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Abstract. We present the first observational dataset of vertically resolved global stratospheric BrONO2 distributions from

July 2002 until April 2012, and compare them to results of the atmospheric chemical climate model EMAC. The retrieved

distributions are based on space-borne measurements of infrared limb-emission spectra recorded by the Michelson Interferom-

eter for Passive Atmospheric Sounding (MIPAS) on Envisat. The derived vertical profiles of BrONO2 volume mixing ratios

represent 10◦ latitude bins and three-day means, separated into sunlit observations and observations in the dark. The estimated5

uncertainties are around 1–4pptv caused by spectral noise for single profiles as well as for further parameter and systematic

errors which may not improve by averaging. Vertical resolutions range from 3 to 8 km between 15 and 35 km altitude.

All leading modes of spatial and temporal variability of stratospheric BrONO2 in the observations are well replicated by

the model simulations: the large diurnal variability, the low values during polar winter as well as the maximum values at mid-

and high latitudes during summer. Three major differences between observations and model results are observed: (1) a model10

underestimation of enhanced BrONO2 in the polar winter stratosphere above about 30 km of up to 15 pptv, (2) up to 8 pptv

higher modelled values than observed globally in the lower stratosphere up to 25 km most obvious during night, and (3) up to

5 pptv lower modelled concentrations at tropical latitudes between 27 and 32 km during sunlit conditions. (1) is explained by

the model missing enhanced NOx produced in the mesosphere and lower thermosphere subsiding at high latitudes in winter.

This is the first time that observational evidence for enhancement of BrONO2 caused by mesospheric NOx production is15

reported. The other major inconsistencies (2,3) between EMAC model results and observations are studied by sensitivity runs

with a 1d model. These tentatively hint to a model underestimation of heterogeneous loss of BrONO2 in the lower stratosphere,

a simulated production of BrONO2 that is too low during day as well as strongly underestimated BrONO2 volume mixing

ratios when loss via reaction with O(3P) is considered in addition to photolysis. However, considering the uncertainty ranges

of model parameters and of measurements, an unambiguous identification of the causes for the differences remains difficult.20

The observations have also been used to derive the total stratospheric bromine content relative to years of stratospheric entry

between 1997 and 2007. With an average value of 21.2±1.4 pptv of Bry at mid-latitudes where the modelled adjustment from

BrONO2 to Bry is smallest, the MIPAS data agree with estimates of Bry derived from observations of BrO as well as from

MIPAS-Balloon measurements of BrONO2.
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1 Introduction25

Besides chlorine, bromine is the major halogen constituent with anthropogenic and natural sources affecting stratospheric

ozone (e.g. Sinnhuber et al., 2009; Engel et al., 2018). After Wofsy et al. (1975) had described the possible relevance of

bromine for ozone, the important role of bromine nitrate (BrONO2) within stratospheric bromine chemistry was proposed

by Spencer and Rowland (1978). They noticed the much faster photolysis of BrONO2 compared to ClONO2, which is an

important prerequisite for the effectiveness of bromine ozone destruction cycles compared to those of chlorine (Lary, 1997;30

Klobas et al., 2020).

BrONO2 is produced via the termolecular reaction (Burkholder et al., 2019, and references therein):

BrO+NO2
M−→ BrONO2 (R1)

Due to its relatively short lifetime, the BrONO2 concentration is strongly coupled to changes of NO2 (Lary, 1996). The 1-�

uncertainty factor of the reaction rate R1 as provided by Burkholder et al. (2015, 2019) is 1.2 (i.e. 20% uncertainty) at 298K35

increasing to ∼1.9 at stratospheric temperatures of 220K.

The main loss process of BrONO2 during day is photolysis (Burkholder et al., 2019, and references therein):

BrONO2 +h�→ Products (R2)

in which the products are Br + NO3 and BrO + NO2. The recommended quantum yields at wavelengths above 300nm, being

most important in the lower stratosphere, are 0.85 and 0.15, respectively. While in Sander et al. (2011) a combined uncertainty40

in cross sections and quantum yields of 1.4 is provided, the most recent evaluations (Burkholder et al., 2015, 2019) assign one

wavelength-independent uncertainty factor of 1.2 (2-�) to the cross sections.

Further loss of BrONO2 is due to atomic oxygen (Soller et al., 2001):

BrONO2 +O(3P)→ BrO+NO3 (R3)

which occurs, like R2, only during day due to the necessary presence of O(3P). The 1-� uncertainty factor for the reaction coef-45

ficient varies between 1.25 at room temperature and 1.3 at 220K (Burkholder et al., 2019). However, independent confirmation

of the reaction parameters of R3 is pending (Burkholder et al., 2019).

Finally, heterogeneous reactions can affect BrONO2 concentrations, like hydrolysis in sulfuric acid aerosols (Burkholder

et al., 2019, and references therein):

BrONO2 +H2O(s; l;H2SO4 ·nH2O)→HOBr+HNO3 (R4)50

or in combination with halogens at surfaces, like:

BrONO2 +HCl(H2O(s);H2SO4 ·nH2O)→ BrCl+HNO3 (R5)

where typical uncertainty factors of the gas/surface reaction probabilities are in the range of 2–4 (Burkholder et al., 2019).
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Given the relatively large uncertainties in most of these leading reactions involvingBrONO 2, comparison of observations

to model calculations can be helpful for veri�cation or even for suggesting improvements. For example, Kreycy et al. (2013)55

analysed stratospheric balloon observations and concluded that the ratio JBrONO 2 /kBrO+NO 2 should be increased to �t their

data. Such investigations can be useful, �rst, to improve model simulations of stratospheric ozone loss and, second, to aid the

analysis of the total stratospheric bromine (Bry ) content from observations of one species, such asBrO (e.g. Harder et al.,

2000; Dorf et al., 2006a, 2008; Millán et al., 2012; Stachnik et al., 2013; Kreycy et al., 2013; Werner et al., 2017; Engel et al.,

2018).60

Anthropogenic and natural emissions both contribute roughly equally to the present-day stratospheric bromine loading:

Engel et al. (2018) give a best estimate of the total stratospheric bromine loading for 2016 of 19.6pptv , of which natural sources

contribute slightly more than 10pptv . Brominated very short-lived substances (VSLSs), such as bromoform (CHBr 3) and

dibromomethane (CH2Br2) contribute about 5pptv to the stratospheric bromine loading, but their precise current contribution,

any possible long term changes, and the additional in�ux of inorganic product gases (product gas injection, PGI) are still65

uncertain (e.g. Sinnhuber et al., 2009; Aschmann and Sinnhuber, 2013; Falk et al., 2017). In this context, the observation of

BrONO 2 provides an additional independent approach to determine totalBry (Wetzel et al., 2017) and, in consequence, to

estimate the relative contribution of brominated VSLSs.

Due to its spectral lines in the microwave and UV-vis, remote sensing observations of BrO, the major inorganic bromine

species in the lower stratosphere during sunlit hours, are common from ground (e.g. Solomon et al., 1989; Carroll et al.,70

1989; Fish et al., 1995; Theys et al., 2007; Hendrick et al., 2008), from aircraft (e.g. Koenig et al., 2017; Werner et al., 2017;

Rotermund et al., 2021), from balloons (e.g. Harder et al., 2000; Pundt, 2002; Dorf et al., 2006a, 2008; Stachnik et al., 2013;

Kreycy et al., 2013) and from satellites (e.g. Sinnhuber et al., 2005; Livesey et al., 2006; Kovalenko et al., 2007; McLinden

et al., 2010; Rozanov et al., 2011; Millán et al., 2012; Parrella et al., 2013). In contrast,BrONO 2, the most important night-

time reservoir of bromine, was detected in infrared limb-emission observations by the Michelson Interferometer for Passive75

Atmospheric Sounding (MIPAS) instrument on board the Envisat satellite only a decade ago (Höpfner et al., 2009). At that time

the retrieval of altitude pro�les was complicated by uncertainties in the infrared absorption cross-sections ofBrONO 2. In the

meantime, Wagner and Birk (2016) provided an improved infrared spectroscopic database covering stratospheric conditions.

On basis of these new data, Wetzel et al. (2017) analysed the diurnal variation ofBrONO 2 during three �ights of the MIPAS-

Balloon instrument.80

In this paper we introduce the �rst day- and night-time climatology of stratosphericBrONO 2 as derived for the� 10 year

lifetime of MIPAS/Envisat. We compare the results to global model simulations and discuss major differences by use of 1d

photochemical modelling. Finally, the total stratosphericBry content is estimated.
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2 Methods

2.1 MIPAS instrument and data analysis85

Flying on the polar orbiting satellite Envisat, the limb-sounder MIPAS recorded infrared spectra of the atmospheric thermal

emission from 2002 until 2012 (Fischer et al., 2008). MIPAS was operated in two major modes: during period 1 (P1), be-

tween July 2002 and March 2004, the spectral resolution, de�ned here as 0.5� (maximum optical path difference)� 1, was

0.025cm� 1, and during period 2 (P2) between January 2005 and April 2012, the resolution was set to 0.0625cm� 1. During

P1 the spectra of the "nominal" viewing modes as used in this work were taken at 17 tangent points between 7 and 72km with90

3km steps up to 42km, and somewhat larger steps above. During P2, 27 spectra were recorded per limb-scan with latitude-

dependent tangent altitudes ranging from 5–70km at the poles to 12–77km over the Equator, with steps increasing with height

from 1.5km to 4.5km. The along-track sampling distance between each limb-scan was� 550km during P1 and� 420km

during P2. The local solar equator crossing time at the position of the tangent points is around 10:10 for the descending node

and 22:20 for the ascending node of the sun-synchronous orbit.95

Since the �rst stratospheric detection ofBrONO 2 (Höpfner et al., 2009), retrievals from averaged MIPAS spectra have been

established for species with very weak signatures, such asSO2 andNH3 (Höpfner et al., 2013, 2016). The retrieval of vertical

pro�les of BrONO 2 volume mixing ratios as applied for the current dataset follows closely the procedure described in Höpfner

et al. (2009). Here we brie�y describe the retrieval scheme as well as the applied improvements with respect to Höpfner et al.

(2009):100

For the selection of spectra to be averaged zonally as well as temporally, the cloud �lter method by Spang et al. (2004) has

been applied to sort out any measurements affected by tropospheric as well as polar stratospheric clouds. Further, only spectra

above about 15km tangent altitude have been used for averaging, so as to concentrate mainly on the stratosphere. We have

applied a constrained nonlinear multiparameter least-squares �tting procedure to each limb-sequence of averaged spectra to

derive pro�les of trace gas volume mixing ratios at 1km spaced vertical levels. Here we have used the same spectral interval105

(801–820cm� 1) and atmospheric parameters simultaneously �tted withBrONO 2 (O3, ClONO2, NO2, CFC� 22, HNO4,

COF2, HNO3, ClO CCl4, CFC� 113, PAN, T) as in Höpfner et al. (2009). We have applied a �rst-order smoothing constraint

(Steck, 2002; Tikhonov, 1963) to dampen oscillations in the retrieved pro�les. The regularization strength for each of the

simultaneously derived species has been adjusted separately and the related a-priori pro�le for the target speciesBrONO 2 was

set to 0.1pptv while for the other species climatological pro�les have been used.110

Major improvements and updates compared to Höpfner et al. (2009) are:

1. The most recent version (V8.03) of level-1B calibrated limb-radiances by the European Space Agency (ESA) has been

used (https://earth.esa.int/web/sppa/mission-performance/esa-missions/envisat/mipas/products-availability/level-1/level1-8.

03).

2. To simulate the spectral feature ofBrONO 2, the new pressure- and temperature-dependent infrared spectroscopic115

database by Wagner and Birk (2016) have been used.
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3. The spectroscopy of the interfering gases has been taken from the high-resolution transmission molecular absorption

database (HITRAN) 2016 (Gordon et al., 2017) with the exception ofHO2NO2. For this gas, the infrared cross-sections

in HITRAN for 220K by May and Friedl (1993) have been extended by the ones of Friedl et al. (1994), which were

measured at 298K, to account for different atmospheric temperatures by two-point interpolation (Wetzel et al., 2017).120

4. While in Höpfner et al. (2009) retrievals have been performed based on monthly mean spectra of September 2002 and

2003 within few coarse latitude bands, here we have subdivided the MIPAS measurements into 18 latitudes bands of 10�

spacing with a temporal binning of three days over the whole observational period 2002–2012.

We have estimated altitude dependent errors of theBrONO 2 retrieval by applying assumptions about single error sources to

two randomly selected periods in March and June for the years 2003 and 2009, thus during P1 and P2, respectively. The results125

are shown in Fig. 1 together with the total error pro�le calculated by quadratic combination of single error components. Instru-

mental uncertainties are estimated at 3% for the instrument line shape expressed as linear loss of modulation ef�ciency toward

the maximum optical path difference of the interferometer (ILS), 1% for radiometric gain calibration (RadGain), and 300m

for tangent height knowledge (Htang). The uncertainty of European Centre for Medium-Range Weather Forecasts (ECMWF)

temperatures (Temp) has been set to values of 2K below and 5K above 35km altitude. The uncertainty of theBrONO 2130

spectroscopy has been assumed as 5%, which is on the conservative side considering the 2% (1-� ) error estimation given in

Wagner and Birk (2016). Further errors refer to the spectroscopic parameters of interfering gases. For those, we have assumed

uncertainties of 5% for species described by cross-sections (SpecXitf), 5% for intensities (SpecINTitf) and 10% for the half

widths of the line-parameters (SpecHWift). These assumptions are within the typical errors provided in the database (Gordon

et al., 2017). A further error term describing the retrieval from averaged spectra (NonLin) has been estimated on the basis of135

dedicated retrieval simulations as detailed in Höpfner et al. (2009). For this estimate the values used for the tangent altitude

scatter of single observations were set to 400m and 300m (1-� ) during P1 and P2, respectively.

The total error estimate, as calculated by quadratic combination of the single components is given by the blue lines in Fig. 1.

Around this total error estimate, the blue shading indicates the variability of the estimated errors for all latitude bands. In

general, the estimated total errors vary between about 1pptv and 4pptv , independent of day- or night-time observations. They140

appear to be slightly smaller during P1 compared to P2, which is probably due to the better spectral resolution during P1.

Further, it is evident from Fig. 1 that below 20–23km, total parameter errors and spectral noise are the dominant contribution

to the total error, while at larger altitudes it is mostly dominated by spectral noise.

As a further diagnostic measure of the retrieval, Fig. 2 shows the vertical resolution as a function of altitude. It has been

calculated by dividing the retrieval grid width of 1km by the diagonal elements of the averaging kernel matrices (Rodgers,145

2004). The vertical resolution is about 3km at 15km altitude and becomes coarser with altitude, reaching 8km at 35km

altitude. The vertical resolution is generally �ner at the tangent altitudes and coarser at retrieval levels between the tangent

altitudes. Conversely, the retrieval noise is larger at the tangent altitudes and smaller at altitude levels in between. These effects

are only visible when a retrieval setup is chosen where the retrieval grid is �ner than the tangent altitude spacing. Since in period

5



P1 the tangent altitude grid is �xed, this effect survives the averaging, leading to a zigzag pro�le of the vertical resolution. In150

contrast, in P2 the tangent altitude grid varies with latitude, and the zigzag features of vertical resolution average out.
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Figure 1. Retrieval error estimates from four 3-day periods, two during P1 (top) and two during P2 (bottom), for both dark (left) and

sunlit (right) conditions Considered error sources are the uncertainties of the instrumental line shape and radiometric gain calibration (ILS,

RadGain), the pointing knowledge (Htang), assumed temperature pro�les (Temp), spectroscopic errors ofBrONO 2 absorption cross sections

(SpecBrONO2) and errors in cross-sections (SpecXitf), line half-widths (SpecHWift) and line intensities (SpecINTitf) of interfering species,

as well as the error due to the applied technique of retrievals from averaged spectra (NonLin) and the spectral noise of the instrument (Noise).

The total error (Total Err) has been determined by quadratic combination of all single error components while the combined parameter and

systematic error (Tot paraerr) considers all uncertainties except the spectral noise. The blue �lled space around the total error curves indicates

the areas in which 90% of the total error pro�le estimates fall into.
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Figure 2. Examples for the vertical resolution of the MIPASBrONO 2 retrieval as derived from the diagonal elements of the averaging

kernel matrices. Given curves are averages over all latitude bands for the given periods during P1 and P2. The zigzag during P1 is caused by

the constant tangent altitude grid while during P2, the variation of tangent altitudes with latitude smear out this effect. Note that the vertical

resolution is generally �nest at the tangent points and coarsest in between.
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2.2 Atmospheric modelling

We have compared the MIPASBrONO 2 dataset with a multi-annual simulation from the chemical climate model ECHAM/

MESSy Atmospheric Chemistry (EMAC) (Jöckel et al., 2010). Within EMAC, the interface Modular Earth Submodel System

(MESSy) links the sub-models describing tropospheric and middle atmospheric processes to the dynamical core, the �fth-155

generation European Centre Hamburg general circulation model ECHAM5 (Roeckner et al., 2006). We have used EMAC

(ECHAM5 version 5.3.02, MESSy version 2.52) in the T42L90MA-resolution with 90 vertical hybrid pressure levels from the

ground up to 0.01hPa (� 80km) and a horizontal resolution of� 2.8� � 2.8� latitude� longitude. The sub-models MECCA

(Sander et al., 2005) and MSBM (Kirner et al., 2011) simulate gas-phase chemistry and polar stratospheric clouds including

heterogeneous reaction rates, respectively. To reproduce realistic conditions for comparison with the observations, the model160

run was nudged towards the ECMWF reanalysis ERA-Interim (Dee et al., 2011) by a Newtonian relaxation technique of surface

pressure, temperature, vorticity, and divergence above the boundary layer and below 1hPa (van Aalst, 2005). We have applied

a comprehensive chemistry set-up from the troposphere to the lower mesosphere with more than 100 species involved in gas-

phase, photolysis, and heterogeneous reactions on liquid sulfate aerosols, nitric acid trihydrate (NAT), and ice particles. Rate

constants for gas phase reactions have been taken mainly from Atkinson et al. (2007) and the Jet Propulsion Laboratory (JPL)165

compilation (Sander et al., 2011). Photochemical reactions of short-lived bromine containing organic compoundsCHBr 3,

CH2Br2, CH2ClBr , CHClBr 2, andCHCl2Br are included in the model set-up (Jöckel et al., 2016). Boundary conditions for

CH3Br and the bromine-containing halons were taken from Meinshausen et al. (2011) and extended with the RCP6.0 scenario

as suggested by Eyring et al. (2013). We have used scenario 5 of Warwick et al. (2006) to describe the surface emissions

of these organic bromine species. During the MIPAS measurement periods, from the model output �rst all data within one170

hour around 10 LT and 22 LT were selected. Depending on their latitude, longitude and altitude, they were then assigned to

sunlit and dark conditions and averaged over the observational bins of 10� latitude and three-day periods. In the extreme cases

of twilight conditions at high latitudes this might induce differences between modelling and observations. However, in the

discussion below we only refer to situations which are not affected by twilight conditions.

For speci�c sensitivity investigations at low latitudes we have applied a 1d photochemical stacked box model. The chemical175

mechanism of the 1d model is based on the SLIMCAT model (Sinnhuber et al., 2005, and references therein). The 1d model

runs have been initialized with equatorial mean pro�les of the EMAC simulation of all inorganicBry species andNO2. For

the other species as well as pressure and temperature, equatorial pro�les from the MIPAS reference database have been used

(Remedios et al., 2007). A comparison of the parameters of several bromine reactions between EMAC, the 1d baseline model

run and the JPL2019 compilation (Burkholder et al., 2019) is provided in Table D1.180
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3 The MIPAS dataset in comparison to EMAC model results

3.1 Overview of the measurements

We provide overviews of the MIPASBrONO 2 volume mixing ratio datasets in full temporal resolution in the left panels of

Figs. 3 and 4 for observations during dark (night) and sunlit (day) conditions, respectively. White spaces indicate regions where

no measurements are available, such as observations in the dark during high-latitude summer as well as sunlit measurements185

during winter. A measurement gap due to instrumental issues of MIPAS happened between April 2004 and January 2005 and

in the subsequent years, observations were ramped up through about 2007. From then on, quasi continuous coverage exists

until April 2012. The coverage at lower altitudes is determined by the lower limit of 15km, chosen to con�ne the retrievals

primarily to the stratosphere, and by the presence of high-altitude clouds and the scan pattern of MIPAS (which is mainly a

factor in the tropics). Some additional data gaps exist at high southern latitudes during winter when thick polar stratospheric190

clouds (PSCs) obscured the observations.

From Figs. 3 and 4 the major features of the stratosphericBrONO 2 variability can be discerned in our measurements:

1. The diurnal variability (Fig. 3 vs. Fig. 4) as a manifestation of the fast photolysis during day (Eq. R2) versus the produc-

tion (Eq. R1).

2. The annual recurrence of low values during night at high latitudes (Fig. 3) due to the lack ofNOx as a supply for the195

production (Eq. R1) in combination with heterogeneous loss due to the presence of PSC particles (Eqs. R4 and R5).

3. The annual maxima ofBrONO 2 volume mixing ratios at high- and mid-latitudes during day- and night-time observations

in summer caused by the annual variability ofNO2.

4. The lack of a similarly clear seasonal variability at tropical latitudes.

We have reduced the dataset to annual views by averaging over the whole MIPAS observational period in order to provide a200

clearer picture on intra-annual variabilities. The related horizontal and vertical cross-sections are presented in Figs. 5–8. During

dark conditions, maximum mean mixing ratios of around 22pptv are reached mainly in mid-latitudes at altitudes of 25–30km

during the summer months while in winter only about 18pptv are observed. During sunlit conditions, largestBrONO 2 mixing

ratios of up to about 11pptv appear in high latitudes at 20–25km altitude during summer. Negative retrieved mean mixing

ratios in the sub-tropics and tropics below about 18–22km altitude are discussed more in detail below.205
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Figure 3. Horizontal cross sections (latitude versus time) of measured (left) and modelled (right)BrONO 2 volume mixing ratios at selected

altitudes over the whole time period of MIPAS observations during dark conditions. Retrieval averaging kernels have been applied to model

data. White areas indicate the absence of measurements.
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Figure 4. Same as in Fig. 3 but for sunlit measurements.
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Figure 5. Horizontal cross-sections (latitude versus time) of the annual development of measured (left) and modelled (right, with averaging

kernels applied)BrONO 2 volume mixing ratios during dark conditions at selected altitudes calculated as average values over the whole

MIPAS dataset in weekly bins (see Fig. 3).
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