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Abstract： 20 

Arctic reactive halogen species (RHS) are pivotal in mediating polar air-sea interactions and 21 

global biogeochemical cycling. Based on ship-borne MAX-DOAS observations from the 12th 22 

Chinese National Arctic Research Expedition (July to September 2021), this study provides a 23 

systematic performance assessment of TROPOMI, GEMS, and GOME-2 satellite products in the 24 

Arctic (R > 0.6). Our findings indicate that tropospheric BrO variability is predominantly governed 25 

by sea-ice contact (SIC) duration, accounting for 48.63% of the variance in a Generalized Additive 26 

Model (GAM). Potential BrO source regions are identified in western Greenland, the high-latitude 27 

Canadian Arctic, and the Marginal Ice Zone (MIZ). Implementing a dynamic boundary layer height 28 

(BLH) constraint enhanced the correlation from 0.73 to 0.77. Meteorological conditions exert 29 

significant modulation on activation efficiency. For instance, correlations reached 0.84 under 30 

southwesterly flow, whereas snowfall reduced the correlation from 0.84 during snow-free periods 31 

to 0.61 during snowfall events. Conversely, IO spatial variability is primarily driven by marine 32 

biogenic emissions, exhibiting a positive correlation with chlorophyll-a concentrations (R = 0.64) 33 

and clustering in phytoplankton-rich regions such as the Bering Strait. In the MIZ, the moderate 34 
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correlation between BrO and IO (R = 0.5) suggests their co-evolution at the shared ice-ocean-35 

atmosphere interface. These high-resolution datasets provide critical a priori constraints for 36 

atmospheric chemistry models. Specifically, they facilitate the optimization of polar emission 37 

parameterizations and reactive halogen budgets, thereby enhancing the predictive accuracy of 38 

GEOS-Chem and WRF-Chem for polar atmospheric processes and improving the robustness of 39 

global climate assessments. 40 

1. Introduction 41 

The unique geographic and climatic conditions of the polar regions make them sensitive 42 

indicators and amplifiers for global climate change and atmospheric chemistry. They play an 43 

irreplaceable role in regulating global ozone balance, aerosol cycles, and air-sea interactions 44 

(Polvani et al., 2020). Nitrogen oxides (NOX), formaldehyde (HCHO), and RHS, including X, HOX, 45 

XY, OXO, XNO2, X2, XO, and XONO2, where Y and X represent halogen atoms such as I and Br 46 

are core components of polar atmospheric chemistry (Hara et al., 2020; Saiz-Lopez et al., 2008). 47 

Halogen radicals (e.g., Br, I, Cl) drive polar ozone depletion catalytically (Hara et al., 2020; Polvani 48 

et al., 2020), while RHS also modulate the HOX and NOX ratios (Bloss et al., 2005; Khosravi et al., 49 

2020; Ranjithkumar et al., 2023). XO radicals oxidize NO to NO2, thus increasing the NOX ratio; in 50 

contrast, they react with HO2 to form HOX, which subsequently undergoes photolysis (a process 51 

particularly efficient for HOI) to generate OH, thereby decreasing the HOX ratio (Saiz-Lopez et al., 52 

2007; Welsh et al., 2023). The bromine explosion process on saline surfaces covered by sea ice or 53 

snow converts bromide ions (Br⁻) into gaseous reactive bromine species, serving as the primary 54 

source of bromine in the polar boundary layer (Hara et al., 2020; Saiz-Lopez et al., 2007). In contrast, 55 

iodine oxides (IO) originate mainly from marine phytoplankton, with their concentrations tightly 56 

linked to polar ecosystem dynamics (Cuevas et al., 2018). Fig. S1 illustrates the key chemical cycles 57 

of iodine and bromine in the polar troposphere. 58 

Currently, polar atmospheric composition observations primarily rely on satellite remote 59 

sensing (Begoin et al., 2010; Blechschmidt et al., 2016; Bougoudis et al., 2020; Dameris et al., 2021; 60 

De Laat et al., 2024; Hindley et al., 2019; Mahajan et al., 2021; Roy et al., 2024; Seo et al., 2020; 61 

Yang et al., 2021) and ground-based station measurements (Crutzen, 1970; Frieß et al., 2010, 2011; 62 

Gong et al., 2025; Hao et al., 2025; Luo et al., 2018; Mahajan et al., 2021, 2024; Prados-Roman et 63 

al., 2018), yet both suffer from notable limitations. While satellite remote sensing enables large scale 64 

coverage, the unique high albedo snow and ice surfaces, extreme low temperatures, and high cloud 65 

cover in polar regions limit its retrieval accuracy for trace gases, particularly low concentration BrO 66 

and IO. Furthermore, the spatiotemporal resolution of satellites is insufficient to capture the rapid 67 

dynamics of polar photochemical reactions (e.g., reactive bromine radicals have lifetimes as short 68 

as minutes), precluding real-time tracking of short-term trace gas variations (Wagner et al., 2007). 69 

Ground-based stations deliver high resolution data but are predominantly located in terrestrial or 70 

island regions of Antarctica and the Arctic (Frieß et al., 2011; Luo et al., 2018; Prados-Roman et al., 71 
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2018; Simpson et al., 2017; Yang et al., 2020). Since approximately 70% of polar areas consist of 72 

oceans, data on NO2, HCHO, and RHS in the marine boundary layer are scarce. This scarcity means 73 

satellite retrieval results over oceanic regions lack effective validation.  74 

Additionally, regional studies of reactive halogen species exhibit distinct gaps: most research 75 

on BrO and IO focuses on local regions like the Antarctic Peninsula and Arctic Svalbard (Adachi et 76 

al., 2022; Čížková et al., 2023; Luo et al., 2018; Mahajan et al., 2024; Park et al., 2023; Spagnesi et 77 

al., 2024), with ship-based DOAS data missing for extensive oceanic areas such as the Arctic 78 

Chukchi and Beaufort Seas. Extensive literature over the past few decades has established the 79 

foundation for research on polar halogen activation (Brockway et al., 2024; Luo et al., 2018; 80 

Peterson et al., 2017; Pratt et al., 2013; Swanson et al., 2020; Wagner et al., 2007), particularly 81 

regarding the distribution and underlying mechanisms of reactive halogens during the polar spring. 82 

Specifically, Pratt et al. (2013) confirmed the photochemical production of Br2 from sunlit snowpack, 83 

while Swanson et al. (2020) identified distinct environmental patterns of reactive bromine events 84 

through long-term ground-based observations. However, existing datasets primarily analyze 85 

springtime data and are concentrated at stationary sites such as Alert, Utqiaġvik, and Ny-Ålesund. 86 

Observational evidence for the summer melt season remains scarce, leaving the evolution 87 

mechanisms of the halogen cycle under continuous high-radiation conditions unclear. Thus, there is 88 

an urgent need for mobile, high spatiotemporal resolution on-site detection techniques to resolve 89 

polar boundary layer chemical processes and accurately identify the sources and transformations of 90 

halogen species. Ship-based Multi-Axis Differential Optical Absorption Spectroscopy (MAX-91 

DOAS) is well suited to address this gap: by collecting scattered sunlight from multiple directions, 92 

it retrieves IO, BrO, HCHO, and other trace gases from the ultraviolet visible spectrum. Moreover, 93 

it enables point-line integrated mobile observations aboard research vessels, serving as a robust tool 94 

for studying atmospheric composition in polar oceanic regions (Nasse et al., 2015a, b; Wagner et 95 

al., 2007). 96 

In recent years, Arctic sea-ice extent has exhibited a significant declining trend, which directly 97 

impacts key processes in polar atmospheric chemistry (e.g., the extent and intensity of bromine 98 

explosions). Significant reductions in Arctic sea-ice extent and concentration were observed in 99 

August 2021, particularly in the Beaufort Sea and Bering Strait (Fig. S2). These changes alter the 100 

saline water-sea surface-atmosphere exchange interface and influence marine phytoplankton 101 

distribution, which may further modulate the release and formation of reactive halogen species. 102 

Leveraging the ship-based MAX-DOAS measurements aboard the Xuelong 2 during China's 103 

12th Arctic Scientific Expedition (2021), this study pursued the following objectives consistent with 104 

the nature of a Measurement Report: 1) Evaluate the polar applicability of NO2, HCHO, and BrO 105 

satellite products by providing a high-precision on-site benchmark for validating retrieval 106 

uncertainties in polar oceanic regions. 2) The sea-ice-driven mechanism governing tropospheric 107 

BrO was validated, with the quantification of sea-ice contact (SIC) duration refined by incorporating 108 
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boundary layer height constraints. Furthermore, Generalized Additive Models (GAMs) were 109 

employed to elucidate the synergistic influences of meteorological parameters and sea-ice surface 110 

characteristics on the BrO - SIC relationship. 3) Verify the biogenic driving mechanism of IO 111 

concentrations by quantifying its correlation with MODIS-derived chlorophyll-a and revealing the 112 

spatial differentiation between sea-ice-derived BrO and biogenic IO. By filling critical observational 113 

gaps in the Arctic marine boundary layer, this report provides essential empirical constraints for 114 

upgrading the parameterizations of halogen chemical cycles in atmospheric chemistry models (e.g., 115 

GEOS-Chem and WRF-Chem), thereby enhancing the accuracy of polar air–sea interaction 116 

simulations and global climate assessments. 117 

2. Experiment 118 

2.1 Experimental Setup 119 

The instrument was installed on the research vessel Xuelong 2 on July 10, 2021, and performed 120 

continuous automated measurements throughout the cruise. The vessel departed Shanghai Port 121 

(31.35°N, 121.69°E) on July 12, 2021, sailing via the Korea Strait, Soya Strait, Bering Strait, 122 

Beaufort Sea, and Siberian Seas (see Fig. 1 for the detailed trajectory). The time of the first contact 123 

with sea ice was July 24 (72.20°N, 169.18°W); subsequently, the vessel sailed toward the Arctic 124 

region and began its return voyage on August 28, 2021.The instrument was fixed on the vessel's 125 

side deck, mounted away from the ship's exhaust vents with an unobstructed surrounding field of 126 

view (Tan et al., 2018). During ship-based mobile measurements, the observation azimuth was 127 

directed toward the stern (see Fig. S3 for the vessel's top view). The ship-based MAX-DOAS system 128 

comprises a motor driven observation unit, a spectrometer operating in the 300-460 nm range 129 

(spectral resolution: 0.6 nm), a temperature control system, and a computer control unit. For 130 

measurements, right angle prisms reflect scattered sunlight at different elevation angles; this light is 131 

transmitted to the spectrometer via optical fibers for spectral acquisition, and the computer control 132 

unit performs spectral analysis. The temperature control system ensured stable instrument operation 133 

under the Arctic's extreme cold conditions. Ship sway caused the telescope's elevation angle relative 134 

to the vessel to deviate from the actual observation direction. To mitigate this effect, the spectral 135 

exposure time was set to 100 ms, which is short enough that ship movement during spectral 136 

recording was negligible. Additionally, the observation elevation angle sequence was set to 10°, 20°, 137 

and 90° (zenith) to reduce the impact of ship roll on the observed spectra. The system was also 138 

equipped with a high precision Global Positioning System to log the vessel's real time cruise 139 

coordinates and trajectory. 140 
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 141 

Fig. 1. Trajectories of the research vessel for the 12th Arctic Scientific Expedition: (a) Go from 142 

Shanghai to the Arctic; (b) Return from the Arctic 143 

2.2 Data Analysis 144 

2.2.1 Data Processing and Filtering 145 

Data retrieval was conducted using the QDOAS software (BIRA-IASB; http://uv-146 

vis.aeronomie.be/software/QDOAS) based on the DOAS principle. For ship-based spectral 147 

processing, offset corrections and dark current were first applied to the data. During retrieval, zenith 148 

spectra for each elevation angle sequence were used as reference spectra. Detailed retrieval 149 

parameters are provided in Table 1, with retrieval configurations following previous studies (Frieß 150 

et al., 2023; Hong et al., 2018; Mahajan et al., 2021; Saiz-Lopez et al., 2008). A 5th-order 151 

polynomial was used to remove broad band structures induced by Mie and Rayleigh scattering, 152 

while a nonlinear intensity offset was incorporated into the fitting process to mitigate the impact of 153 

instrument stray light. 154 

Table 1. Retrieval settings of IO, BrO, HCHO, and NO2 155 

Parameter Reference Fitting intervals (nm) 

  NO2 HCHO BrO IO 

Fitting wavelength 338-370 336.5-359 346-358 416-439 

NO2 (298K) (Vandaele et al., 1998) √ √ √ √ 

NO2 (220K) (Vandaele et al., 1998) √ √ √ √ 

HCHO (298K) (Meller and Moortgat, 2000) √ √ × √ 

HONO (296K) (Stutz et al., 2000) × × √ √ 

O3 (243K) (Serdyuchenko et al., 2014) √ × √ √ 

O3 (223K) (Serdyuchenko et al., 2014) √ × √ √ 

O4 (293K) 
(Thalman and Volkamer, 

2013) 
√ √ √ √ 

BrO (223K) (Fleischmann et al., 2004) √ √ √ × 

H2O (Rothman et al.2009) × × × √ 
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IO 
(Carlos Gómez Martín et al., 

2005) 
× × × √ 

Ring Calculated with QDOAS √ √ √ √ 

Polynomial 

degree 
 

5th 

order 
5th order 5th order 3rd order 

Intensity offset  Constant Constant Constant Constant 

Ship-based MAX-DOAS retrieves differential slant column densities (DSCDs) using 156 

sequential zenith reference spectra, which effectively eliminates the stratospheric background and 157 

enables the detection of tropospheric trace gases. To compensate for minor changes in spectrometer 158 

spectral calibration, spectral shift and stretching were incorporated during the fitting process. Fig. 2 159 

presents a typical spectral fitting result for a spectrum measured at 10° elevation at 1:02 UTC on 160 

August 15, 2021. Only retrieval values with a root mean square (RMS) < 3×10-3 and SZA < 75° 161 

were retained in this study. During mobile measurements, the ship's exhaust plume could interfere 162 

with trace gas measurements under unfavorable wind conditions. To eliminate ship exhaust 163 

interference with the spectra, spectral data measured at ship speeds below 5 km/h were filtered out, 164 

and spectra acquired under unfavorable wind conditions (0°-90° and 315°-360°) were excluded. A 165 

schematic representation of these filtering criteria is provided in Fig. S3. The filtered dataset 166 

remained adequate for robust analysis (Behrens et al., 2019). 167 
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Fig. 2.An example of Ship MAX-DOAS spectral fittings for (a) NO2, (b) HCHO, (c) BrO, and (d) 169 

IO. The spectrum was recorded at 1：02 UTC on August 15, 2021, with an elevation of 10°. 170 
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2.2.2 Uncertainties in Stratospheric-Tropospheric Separation 171 

The separation of tropospheric and stratospheric contributions using DSCDs involves several 172 

layers of uncertainty. Following established error assessment methodologies (Hendrick et al., 2007; 173 

Tack et al., 2015; Wittrock et al., 2004), the total uncertainty in our retrieved tropospheric vertical 174 

columns is attributed to two primary factors. First, spectral noise and statistical fitting uncertainties 175 

account for approximately 5% to 10% of the DSCD error under clear-sky conditions. Second, 176 

uncertainties arise from atmospheric spatial inhomogeneity and stratospheric photochemical 177 

gradients. These gradients are particularly pronounced for reactive species such as NO2 and BrO. 178 

To mitigate this, we restricted our analysis to observations with SZA < 75°, ensuring that the 179 

stratosphere remained in a photochemical quasi-steady state. Additionally, the implementation of a 180 

sequential zenith reference spectrum (ZRS) within short intervals (a few minutes) effectively 181 

minimizes the influence of stratospheric temporal and spatial variability. In the Arctic environment, 182 

the residual error stemming from stratospheric gradients following the sequential ZRS subtraction 183 

is estimated to be less than 10%.  184 

Based on these components, the combined uncertainty for the tropospheric and stratospheric 185 

separation during this campaign ranges from 11.2% to 14.1%. We note that the relative uncertainty 186 

may increase in the pristine Arctic atmosphere when tropospheric abundances are near detection 187 

limits. 188 

2.2.3 Retrieval of Trace Gas Vertical Column Densities 189 

Because DOAS analysis yielded DSCDs in this study, conversion to vertical column densities 190 

(VCDs) required the application of differential atmospheric air mass factors, and the specific 191 

formula is given below: 192 

        (1) 193 

In the above equation,   denotes the telescope observation angle, and   is 194 

expressed as  . Owing to rapidly changing radiative conditions and 195 

heterogeneous air masses encountered during ship-based MAX-DOAS campaigns, an alternative 196 

retrieval method was developed for mobile platforms. This method, which has been successfully 197 

applied in previous mobile MAX-DOAS studies (Hong et al., 2018; Wagner et al., 2010), 198 

demonstrates superior performance over the standard approach. Therefore, this study adopts this 199 

method to retrieve tropospheric VCDs, with the specific formula provided below: 200 

                (2) 201 

In the above equation, SZA denotes the Solar Zenith Angle. The difference between 202 
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and  two unknowns) is defined as  . Combining Equations (1) and (2) 203 

yields the specific expression for . 204 

    (3) 205 

Here,  is a time smooth function, fitted to the  time series using a second 206 

order polynomial, where  denotes the time interval between two spectra at a given observation 207 

angle. The calculated  time series is expressed as: 208 

     (4) 209 

The fitted polynomial approximates  ; substituting it into Equation (2) gives the 210 

tropospheric VCD time series. Details of this method are provided in Wagner et al. (2010). Radiative 211 

calculations in this study were conducted with the atmospheric radiative transfer model SCIATRAN 212 

2.2 (Rozanov et al., 2005). 213 

2.3 Performance of the MAX-DOAS Retrieval 214 

2.3.1 Uncertainty Analysis 215 

Following established methodologies (Hendrick et al., 2007; Song et al., 2023; Tack et al., 216 

2015; Wagner et al., 2007; Wittrock et al., 2004), the uncertainty in MAX-DOAS retrievals is 217 

categorized into four primary sources. First, smoothing and noise errors originate from statistical 218 

uncertainties in the DOAS fitting. Under clear-sky conditions, the fitting errors for NO2, HCHO, 219 

BrO, and IO remain within 5% to 10%. Second, reference spectrum uncertainty arises because 220 

tropospheric DSCDs are determined by subtracting a sequential ZRS from off-axis measurements. 221 

While this approach assumes stratospheric absorption cancels out, uncertainties in the residual trace 222 

gas abundances within the ZRS (stemming from stratospheric background or tropospheric pollution) 223 

can introduce systematic biases of approximately 10% to 15%. Third, algorithmic errors primarily 224 

stem from uncertainties in aerosol vertical distribution, multiple scattering simulations, and profile 225 

assumptions within the radiative transfer model. For the Arctic sea-ice environment, sensitivity tests 226 

demonstrate that surface albedo has a negligible impact on boundary layer observations at low 227 

elevation angles, with the total AMF uncertainty estimated at 10% to 20%. Fourth, residual errors 228 

from stratospheric gradients and atmospheric inhomogeneity are considered. By employing the 229 

sequential ZRS method and filtering for SZA < 75°, errors from steep stratospheric photochemical 230 

gradients are effectively suppressed to within 10%.  231 

Consequently, the total uncertainty of the retrieved VCDs during this ship-based campaign is 232 

estimated to be approximately 18.1% to 28.7%. Furthermore, due to the pristine background of the 233 

Arctic region, the relative proportion of this uncertainty may increase when tropospheric 234 

concentrations are extremely low. Detailed information is provided in the supplement (Table S1). 235 
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2.3.2 Detection Limits 236 

To evaluate the sensitivity of MAX-DOAS in the Arctic environment, different methods were 237 

adopted to calculate detection limits based on the atmospheric distribution and signal-to-noise ratio 238 

characteristics of various trace gases. First, for NO2, HCHO, and IO, we used the standard method 239 

in DOAS applications to determine the detection limit (Chance and Spurr, 1997; Stutz and Platt, 240 

1996; Wagner et al., 2007). The detection limit of the DSCD (𝐿𝑂𝐷𝑑𝑆𝐶𝐷) is defined as twice the 241 

statistical fitting error from the DOAS retrieval (2𝜎𝑓𝑖𝑡). Second, for BrO, since tropospheric BrO 242 

concentrations in the Arctic are relatively low and influenced by the stratospheric BrO background, 243 

the conventional 2𝜎𝑓𝑖𝑡 noise method often over estimates the tropospheric detection limit because 244 

of the high weighting of stratospheric absorption. Therefore, we adopted the equivalent RMS noise 245 

factor method, which calculates the minimum identifiable slant column density at a given signal-to-246 

noise ratio by analyzing the RMS noise of the residual spectrum (Coburn et al., 2011). During the 247 

observation period, the estimated detection limits for NO2, HCHO, BrO, and IO were 2.0 × 1015 248 

molec.cm-2, 5.0 × 1015 molec.cm-2, 3.0 × 1013 molec.cm-2, 1.3 × 1013 molec.cm-2, respectively. 249 

2.4 Satellite Observations 250 

This study compares ship-based MAX-DOAS measurements with tropospheric VCD products 251 

from multiple satellite instruments, including the Tropospheric Monitoring Instrument (TROPOMI), 252 

Geostationary Environmental Monitoring Spectrometer (GEMS), and Global Ozone Monitoring 253 

Experiment-2 (GOME-2). 254 

TROPOMI is onboard the Sentinel-5P (S-5P) satellite, operating in a near Earth sun 255 

synchronous orbit with an equator crossing time of 13:30 local time. It features 4 independent 256 

spectrometers covering the mid-ultraviolet (UV), long wave UV-visible (UV-VIS), short-wave 257 

infrared (SWIR), and near infrared (NIR) bands, with a total wavelength range of 270-2385 nm 258 

(non-overlapping and discontinuous). Among comparable atmospheric remote sensing instruments, 259 

TROPOMI has the best spatial resolution (5.5 km × 3.5 km), enabling precise capture of spatial 260 

distributions of trace gases in small scale regions, making it a key data source for high resolution 261 

atmospheric composition monitoring in polar oceans. 262 

GEMS is a hyperspectral UV-VIS imaging spectrometer onboard the Cheollima-2 satellite, 263 

operating in a geostationary orbit and focusing on atmospheric trace gas observations over the Asia 264 

Pacific. With a spatial resolution of 3.5 km × 8 km, it effectively monitors trace gases like HCHO 265 

and NO2; additionally, its high temporal resolution (one regional scan per hour) captures short term 266 

dynamic changes in atmospheric composition, offering temporal insights into rapid polar 267 

photochemical processes. 268 

The GOME-2 series (GOME-2A, GOME-2B) are onboard the sun-synchronous MetOp 269 

satellite, with an equator crossing time of 09:30 local time. They measure by receiving sunlight 270 

reflected from the Earth's atmosphere or surface, covering 240-790 nm. Despite a relatively low 271 

spatial resolution (40 km × 40 km), they retrieve auxiliary parameters such as cloud top pressure 272 
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(CTP) and effective cloud fraction via the Fast Retrieval Scheme for Clouds from the Oxygen A 273 

band (FRESCO+), supporting quality control for atmospheric composition retrieval in cloudy 274 

regions. In this study, tropospheric BrO VCD analysis uses GOME-2B products to investigate large 275 

scale polar BrO distribution. 276 

Scanning Imaging Absorption Spectrometer for Atmospheric Chartography was one of the core 277 

payloads aboard the European Space Agency (ESA)'s Envisat satellite, with its operation directly 278 

tied to the satellite platform. On 8 April 2012, Envisat suffered an unexpected loss of contact; 279 

subsequently, on 9 May 2012, ESA officially declared the mission terminated, and SCIAMACHY 280 

ceased operations alongside the platform. Owing to this constraint, satellite validation of 281 

atmospheric IO observations was not performed in this study. 282 

2.5 Potential Source Contribution Function 283 

The PSCF is a Lagrangian receptor-oriented model employed to pinpoint potential emission 284 

source areas. For a specific grid cell (i, j), the PSCF value is defined as the ratio of the number of 285 

"polluted" trajectory endpoints (𝑚𝑖,𝑗 ), associated with concentrations exceeding a predefined 286 

threshold) to the total number of endpoints (𝑛𝑖,𝑗) residing in that cell. 287 

                               (5) 288 

To reduce uncertainty caused by small grid counts, this study refers to Pernov et al., (2021), Polissar 289 

et al., (2001), Yin et al., (2018) by introducing a weight function to obtain the weighted PSCF 290 

(WPSCF). The formula is as follows: 291 

                  (6) 292 

Where 𝑛𝑎𝑣𝑔 represents the average number of endpoints across all grid cells. 293 

2.6 Auxiliary Data 294 

To estimate BrO distribution, this study obtained northern hemisphere BrO data from GOME-295 

2 products via http://www.iup.uni-bremen.de/doas/scia_data_browser.html. Sea ice concentration 296 

and age data were sourced from the National Snow and Ice Data Center. (https://nsidc.org/home). 297 

Chlorophyll-a concentrations were derived from Moderate Resolution Imaging Spectroradiometer 298 

(https://aqua.nasa.gov/modis). Backward trajectory analysis was conducted using the Hybrid Single 299 

Particle Lagrangian Integrated Trajectory model via the NASA ARL READY website to identify air 300 

mass sources. Finally, boundary layer height, wind direction, snow density, and snowfall data were 301 

obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF). 302 
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3. Results 303 

3.1 Spatial Distributions of NO2, HCHO, BrO, and IO 304 

Fig. 3 presents the spatial distributions of VCDs of four trace gases during the cruise (round 305 

trip from Shanghai to the Arctic). Notably, partial data gaps exist in the cruise dataset, attributed to 306 

four main interfering factors: insufficient light during nighttime navigation, spectral detection 307 

interference from severe weather (e.g., thunderstorms), temporary instrument or power system 308 

malfunctions, and near field data contamination by the ship's own emission plumes. 309 

The high value regions of different trace gases exhibit distinct regional variations: NO2 and 310 

HCHO VCD maxima are concentrated in low latitude areas with intensive anthropogenic activities, 311 

with the highest concentrations observed in the Shanghai Port region. Additionally, relatively high 312 

NO2 and HCHO concentrations are found in ports near the Korea Strait, a key shipping lane 313 

connecting the Pacific Ocean and the Sea of Japan, frequented by international merchant vessels. 314 

The elevated pollutant levels in these regions are likely directly linked to ship emissions from port 315 

operations and shipping lanes, a mechanism supported by numerous previous studies (Hwang and 316 

Kang, 2023; Wang et al., 2018). In contrast, high VCDs of the reactive halogen species IO and BrO 317 

are concentrated in the Arctic Ocean. The maximum BrO VCD is observed near the Arctic Beaufort 318 

Sea, while the maximum IO VCD occurs near the Arctic Bering Strait. 319 
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 320 

Fig. 3. Spatial distributions of trace gases (NO2, HCHO, BrO, and IO) VCDs. 321 

Panels (a), (c), (e), (g) present NO2, HCHO, BrO, and IO distributions along the go route from 322 

Shanghai to the Arctic, while panels (b), (d), (f), (h) show their distributions along the return route 323 

from the Arctic to Shanghai. 324 

Fig. 3 shows that BrO concentrations generally increase with latitude. Previous studies 325 

(Simpson et al., 2007; Zhao et al., 2016) have identified high latitude Northern Hemisphere regions 326 

as cores of abnormally elevated tropospheric BrO, with these high values typically linked to key 327 

physicochemical mechanisms: sea ice photochemical processes (e.g., bromine explosion) and low 328 

temperature catalysis. Thus, this study focuses on data at and north of 50°N. Data were analyzed at 329 

1° latitude intervals, selecting the top 5 BrO concentrations and their corresponding latitude 330 
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information per interval. As shown in Fig. 4, BrO concentrations exhibit a positive correlation with 331 

latitude, with a correlation coefficient of 0.80. In contrast, IO spatial distribution shows no distinct 332 

latitudinal gradient, suggesting its concentrations are more strongly associated with the spatial 333 

heterogeneity of marine biological activities (e.g., phytoplankton emissions). The relationship 334 

between IO and chlorophyll-a concentrations will be analyzed in depth in subsequent sections, 335 

incorporating synchronously observed marine ecological data (see Section 3.3.1 for details). 336 

 337 

Fig. 4. BrO concentration variation observed by ship-based MAX-DOAS with latitude 338 

3.2 Satellite Comparison 339 

Ship-based MAX-DOAS measured NO2, HCHO, and BrO VCDs were compared with 340 

atmospheric products from GEMS, TROPOMI, and GOME-2 satellites to validate the applicability 341 

of satellite data in the Arctic and adjacent seas. Results are presented in Fig. 5 (NO2), Fig. 6 (HCHO), 342 

and Fig. 7 (BrO). 343 

To ensure data reliability, satellite products with high cloud contamination (effective cloud 344 

fraction > 0.4) and poor retrieval quality (relative error > 100%) were excluded. This filtering is 345 

necessary because cloud particles significantly interfere with ultraviolet-visible radiation 346 

transmission, altering the optical path length and leading to biases in trace gas retrieval. Qualified 347 

satellite data were temporally averaged (matching the temporal resolution of ship-based 348 

observations) and interpolated to 0.1°×0.1° gridded data using a parabolic spline interpolation 349 

algorithm (Chan et al., 2015, 2018; Kuhlmann et al., 2014). This gridding process not only preserves 350 

the true spatial distribution of trace gases but also retains details of pollution hotspots (e.g., ports, 351 

shipping lanes), avoiding comparison biases from spatial scale mismatch (Hong et al., 2018). Since 352 

GEMS is focused on the Asia Pacific region and its effective detection boundary does not cover 353 

high latitude Arctic areas, it was only used for comparison within 110°E-130°E, 20°N-45°N to 354 

ensure spatial coverage consistency with ship-based observations. 355 
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Fig. 5. Comparison of ship-based MAX-DOAS measured NO2 VCDs with satellite 357 

observations: (a-c) Shanghai to Arctic and (d-f) Arctic to Shanghai. 358 



 15 

TROPOMI and MAX-DOAS HCHO VCD

V
C

D
 (

1
0

1
5
m

o
le

c
u
./
c
m

2
)

TROPOMI and MAX-DOAS HCHO VCD

V
C

D
 (

1
0

1
5
m

o
le

c
u
./
c
m

2
)(a) (d)

V
C

D
 (

1
0

1
5
m

o
le

c
u
./
c
m

2
)

GEMS and MAX-DOAS HCHO VCD

V
C

D
 (

1
0

1
5
m

o
le

c
u
./
c
m

2
)(b) (e)

GEMS and MAX-DOAS HCHO VCD

V
C

D
 (

1
0

1
5
m

o
le

c
u

./
c
m

2
)

V
C

D
 (

1
0

1
5
m

o
le

c
u

./
c
m

2
)(c) (f)

GEMS and MAX-DOAS HCHO VCD

20

30

40

20

30

40

20

30

40

20

30

40

120 130 140 150 160 170 180 120 130 140 150 160 170 180

GEMS and MAX-DOAS HCHO VCD

90 100 110 120 130 90 100 110 120 130

30

40

30

40

110 120 130 110 120 130

L
a
ti
tu

d
e
(°

N
)

Longitude(°E)

 359 

Fig. 6. Comparison of ship-based MAX-DOAS measured HCHO VCDs with satellite 360 

observations: (a-c) Shanghai to Arctic and (d-f) Arctic to Shanghai. 361 
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Fig. 7. Comparison of ship-based MAX-DOAS measured BrO VCDs with GOME-2 observations: 364 

(a) Shanghai to Arctic and (b) Arctic to Shanghai. 365 
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Direct comparisons in Figs. 5-7 reveal good overall consistency between ship-based MAX-366 

DOAS and satellite observations (TROPOMI, GEMS, GOME-2). Notably, in mid-to-low latitude 367 

marine regions (e.g., Shanghai Port, Korea Strait), the spatial localization of HCHO and NO2 high 368 

value areas is consistent. In Arctic regions (e.g., Beaufort Sea, Bering Strait), BrO concentration 369 

trends also exhibit clear coherence. To further quantify this consistency, satellite data were gridded 370 

and averaged over daily mobile measurement areas. Correlation analysis was performed between 371 

daily mean satellite values and daily mean mobile MAX-DOAS values throughout the cruise, with 372 

results shown in Fig. 8 (a)-(c). 373 
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Fig. 8. Correlation analysis between daily measurements and satellite observations during the 375 

ship-based campaign. Panels (a) GEMS, (b) TROPOMI, (c) GOME-2. 376 

Ship-based MAX-DOAS measured NO2 and HCHO VCDs exhibit correlation coefficients of 377 

0.79 and 0.72 with GEMS satellite observations, respectively, and 0.66 for both species with 378 

TROPOMI observations. For BrO VCDs from round trip ship-based measurements, correlations 379 

with GOME-2 are 0.64 (go) and 0.61 (back). Notably, the GEMS correlation analysis uses a 380 

relatively small sample size (constrained by its observation coverage). To rule out the confounding 381 

effect of high correlation due to small sample size, TROPOMI data of the same sample size as 382 

GEMS were selected within 110°E-130°E, 20°N-45°N for recalculation (see Fig. S4). The 383 

correlation coefficient between ship-based NO2 VCDs and TROPOMI rose to 0.73, whereas that for 384 

HCHO VCDs dropped to 0.20. This result further verifies that the strong correlation between GEMS 385 
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and ship-based observations does not stem from data volume deviation, but is most likely closely 386 

linked to GEMS' higher temporal resolution (1 observation per hour). In contrast to TROPOMI's 387 

daily observational frequency, GEMS more accurately matches the temporal dynamics of ship-388 

based MAX-DOAS measurements, mitigating concentration biases induced by time period 389 

discrepancies. 390 

Discrepancies between ship-based MAX-DOAS and satellite observations arise primarily from 391 

three factors: 1). Satellites have substantially lower spatial resolution than ship-based MAX-DOAS 392 

point scale measurements and are less sensitive to local trace gas sources (e.g., transient ship 393 

emissions). In contrast, ship-based MAX-DOAS exhibits higher sensitivity to the lower atmosphere, 394 

enabling precise capture of short-term emission signals from near sea surface pollutants (Wu et al., 395 

2018). This leads to slightly higher ship-based observations compared to satellite retrievals in trace 396 

gas intensive regions (e.g., ports, shipping lanes). 2). Satellite retrievals are vulnerable to aerosols 397 

and clouds in the Arctic and adjacent seas. Even with cloud fraction screening, cloud particles can 398 

modify radiative transfer paths, resulting in underestimated trace gas absorption signals. ship-based 399 

MAX-DOAS, however, partially mitigates aerosol scattering interference through multi-azimuth 400 

observations, delivering more stable measurements. 3). VCDs from both platforms require 401 

conversion using the AMF. AMF calculations integrate multiple variables: trace gas profiles, aerosol 402 

profiles, and surface albedo. Variations in calculation assumptions thus induce VCD discrepancies. 403 

3.3 Sources of Reactive Halogen Species in the Arctic 404 

BrO and IO are core trace gases in polar atmospheric chemistry, but their emission pathways 405 

and driving mechanisms show significant differences. BrO concentrations are typically influenced 406 

by the coupling of physicochemical and meteorological factors, specifically the "bromine explosion 407 

cycle," which involves complex heterogeneous reactions on various saline interfaces. In contrast, 408 

IO in the Arctic boundary layer is mainly related to direct emissions from marine biogenic sources. 409 

Therefore, this section adopts a multi-factor synergistic analysis to resolve the drivers of BrO. The 410 

analysis for IO focuses on its biogenic driving attributes, emphasizing the influence of biological 411 

activity, represented by chlorophyll-a, on boundary layer IO concentrations. 412 

3.3.1 Drivers and Modulating Factors of Arctic BrO 413 

To clarify the primary sources of BrO and their coupling with sea ice, this study integrated 414 

satellite remote sensing data and NSIDC sea ice concentration to analyze the spatiotemporal 415 

distribution of Arctic sea-ice from July to September 2021 (see Fig. S5). The results showed that 416 

sea-ice was in the summer ablation phase in August: dense ice was concentrated in the central Arctic 417 

Ocean and its periphery, with significant retreat of the sea ice edge zone. This spatiotemporal sea 418 

ice pattern provides a basis for subsequent analyses of air mass sea ice contact duration and the 419 

characteristics of the sea ice edge zone in BrO source regions. Subsequently, backward trajectory 420 

analysis was performed using the HYSPLIT model to focus on the regulatory effects of air mass 421 

transport paths and sea ice contact duration on reactive halogen concentrations, and to quantify the 422 
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impact of transport processes on source contributions. Observational data from the Xuelong research 423 

vessel in the high latitude dense Arctic ice zone (August 6-30, 2021) were used, with the frequently 424 

monitored representative site (86.40°N, 86.0°E) as the target location. Backward trajectories were 425 

calculated every 6 hours (cutoff time: 19:00 UTC on August 30), and air mass movements were 426 

simulated at three altitudes (0 m, 500 m, 1000 m) to characterize transport properties at different 427 

boundary layer heights. Backward trajectory results during the ship-based MAX-DOAS campaign 428 

are presented in Supplementary Fig. S6. Sea ice contact duration T (t, h) is defined as the cumulative 429 

time that an air mass arriving at the target location at time t and height h remains above sea ice and 430 

below the threshold height z0. Following previous studies (Frieß et al., 2004), z0 was set to 200 m 431 

within the boundary layer's near surface mixing layer, where air undergoes sufficient exchange with 432 

the sea ice surface. This facilitates BrO formation via absorption of reactive bromine or sea salt 433 

aerosols (Choi et al., 2018; Jozef et al., 2024; McPhee, 2017). 434 

Fig. S7 was plotted backward trajectories from the Xuelong 2 research cruise on NSIDC sea 435 

ice concentration data (August 2021), with different colored curves representing air mass 436 

trajectories at 0 m, 500 m, and 1000 m altitudes. Sea ice contact durations of the polluted air masses 437 

were calculated using the predefined threshold height, yielding values of 30 h, 42 h, 25 h, and 18 h 438 

for the dates shown in the figure. With this methodological framework established, GOME-2 439 

satellite retrievals were used to derive the average BrO VCD distribution in the Arctic and adjacent 440 

seas (July-September 2021; Fig. 9a). BrO concentrations exhibit a zonal gradient centered on the 441 

polar region: high values are concentrated in the sea ice edge zone north of 50°N and the central 442 

Arctic Ocean, while concentrations are significantly lower in mid-to-low latitudes south of 50°N. 443 

This distribution aligns with the classic mechanism: brine layers on sea ice surfaces or beneath snow 444 

cover provide critical reaction interfaces for the photochemical activation of halides (e.g., NaCl), 445 

facilitating the multi-step conversion of bromide ions (Br⁻) to gaseous BrO (Begoin et al., 2010; 446 

Saiz-Lopez et al., 2008). To validate the link between source regions and latitude, the latitudinal 447 

variation of BrO concentrations (July-September) was plotted (see Fig. S8). BrO concentrations 448 

generally increase with latitude but slightly decrease in the near polar central region (above 85°N). 449 

This phenomenon is consistent with the conclusion of Begoin et al. (2010) that Arctic BrO high 450 

values are concentrated in the sea ice edge zone. This is presumably due to lower halide activation 451 

efficiency in the fully ice-covered central Arctic compared to the sea ice edge zone, coupled with 452 

enhanced photochemical consumption of BrO, resulting in lower concentrations (Chen et al., 2023). 453 
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 454 

Fig. 9. Source region characteristics of Arctic BrO. (a) GOME-2 derived spatial 455 

distribution of BrO VCDs. (b) Correlation between air mass 456 

sea ice contact duration and ship-based BrO VCDs 457 

To further validate source region characteristics, this study integrated satellite observed BrO 458 

spatial distributions with ship-based MAX-DOAS observations. Maximum daily BrO VCDs from 459 

ship-based measurements were paired with their corresponding air mass sea ice contact durations, 460 

and correlation analysis was performed (Fig. 9b). The two variables exhibit a positive correlation 461 

(R=0.73), consistent with the findings of Wagner et al. (2007). This indicates that the longer air 462 

masses reside over sea ice, the higher the likelihood of absorbing halides from sea ice and 463 

participating in bromine explosion events ultimately increasing BrO concentrations at the 464 

observation site (Wagner et al., 2007). This finding also explains the satellite observed pattern: BrO 465 

maxima are concentrated in the sea ice edge zone rather than the fully ice-covered central Arctic. 466 

This is attributed to intense dynamic changes in the sea ice edge zone, which enhance halide 467 

activation efficiency, and air mass transport paths in these regions are more likely to satisfy the 468 

condition of prolonged sea ice contact (Cao et al., 2024). 469 

To elucidate the synergistic impacts of environmental parameters and quantify their respective 470 

contributions to bromine activation, we employed a Generalized Additive Model (GAM) to 471 

investigate BrO variability (see Supplement Fig. S9). The model achieved an overall correlation of 472 

R = 0.80. Our quantitative assessment identifies sea-ice contact time as the primary driver of BrO 473 

enhancements, accounting for an independent contribution of 48.63%. This finding statistically 474 

verifies that surface contact is the fundamental requirement for bromine activation and subsequent 475 

accumulation. Snowfall contributes 8.81% to the variance, where its negative correlation reflects 476 

the physical masking of saline source regions (e.g., frost flowers or salty snowpacks) by fresh snow, 477 

thereby inhibiting heterogeneous chemical reactions. While the direct contributions from wind 478 

direction (3.77%) and boundary layer height (3.42%) are modest, comparative sub-group analysis 479 

(e.g., R = 0.87 for snow-free periods versus R = 0.61 during snowfall) indicates that meteorological 480 

forcing primarily governs the intensity and efficiency of "bromine explosions" by modulating 481 

boundary layer stability and air mass trajectories (Bognar et al., 2020). The remaining unexplained 482 
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variance (35.37%) is likely associated with environmental drivers not captured in the current model. 483 

Comprehensive details concerning how environmental parameters modulate the relationship 484 

between BrO abundances and sea-ice contact duration are available in the Supplement Fig. S10 -485 

Fig. S17. 486 

Using backward trajectory data, this study performed PSCF analysis to identify BrO's potential 487 

source regions and quantify their contributions to BrO concentrations at the observation site (Fig. 488 

10). To pinpoint core potential source regions, high BrO concentrations (threshold: 6.0×1013 489 

molec./cm2) from ship-based MAX-DOAS observations were used as the benchmark. PSCF results 490 

indicate that high probability potential BrO sources are concentrated in western Greenland, the seas 491 

north of North America, and the Arctic sea-ice edge zone. Sea ice dynamic processes in these regions, 492 

including halide release from sea ice melting and sea salt aerosol formation and transport enhance 493 

bromine activation efficiency, making them the primary contributors to BrO at the observation site 494 

(Cao et al., 2024; Jozef et al., 2024) This aligns with the satellite-observed source region 495 

characteristics in Section 3.3.1, further confirming that sea ice is BrO's core source. 496 
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Fig. 10. PSCF analysis for BrO in the Arctic 498 

 499 

3.3.2 Biogenic Sources of IO: Coupling with Chlorophyll-a Concentration 500 

To address IO's sources, this study focused on its link to marine biological processes. Using 501 

chlorophyll-a, which is a key indicator of phytoplankton biomass, as a proxy, we integrated MODIS 502 

satellite data, ship-based observations, and backward trajectory data to assess IO's biogenic source 503 

contributions from two dimensions: spatial distribution coupling and quantitative concentration 504 

correlation. First, chlorophyll-a concentration spatial distribution (July-September 2021) was 505 

retrieved from MODIS satellite data (see Fig. S18). The results show that high chlorophyll-a 506 

concentrations are concentrated in coastal regions, with particularly prominent signals in the Bering 507 
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Strait and its vicinity. This reflects significant phytoplankton biomass accumulation in the area 508 

during late summer and early autumn (Grebmeier et al., 2006), providing a potential site for biogenic 509 

iodine enrichment. 510 

To further verify the spatial association between high IO air masses and phytoplankton 511 

enriched regions, backward trajectories of air masses during high IO concentration periods (Xuelong 512 

2 cruise) were overlaid on MODIS chlorophyll-a concentration data (August 2021; see Fig. S19). 513 

The results indicate that trajectories of high-probability IO sources extensively cover chlorophyll-a 514 

hotspots, including the Bering Strait, southern Greenland, and coastal North Atlantic waters. This 515 

directly confirms the spatial coupling between phytoplankton biological processes and IO formation 516 

in these regions. Building on this spatial correlation and previous research, phytoplankton enrich 517 

iodine in seawater via biological processes (e.g., cellular metabolism, death and decomposition) and 518 

release iodine species across the sea-water-atmosphere interface (or sea ice brine channels). These 519 

iodine species then participate in the photochemical production of IO (Saiz-Lopez et al., 2015). 520 

To quantify the relationship between ship-based MAX-DOAS measured IO VCDs and 521 

chlorophyll-a concentrations, MODIS chlorophyll-a data were averaged over a 0.1°×0.1° grid 522 

within the daily coverage of ship-based IO observations. Correlation analysis with daily average IO 523 

VCDs yielded a moderate positive correlation (R=0.64; Fig. 11), confirming biogenic sources as an 524 

important contributor to IO. Factors contributing to the relatively weak correlation may include: 525 

Satellite observational constraints: MODIS cannot detect phytoplankton communities within and 526 

beneath sea ice, where the under-ice light environment and nutrient availability still support 527 

phytoplankton growth. This leads to incomplete characterization of biogenic iodine potential by 528 

chlorophyll-a retrievals (Saiz-Lopez et al., 2015); Confounding abiotic processes: IO concentrations 529 

are also influenced by sea ice melting (which releases inorganic iodine) and photochemical 530 

oxidation (which regulates iodine species transformation), weakening the correlation with 531 

chlorophyll-a (Saiz-Lopez et al., 2015). 532 

 533 

Fig. 11. Correlation between ship-based IO VCDs and Chlorophyll-a 534 

Using backward trajectory data, PSCF analysis was performed to identify IO's potential source 535 
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regions and quantify their contributions to IO concentrations at the observation site (Fig. 12). To 536 

delineate these source regions, ship-based high IO concentrations (threshold: 1.61×1013 molec./cm2) 537 

were used as the benchmark. High probability potential IO sources are similar to those of BrO, 538 

concentrated in western Greenland, the seas north of North America, and the Arctic sea-ice edge 539 

zone. These regions likely support high phytoplankton biomass: phytoplankton enrich iodine in 540 

seawater via metabolic processes and release iodine species to the atmosphere through sea-water-541 

atmosphere interface exchange. These species then participate in the photochemical production of 542 

reactive iodine compounds (Mahajan et al., 2021). 543 

PSCF Analysis - IO (Threshold : 1.61E+13) 
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Fig. 12. PSCF analysis for IO in the Arctic 545 

Comparison of BrO and IO PSCF results reveals spatial differences in their potential source 546 

regions: BrO sources are concentrated in high latitude sea-ice-covered areas, while IO sources are 547 

centered in mid-to-low latitude coastal biologically active zones. In addition, correlation analysis of 548 

ship-based BrO and IO VCDs (see Fig. S20) yielded a correlation coefficient R=0.5, indicating a 549 

moderate association between the two. This result is reasonably explained by the PSCF identified 550 

source region characteristics: Arctic BrO and IO derive from a shared ice-sea-atmosphere exchange 551 

environment (e.g., material exchange interfaces in the sea ice edge zone), which provides a basis 552 

for their correlation (Giesse et al., 2021; McFiggans et al., 2000; Saiz-Lopez et al., 2015); The 553 

distinct source biases revealed by PSCF, namely BrO's dominance of sea ice sources and IO's 554 

reliance on biogenic sources, result in a relatively weak correlation. 555 

 556 

4. Conclusion 557 

This study presents the spatial distributions of trace gases (NO2, HCHO, BrO, and IO) captured 558 

during the 12th Chinese Arctic Scientific Expedition (July - September 2021) along a transect from 559 

Shanghai to the Arctic. Utilizing ship-based Multi-Axis Differential Optical Absorption 560 

Spectroscopy (MAX-DOAS), we establish a robust ground-truth baseline to assess the performance 561 
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of TROPOMI, GEMS, and GOME-2 satellite products in polar regions. Statistical analyses yield 562 

correlation coefficients between 0.61 and 0.79, validating the efficacy of satellite remote sensing 563 

for monitoring atmospheric composition over the Arctic and adjacent oceans. Our findings 564 

demonstrate that tropospheric BrO is primarily controlled by Sea Ice Contact (SIC) duration, which 565 

accounts for 48.63% of the variance in a GAM. Potential BrO source regions are identified in 566 

western Greenland, the high-latitude Canadian Arctic, and the Marginal Ice Zone (MIZ). The R 567 

value between BrO and SIC improved from 0.73 to 0.77 after incorporating dynamic boundary layer 568 

height (BLH) constraints. Furthermore, meteorological conditions significantly modulate bromine 569 

activation: southwesterly winds enhanced the correlation to 0.84, whereas snowfall weakened it 570 

from 0.87 to 0.61. In contrast to the complex physico-chemical regulation of BrO, IO variability is 571 

predominantly driven by biogenic emissions, correlating strongly with chlorophyll-a (R=0.64), 572 

particularly in phytoplankton-rich regions like the Bering Strait. Notably, we observe a distinct 573 

spatial divergence between the source regions of sea-ice-driven BrO and biogenic IO. However, a 574 

moderate correlation (R=0.5) persists within the MIZ, suggesting that the ice-ocean-atmosphere 575 

interface facilitates shared precursors or formation pathways for these reactive halogens. In 576 

conclusion, this study provides high-precision validation for Arctic satellite retrievals and 577 

systematically characterizes the drivers of polar halogen species. These data offer critical constraints 578 

for optimizing emission parameterizations and halogen budget accounting in chemical transport 579 

models, such as GEOS-Chem and WRF-Chem. 580 
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