overestimate the measured HNO3 from the surface up to 6 km, before largely underestimating above 7 

km. Observed values are just 4 ppt at the surface, compared with 24 ppt in the base simulation, 32 ppt with Shah and 37 ppt 

with the new parameterization. Throughout the ATom profile the base simulation had the lowest NMB of 137%, while the 450 
Shah run had the largest at 161%. The new simulation had a NMB of 158%, closer to the measured values in the mid-

troposphere than the other simulations (5-7 km, NMB=3%), but with a larger underestimate in the upper troposphere 

(NMB=33%).  
 
HONO measurements were not made during ATom. Without nitrate photolysis, modeled HONO concentrations are very 455 
low (< 0.1 ppt). The Shah parameterization increases concentrations roughly 10-fold in the marine boundary layer with 

surface concentrations reaching 0.5 ppt. Smaller increases are produced in the free troposphere (50-100%). The new 

parameterization results in larger increases at the surface (20-fold increase) and has a larger impact through the free 

troposphere (2-5-fold increase). As a result, the average surface concentrations of HONO are generally > 1 ppt, above the 

typical instrument detection limit. Future measurements of HONO from airborne campaigns able to span a wide geographic 460 
range throughout the marine troposphere would be invaluable to further constrain the current uncertainties. 
 
Without nitrate photolysis, the simulated NOx is higher than observations at the surface (15 ppt vs 8 ppt measured), roughly 

consistent with the observations in the boundary layer and lower troposphere (NMB below 6 km = 3%), and lower than 

observations in the free troposphere (NMB above 6 km = 35%). The Shah parameterization, which was specifically derived 465 
to improve the model agreement with NO from ATom, unsurprisingly leads to good agreement throughout the profile (NMB 

= 7%), albeit with an overestimate at the surface (30 ppt). The new parameterization leads to a large overestimate at the 

surface (45 ppt) and throughout the vertical profile, more than doubling concentrations (NMB=108%) and pushing 

concentrations beyond the observational variability. 

 470 
O3 and OH concentrations during ATom are relatively well simulated in both the base and Shah simulations. Using the new 

parameterization leads to a large increase in both O3 and OH (30% and 53%, respectively), again bringing their 

concentrations higher than the upper limits of observations. 

https://doi.org/10.5194/egusphere-2025-830
Preprint. Discussion started: 26 February 2025
c© Author(s) 2025. CC BY 4.0 License.



15 

 

 
Figure 6. Median vertical profiles of key species from the ATom campaign (black, shaded area shows 25th-75th percentiles) 475 
and in GEOS-Chem simulations co-located with the measurements. 

6 Global Atmospheric Impacts 

Annual mean tropospheric OH is 1.11྾106 molec cm-3 in the base simulation, well within the range indicated by previous 

modeling studies of 0.94-1.44 (Zhao et al., 2019; Saunois et al., 2020), but higher than the 1.00 ྾106 molec cm-3 indicated by 

recent studies based on methyl chloroform observations (Zhou et al., 2023). Mean simulated tropospheric OH concentrations 480 
increase to 1.23 and 1.41 ྾106 molec cm-3 in the Shah and new parameterization simulations, respectively (Table 1). The 
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model OH is at the upper limit of the range from previous studies with the faster parameterization, and substantially higher 

than the values suggested by observations. The NH:SH OH ratio (Table 2) is overestimated by all three simulations during 

the ATom campaign, with the overestimate increasing with the introduction of nitrate photolysis and the associated increase 

in OH concentration. On a global scale, the model still overestimates the NH:SH ratio relative to observational estimates 485 
(Bousquet et al., 2005; Patra et al., 2014), although there remains large uncertainty on such estimates (Murray et al., 2013), 

but is in reasonable agreement with similar modeling studies (Zhou et al., 2023). Nitrate concentrations are higher in the NH 

primarily due to the distribution of anthropogenic emissions, meaning that the modeled impact of nitrate photolysis is also 

greater in the NH. As a result, the introduction of nitrate photolysis to the model exacerbates the existing overestimation in 

NH [OH], pushing the NH:SH ratio further from parity to 1.40 in our parameterization.  490 
 

Table 1. Summary of key model diagnostics in the 3 GEOS-Chem simulations (percentage change from first simulation is 

in brackets).  

 

 495 
Table 2. Annual mean tropospheric OH in GEOS-Chem simulations and previous literature, globally and for 
the ATom campaign (2016-2018). 
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 500 
Figure 7 shows the impact of the new parameterization on global annual mean surface concentrations of HONO, NOx and O3. 

Figure 8 shows the equivalent zonal mean plots. Surface HONO concentrations increase globally when the new nitrate 

photolysis parameterization is switched on, with maximum increases in mean surface concentrations of ~4-6 ppt found over 

Asia. Absolute increases are generally higher in the populated NH areas and relative changes are larger over clean regions 

such as the Southern Ocean and tropical Atlantic / Pacific. Figure 9 shows the same as Figure 7 but for HNO3, pNO3
- and OH. 505 

As expected, surface pNO3
- broadly decreases in remote regions, while HNO3 and OH increase substantially.   

 
For NOx, the changes vary considerably between continental and ocean regions. The largest absolute changes are in 

industrialized, polluted regions (Eastern China, Eastern USA, Europe), where surface NOx decreases by up to 1 ppb (~20%), 

due to an increase in the NO2 to NO ratio as a result of the increased O3 concentrations. This leads to a decrease in the 510 
lifetime of NOx leading to decreased surface concentrations. Over the marine surface, NOx increases by a factor of 2-4, 

particularly in the southern hemisphere. Polluted regions already have high levels of NOx, meaning that the added NOx from 

renoxification is relatively less important than in clean, low-NOx environments. High NOx concentrations also result in loss 

of O3 through titration, limiting the impact in polluted areas (Monks et al., 2015).  
 515 
The change in surface O3 is more spatially homogeneous due to its longer lifetime. Relative to the simulation without nitrate 

photolysis, our parameterization increases annual mean global surface O3 concentrations by 66%. By comparison, the Shah 

parameterization increases surface O3 by 33%. The largest changes are in the NH due to the greater concentration of nitrate. 

The troposphere in general is NOx-limited for O3 production (Sillman et al., 2002; Ivatt et al., 2022), therefore the recycling 

of reactive nitrogen through nitrate photolysis leads to a near-ubiquitous increase in O3 production. The greatest absolute 520 
increases of ~20 ppb are over NH continental regions and the highest relative increases occur over the tropical and 

subtropical oceans, where surface O3 increases by up to 75%, reaching close to 40 ppb in the mid-Pacific.  Ozone mixing 

ratios over the tropical Pacific increase by up to 12 ppb (67%). In populated and polluted regions, the changes tend to be 

significantly smaller, with increases of ~6 ppb (14%) and 9 ppb (20%) over Eastern China and Western Europe, 

respectively. A further comparison of O3 with data from GAW sites (Figure S3) demonstrates the large increase in O3 in the 525 
simulation with the new parameterization, leading to a model overestimate at almost all sites. These analyses demonstrate 

that while the new parameterization may improve model performance for fine-mode nitrate aerosol and HONO relative to 

observations, it leads to a substantial inconsistency with observations for NOx, O3 and OH.  
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 530 
Figure 7. Annual mean surface concentrations of HONO, NOx (NO+NO2) and O3 in model simulations (first column) 

without nitrate photolysis and (second column) with nitrate photolysis as parameterized by equation 1. Absolute difference is 

shown in the third column and % change in the fourth column. 

 

 535 
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Figure 8. Annual mean zonal concentrations of HONO, NOx and O3 in model simulation with (first column) and without 

(second column) aerosol nitrate photolysis as parameterized by equation 1. Absolute difference is shown in the third 

column and % change in the fourth column. 

 540 
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Figure 9. Annual mean surface concentrations of HNO3, particulate nitrate (pNO3

-) and OH in model simulation with (first 

column) and without (second column) aerosol nitrate photolysis as parameterized by equation 1. Absolute difference is 

shown in the third column and % change in the fourth column. 

7 Discussion 545 

The large increase in O3 following the implementation of our new parameterization has a significant effect on the 

preindustrial (PI) to present day (PD) tropospheric O3 radiative forcing (RF) (see Methods section and Table 1). The RF due 

to O3 in both the base simulation and that using Shah et al.’s parameterization falls within the expected range from previous 

modelling studies (0.2-0.6 Wm-2, Myhre et al., 2013), with a 14% increase in RF in the Shah simulation. When using the 

new parameterization introduced here, the RF due to O3 increases 60% from the base model to 0.69 Wm-2, outside of the 550 
range from previous modelling studies. There are large uncertainties associated with the nitrate aerosol in the preindustrial 

era, for which there is a lack of solid evidence to evaluate the preindustrial concentrations.  

 

The new parameterization of nitrate photolysis developed here causes substantial changes in the chemical budgets of 

reactive nitrogen. NOx is emitted into the atmosphere by anthropogenic combustion processes, biomass burning, lightning 555 
and soils, with a total source estimated at ~55 TgN yr-1 dominated by anthropogenic combustion of ~31 TgN yr-1 (Hoesly et 

al., 2018; McDuffie et al., 2020; Bray et al., 2021). A simplified schematic of the budget for each simulation is shown in S8-

10, while Table S1 summaries the key terms. The most important change in the budget caused by fast nitrate photolysis is 

the recycling of nitrogen from stable species (pNO3
-) back into reactive nitrogen (NOx). Using our new parameterization, 

this results in an annual NOx source almost as large as the total global emission of NOx (48 TgN yr-1 compared with 55 TgN 560 

https://doi.org/10.5194/egusphere-2025-830
Preprint. Discussion started: 26 February 2025
c© Author(s) 2025. CC BY 4.0 License.



21 

 

yr-1) and larger than the anthropogenic (31 TgN yr-1) (Table S1). Unsurprisingly, this large renoxification term has profound 

implications for atmospheric chemistry, increasing NOx concentrations globally, as well as tropospheric O3 production and 

OH concentrations. The simulated concentrations of O3 and OH cannot be reconciled with observations (Figures 6, S3). 

However, our parameterization still underestimates HONO primarily due to the model underestimate of nitrate aerosol 

concentrations, as discussed above.  565 
 

The conclusions made here for the chemistry of the atmosphere are significant, thus it is judicious to explore alternative 

explanations for these findings. Our analyses are dependent on accurate measurements of HONO concentrations in the 

remote atmosphere. We utilized data from three different techniques and from four independent research groups (see 

Methods Section) from remote regions where HONO concentrations were above the limit of detection (~1 pptv) to provide 570 
robust observations.  We note however that HONO observations are often below the limit of detection of current 

instrumentation; improved technologies would help to provide greater confidence in the lowest concentrations reported. The 

renoxification mechanism used to simulate the field observations of HONO shown here is supported by various laboratory 

estimates of the rate of nitrate photolysis, many of which derive EFs far exceeding those implemented here (Ye et al., 2016; 

Ye et al., 2017). We note however that even if the nitrate photolysis as applied through this parameterization was 575 
overestimated, the observations show that the HONO is significantly higher than the model can reproduce with traditional 

chemistry.  Observations and theory could potentially be reconciled without renoxification if the HONO lifetime 

(predominantly determined by photolysis) is significantly longer than currently thought. An order of magnitude decrease in 

the photolysis rate of HONO could essentially remove the disagreement. However, the current photolysis parameters for 

HONO photolysis (Atkinson et al., 2004) is based on 6 previous studies (Stockwell and Calvert, 1978; Vasudev, 1990; 580 
Bongartz et al., 1991; Bongartz et al., 1994; Pagsberg et al., 1997; Wang and Zhang, 2000; Stutz et al., 2000) which agree to 

within ~15%.  Therefore, it is unlikely that the lifetime of HONO is an order of magnitude slower than currently considered, 

leaving it necessary for other parts of the chemical system to change to remove the inconsistency between HONO 

observations and observations of O3, NOx, OH etc.  

 585 
There are a number of mechanisms which may decrease NOx in the atmosphere and thus could go some way to reconciling 

this discrepancy, by either decreasing the primary NOx source or by increasing the NOx sink. Several significant emission 

sources of NOx are highly uncertain, including lightning (2-8 Tg yr-1; Murray et al., 2016; Verma et al., 2021), soil (8.5-15 

TgN yr-1; Hudman et al., 2012; Vinken et al., 2014; Weng et al., 2020) and biomass burning (11-17 Tg yr-1; Bray et al., 

2021). Butkovskaya et al. (2005) observed in laboratory studies a HNO3-forming branch of the NO + HO2 reaction, which 590 
reduces NOx concentrations by ~20%, and resulted in a mean global OH decrease of 13% and a 5-12% decrease in 

tropospheric O3 (Cariolle et al., 2008). Tropospheric halogen chemistry is also uncertain and may contribute to a larger sink 

for NOx and O3 than currently estimated by the model (Iglesias-Suarez et al., 2020; Badia et al., 2021; Wang et al., 2021; 

Alexander et al., 2020). Stratospheric-tropospheric exchange of O3 is yet another factor with a large uncertainty, which 

could account for some of the additional tropospheric O3 loss required to accommodate the increase due to nitrate photolysis 595 
(Wang and Fu, 2021; Ruiz and Prather, 2022). New observations of water vapor absorption in the ultraviolet suggest a 

reduction in photolysis rates that leads to a global tropospheric OH decrease of ~4% (Prather et al., 2024). Many of these 

terms result in small and highly uncertain changes in the NOx, OH and tropospheric O3, but together may accommodate the 

large changes that have resulted from improving modelled HONO relative to measurements and demonstrate a general need 

for improved understanding of tropospheric chemical processes. The implication of these results is that our current 600 
understanding of the atmospheric chemistry of NOx and reactive nitrogen species is incomplete and needs to be improved if 

we are to have faith in our ability to predict the future chemical state of the atmosphere.  
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