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Abstract
The spatial and temporal variability of aerosol optical depth (AOD) over the Baltic Sea was analysed using two
atmospheric reanalyses: MERRA-2 (1980–2023) and CAMSRA (2003–2023). The study examined total and speciated
AOD at 550 nm – sulphate, organic, black carbon, sea salt, and dust – focusing on spatial patterns, long-term trends,
seasonal cycles, and relationships with fire activity and the North Atlantic Oscillation (NAO). Both reanalyses show
a south-to-north decrease in total AOD, with basin-mean values of 0.221 (1980–1999, MERRA-2), 0.135 (2003–2023,
MERRA-2), and 0.116 (2003–2023, CAMSRA). The long-term trends are negative (−0.073 [62% confidence intervals:
−0.111; −0.045] per decade, significant at a 90% confidence level, −0.006 [−0.009; −0.002] per decade, insignificant,
and −0.016 [−0.021; −0.009] per decade, significant at a 90% confidence level, respectively), being strongest over
the southern Baltic Sea and weaker in the north. The seasonal AOD cycle changed from a single spring maximum in
the late 20th century to a dominant summer maximum after 2012. Fire activity shows its strongest correlation with
total and black carbon AOD in spring, while the NAO index correlates positively with sea-salt AOD in winter and
negatively in July. The greatest agreement between AOD characteristics derived from MERRA-2 and CAMSRA was
found for total AOD and sea salt AOD.
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Abbreviations 1

• AATSR/Envisat – Advanced Along-Track Scanning 2

Radiometer (explained) 3

• ACCMIP – Atmospheric Chemistry and Climate – Mo- 4

del Intercomparison Project (Appendix) 5

• ADAS – Atmospheric Data Assimilation System (ex- 6

plained) 7

• AeroCom – AEROsol COMparisons between Obser- 8

vations and Models 9

• AERONET – AErosol RObotic NETwork 10

• AOD – aerosol optical depth; in sections 4 and 5 11

AOD(550) 12
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• AOD(550) – aerosol optical depth at a wavelength of 13

550 nm 14

• AOD_BC – AOD for black carbon at a wavelength of 15

550 nm 16

• AOD_DU – AOD for dust at a wavelength of 550 nm 17

• AOD_OC – AOD for organic aerosol (organic carbon; 18

in MERRA-2) at a wavelength of 550 nm 19

• AOD_OM – AOD for organic aerosol (organic matter; 20

in CAMSRA) at a wavelength of 550 nm 21

• AOD_SS – AOD for sea salt aerosol at a wavelength of 22

550 nm 23

• AOD_SU – AOD for sulphate aerosol at a wavelength 24

of 550 nm 25

• AVHRR–AdvancedVeryHighResolutionRadiometer 26
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• CAMS – Copernicus Atmosphere Monitoring Service 27

• CAMSRA – CAMS Reanalysis 28

• DMS – dimethyl sulphide 29

• EDGAR–EmissionsDatabase forGlobal Atmospheric 30

Research 31

• ESDIS – NASA’s Earth Science Data and Information 32

System (explained) 33

• FIRMS – Fire Information for Resource Management 34

System 35

• GEOS-5 – Goddard Earth Observing System Model, 36

Version 37

• GFASv1.2 – Global Fire Assimilation System, version 38

1.2 (Appendix) 39

• GFEDv3.1 – Global Fire Emission Dataset, version 40

1.2 (Appendix) 41

• GOCART – Goddard Chemistry, Aerosol, Radiation, 42

and Transport model 43

• IFS – Integrated Forecast System 44

• JRAero – Japanese Reanalysis for Aerosol (explained) 45

• MEGAN model – Model of Emissions of Gases and 46

Aerosols from Nature (Appendix) 47

• MERRA-2 Modern-Era Retrospective Analysis for Re- 48

search and Applications, Version 2 Reanalysis 49

• MISR – Multi-angle Imaging Spectroradiometer (ex- 50

plained) 51

• MODIS – Moderate Resolution Imaging Spectrora- 52

diometer 53

• NAAPS-RA – Navy Aerosol Analysis and Prediction 54

System reanalysis 55

• NAO – North Atlantic Oscillation 56

• NASA – National Aeronautics and Space Agency 57

• NASAGESDISC–NASAGoddardEarth Sciences (GES) 58

Data and Information Services Center (DISC) 59

• ns – statistically non-significant 60

• POM – particulate organic matter (Appendix) 61

• QFED – Quick Fire Emissions Dataset (Appendix) 62

• RCP – Representative Concentration Pathway (Ap- 63

pendix) 64

• RETRO - REanalysis of the TROpospheric chemical 65

composition over the past 40 years (Appendix) 66

• RMSE – Root Mean Square Error (Appendix) 67

• SNAO – Summer NAO 68

• SPARTAN network – Surface PARTiculate mAtter 69

Network (explained) 70

• ss90 – statistically significant at the 90 71

• ss95 – statistically significant at the 95 72

• VOC – volatile organic compounds (Appendix) 73

1. Introduction 74

The Baltic Sea is an inland sea located in northwestern 75

Europe, connected to the North Sea and the Atlantic Ocean 76

through the Danish Straits. It lies between maritime tem- 77

perate and continental subarctic climate zones (Meier et al., 78

2022) and is influenced by relatively mild and humid ma- 79

rine air masses from the North Atlantic and continental air 80

masses from Eurasia, with occasional intrusions of Arctic 81

and subtropical air (Rutgersson et al., 2014). Despite this 82

variability, westerly flow from the ocean predominates. 83

The strong variability of air masses and atmospheric 84

conditions over the region leads to pronounced spatial and 85

temporal changes in aerosol properties (Zdun et al., 2016). 86

Major anthropogenic aerosol sources are located in the 87

southern Baltic region (Mancinelli et al., 2024). Local ma- 88

rine sources include wind-driven emissions of sea-spray 89

aerosol (Petelski et al., 2014; Markuszewski et al., 2017), 90

emissions of biogenic aerosols and their precursors like 91

dimethyl sulphide (Lewandowska et al., 2017; Thakur et 92

al., 2022), and ship emissions (Kecorius et al., 2016; Karl 93

et al., 2019). Modelling results show that European emis- 94

sions account for over 80% of near-surface sulphate, black 95

carbon, and organic aerosol mass in the southern Baltic 96

and 40–60% in the northern Bay of Bothnia (Yang et al., 97

2020). Consequently, mean aerosol optical depth (AOD) 98

decreases from south to north (Mancinelli et al., 2024). 99

The atmosphere in the Baltic region is also affected 100

by long-range transport. Biomass burning aerosol from 101

North America (Markowicz et al., 2016; Shang et al., 2021) 102

and Saharan dust intrusions (Ansmann et al., 2003) are 103

periodically observed. According to Yang et al. (2020), 104

non-European sources contribute 69% of sulphate, 28% of 105

black carbon, and 40% of primary organic aerosol burden 106

over northwestern Europe. 107

Since the 1980s, European AOD has markedly declined 108

due to emission reductions. Yang et al. (2020) reported 109

a decrease in total aerosol optical depth at 550 nm 110

(AOD(550)) from 0.12–0.13 to 0.06–0.07 between 1980 111

and 2018 in northwestern Europe, with 91% of this re- 112

duction attributed to European sources. MODIS-based 113

studies (Moderate Resolution Imaging Spectroradiometer; 114

Glanz et al., 2019; Di Antonio et al., 2023) confirmed spa- 115

tially variable butmostly negative AOD trends over Europe. 116
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Glanz et al. (2019) reportedMODIS-basedAOD trends over 117

the southwestern and western Baltic Sea ranging from 118

−0.026 to−0.017 per decade (1/10y; 2003–2017, April– 119

September). Using MODIS Terra data (2000–2023), Han 120

et al. (2025) found seasonal AOD trends over the Baltic 121

Sea of−0.0084 1/10y (all data),−0.116 1/10y in spring 122

and+0.025 1/10y in summer, which indicates significant 123

seasonal variations. 124

Over land, trends vary strongly with the AOD data 125

source (e.g., MODIS, AErosol RObotic NETwork –AERONET, 126

reanalysis), the exact period and location. During the 21st 127

century, the AOD(550) trend ranged from −0.026 1.10y 128

at Toravere, Estonia (AERONET, 2002–2020) to +0.010 129

1/10y for Gustav Dalen, Sweden (MERRA-2, 2005–2020) 130

(Glanz et al., 2019, 2022; Filonchyk et al., 2020; Markowicz 131

et al., 2022). Mancinelli et al. (2024) showed consistent 132

AOD and sulphate AOD decreases over Baltic capitals from 133

1989 to 2019, with localised increases in organic and black 134

carbon components in some cities. Seasonal AOD cycles 135

also differwidely – for example, displayingmaxima in April 136

(AERONET Gotland, 1999–2005; Zdun et al., 2011) or July 137

(MODIS over Poland, 2000–2018; Filonchyk et al., 2020). 138

Most previous studies focused on land areas (Glanz et 139

al., 2022; Markowicz et al., 2022; Mancinelli et al., 2024), 140

selected Baltic Sea subregions (Glanz et al., 2019; Di Anto- 141

nio et al., 2023), and/or warm months (Glanz et al., 2019), 142

leaving year-round variability and open-sea conditions in- 143

sufficiently characterised. AOD measurements, both from 144

ground-based and satellite-borne instruments, are limited 145

to cloudless days or days with little to moderate cloud 146

cover. AOD measurements are particularly limited in win- 147

ter and autumn, when typically heavy cloud cover is com- 148

bined with low solar altitude and short days, especially 149

in the northern Baltic Sea. Consequently, aerosol reanaly- 150

ses provide a valuable complement, offering continuous 151

coverage and seasonal completeness. Major global reanaly- 152

ses include CAMSRA – Copernicus Atmosphere Monitoring 153

Service Reanalysis (Inness et al., 2019), JRAero – Japanese 154

Reanalysis for Aerosol (Yumimoto et al., 2017), MERRA-2 155

– Modern-Era Retrospective Analysis for Research and Ap- 156

plications version 2 (Randles et al., 2017), and NAAPS-RA 157

– Navy Aerosol Analysis and Prediction System reanalysis 158

(Lynch et al., 2016), which differ in their underlying mete- 159

orological models, aerosol species design, aerosol sources, 160

representations of aerosol processes, as well as data assim- 161

ilation methods and AOD observation processing (Xian et 162

al., 2024). Xian et al. (2024) found that although the global 163

distribution and magnitude of total AOD agree well across 164

all four reanalyses, the relative differences in speciated 165

AODs were considerably larger. Compared to other reanal- 166

yses, CAMSRA yields higher organic and lower sulphate 167

AOD globally. In Europe, CAMSRA (Witthuhn et al., 2021), 168

MERRA-2 (Markowicz et al., 2022, 2024; Mancinelli et al., 169

2024), and NAAPS (Maciszewska et al., 2010) have been 170

most widely applied in aerosol studies. 171

Given (1) the large longitudinal extent of the Baltic Sea 172

with the main anthropogenic aerosol sources in the south, 173

(2) the lack of regular ground-based AODmeasurements 174

from the open sea, (3) the scarcity of measurements from 175

the autumn andwinter due to high cloud cover, and (4) the 176

differences among reanalyses, the objective of this study is 177

to characterise the spatial and temporal variability of total 178

and speciated AOD(550) over the Baltic Sea using MERRA- 179

2 (1980–2023) and CAMSRA (2003–2023), with particular 180

attention to their similarities and differences. Additionally, 181

we assess the influence of regional fires and the North At- 182

lantic Oscillation (NAO) index on monthly AOD variations. 183

We specifically aim to assess: (1) how AOD trends differ 184

across sectors, aerosol species, and reanalyses, (2) how 185

CAMSRA and MERRA-2 compare in their depiction of AOD 186

seasonality, (3) how interannual AOD fluctuations vary 187

in time and space, and (4) whether fire activity and NAO 188

significantly modulate interannual AOD variability. 189

The outline of the paper is as follows: Section 2 briefly 190

presents the MERRA-2 and CAMSRA reanalyses and aux- 191

iliary datasets (NAO indices and fire data); Section 3 de- 192

scribes the methods; Section 4 presents the results and 193

discussion; and Section 5 summarises the findings. 194

2. Materials 195

2.1 Reanalyses 196

2.1.1 MERRA-2 197

The Modern-Era Retrospective analysis for Research and 198

Applications, Version 2 (MERRA-2) is NASA’s atmospheric 199

reanalysis available from 1980 onward (Randles et al., 200

2017 and references therein). It uses the Goddard Earth 201

Observing SystemModel, Version 5 (GEOS-5) coupled with 202

the Atmospheric Data Assimilation System (ADAS), version 203

5.12.4. 204

Aerosols are simulated using the Goddard Chemistry, 205

Aerosol, Radiation, and Transport model (GOCART; Chin 206

et al., 2002; Colarco et al., 2010) integrated into the GEOS- 207

5 modelling system. GOCART simulates several aerosol 208

species and aerosol precursors: organic carbon (OC), black 209

carbon (BC), sea salt (SS), dust (DU), and sulphate aerosols 210

(SO4), as well as dimethyl sulphide (DMS), and sulphur 211

dioxide (sulphate aerosol precursors). The modelling of 212

aerosol in MERRA-2 is presented in Appendix 1 and dis- 213

cussed in detail in Randles et al. (2017). The resolution of 214

the MERRA-2 data is 0.5° × 0.625° with a temporal resolu- 215

tion of 1 h. 216

MERRA-2 assimilates bias-corrected AOD(550) obser- 217

vations from AVHRR (over the ocean only) and MODIS 218

using the Neural Net Retrieval algorithm. AVHRR assimi- 219

lation ended in August 2002, when MODIS Aqua assimila- 220

tion began. MISR (Multi-angle Imaging Spectroradiometer) 221

and AERONET observations were assimilated until June 222

2014 and October 2014, respectively. AOD(550) is the only 223

aerosol product in MERRA-2 directly constrained by the 224
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data assimilation system (Randles et al., 2017), while spe- 225

ciated AODs are indirectly constrained through total AOD 226

assimilation, which helps mitigate the impact of outdated 227

emission inventories (see Appendix 1). 228

This study used monthly mean AOD(550) and speci- 229

ated AODs (GMAO, 2015a), while hourly data were used 230

for evaluation in Appendix 3 (GMAO, 2015b), and monthly 231

mean wind speed at 50 m above sea level was used in the 232

analyses in Section 4.4.5 (GMAO, 2015c). 233

2.1.2 CAMSRA 234

The Copernicus Atmosphere Monitoring Service (CAMS) 235

Reanalysis (CAMSRA), produced by the European Centre 236

for Medium-Range Weather Forecasts, provides a global 237

dataset of atmospheric composition species, including 238

aerosols, from 2003 onward (Inness et al., 2019). The 239

CAMSRA data have a spatial resolution of 0.7° × 0.7° and 240

a 3 h temporal resolution. The CAMSmeteorologicalmodel 241

is based on the Integrated Forecast System (IFS) version 242

cy42r1 (with modifications), with interactive ozone and 243

aerosol in the radiation scheme. 244

The CAMS aerosol module (Morcrette et al., 2009, with 245

changes documented in Inness et al., 2019) is a hybrid 246

bulk–bin scheme with 12 prognostic tracers. It simulates 247

sea salt (3 size bins), dust (3 size bins), black carbon, sul- 248

phate aerosol, hydrophilic and hydrophobic organic mat- 249

ter (OM), and a gas-phase sulphur dioxide (SO2) precursor. 250

The modelling of aerosols in CAMSRA is presented in Ap- 251

pendix 1. 252

The total AOD is constrained by assimilation of 253

total AOD(550) observations from AATSR/Envisat (the 254

Advanced Along-Track Scanning Radiometer, 2003–2012), 255

MODIS/Terra and MODIS/Aqua (collection 6, 2003–pre- 256

sent) using the 4D variational data assimilation system of 257

the IFS. 258

This study employedmonthly means of total AOD(550) 259

and speciated AODs from CAMS global reanalysis (EAC4) 260

(Inness et al., 2019; CAMS, 2020a); 3-hour data were used 261

for evaluation (CAMS, 2020b), presented in Appendix 3. 262

Microphysical and optical properties of both reanaly- 263

ses are summarised in Xian et al. (2024), while worldwide 264

validation of CAMS andMERRA-2 reanalysis AOD products 265

against AERONET observations was performed by Guey- 266

mard and Yang (2020). 267

2.2 Fire data 268

Fire activity in the Baltic region was characterised using 269

NASA’s Fire Information for Resource Management Sys- 270

tem (FIRMS) (https://www.earthdata.nasa.gov/data/ 271

tools/firms; accessed on 10 September 2024), part of 272

NASA’s Earth Science Data and Information System (ES- 273

DIS). MODIS Collection 6.1 fire detection (2001–2023)was 274

used. 275

In this study, the number of fires in a given sector was 276

obtainedas follows: onlyhotspotswith aquality flag> 60% 277

were included; detections within 1 km on the same day 278

were treated as a single fire, while multi-pixel fires were 279

counted per pixel; and fires persisting over several days 280

were counted daily. It should be noted that the number of 281

fires does not precisely indicate actual emissions, which 282

may vary depending on vegetation type, fire phase and in- 283

tensity. A quality threshold of 60% was adopted as a com- 284

promise between maximising fire detection and minimis- 285

ing false positives. Lower threshold values increase the 286

likelihood of detecting all active fires but also introduce 287

a higher rate of false detections, whereas higher thresh- 288

old values improve detection confidence but may exclude 289

weaker or less certain fire signals. 290

2.3 NAO index 291

In this study, the temporal variability of atmospheric cir- 292

culation is represented by the North Atlantic Oscillation 293

(NAO) index. It is based on the difference in sea-level pres- 294

sure between the Icelandic Lowand theAzoresHigh (Meier 295

et al., 2023). During the positive phase of the NAO, pres- 296

sure in the northern part of the North Atlantic is below 297

average, while in the central part it is above average. Dur- 298

ing the negative phase, the pressure pattern is reversed. 299

The NAO influence on European climate is strongest in 300

winter, when it modulates westerly circulation, precipita- 301

tion, and storminess across northern Europe (Meier et al., 302

2022). 303

Monthly NAO index values used in this study were ob- 304

tained from the Climate Prediction Center database of 305

the NOAA National Centers for Environmental Prediction 306

(https://www.cpc.ncep.noaa.gov/products/precip/Cwli 307

nk/pna/norm.nao.monthly.b5001.current.ascii.table; ac- 308

cessed on 5 November 2024), and computed using rotated 309

principal component analysis (RPCA) following Barnston 310

and Livezey (1987) (https://www.cpc.ncep.noaa.gov/ 311

data/teledoc/teleindcalc.shtml; last access: 17 October 312

2025). 313

3. Methods 314

In this study, the Baltic Sea was divided into six sectors 315

(s1–s6), each defined as a 1°× 1° latitude-longitude grid 316

cell, as shown in Figure ??. Two additional composite sec- 317

tors were defined: a northern sector (sN) comprising s1 318

and s2, and a southern sector (sS) covering the area of s5 319

and s6. This division enables analyses of both meridional 320

(south–north) and zonal (east–west) variability in AOD 321

over the Baltic Sea. Total and speciated AOD values for 322

each sector were calculated as area-weighted means of all 323

reanalysis grid cells within the sector. 324

Because CAMSRA covers a shorter period thanMERRA- 325

2, two intervals were analysed separately: 1980–1999 326

(MERRA-2 only) and 2003–2023 (MERRA-2 and CAMSRA). 327

Changes in observing-system inputs around 2000–2002 328

improved MERRA-2 AOD constraints, resulting in differ- 329

ences between the periods in assimilated observations and 330

satellite detections used for fire emission inventories. 331

https://www.earthdata.nasa.gov/data/tools/firms
https://www.earthdata.nasa.gov/data/tools/firms
https://www.earthdata.nasa.gov/data/tools/firms
https://www.cpc.ncep.noaa.gov/products/precip/Cwlink/pna/norm.nao.monthly.b5001.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/Cwlink/pna/norm.nao.monthly.b5001.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/Cwlink/pna/norm.nao.monthly.b5001.current.ascii.table
https://www.cpc.ncep.noaa.gov/data/teledoc/teleindcalc.shtml
https://www.cpc.ncep.noaa.gov/data/teledoc/teleindcalc.shtml
https://www.cpc.ncep.noaa.gov/data/teledoc/teleindcalc.shtml
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Figure 1. Division of the Baltic Sea into sectors used in this study to analyse aerosol optical depth (left panel) and location

of gulfs and straits mentioned in this study (right panel). K.D. stands for Kaliningrad District.

The statistical significance of trends and their slopes 332

was assessed using the non-parametric Mann–Kendall test 333

and the associated Sen’s slope estimator, both with au- 334

tocorrelation correction following the 3PW (three pre- 335

whitening) algorithm of Collaud Coen et al. (2020). This 336

approach does not assume normally distributed data and 337

properly accounts for autocorrelation in the time series. 338

The null hypotheses of no trendwere tested at significance 339

levels of 0.10 and 0.05. Accordingly, in the following, ss90 340

and ss95 denote trends that are statistically significant at 341

the 90% and 95% confidence levels, respectively, while 342

ns indicates a non-significant trend. Trend values are re- 343

ported in the form: slope [lower bound; upper bound], 344

where the values in brackets represent the 62%confidence 345

intervals of the Sen’s slope estimate. 346

4. Results and discussion 347

4.1 Spatial climatology of AOD(550) 348

Mean AOD values averaged over the entire Baltic Sea are 349

0.221± 0.012 (mean and standard deviation of the mean 350

due to interannual variability) for MERRA-2 (1980–1999), 351

0.135±0.002 for MERRA-2 (2003–2023), and 0.116± 352

0.003 for CAMSRA (2003–2023). In Sections 4 and 5, AOD 353

refers to AOD(550). 354

The surface distribution of AOD over the Baltic Sea is 355

characterised by a nearly meridional (SSE–NNW) decrease 356

in AOD (Figure ??). Except for lower AOD values in the 357

2003–2023 period compared to 1980–1999, the surface 358

distribution patterns are very similar for both averaging 359

periods and both reanalyses. The highest AOD occurs over 360

the southeastern Baltic (s6) during 1980–1999 and over 361

the southwestern sector (s5) thereafter, with a minimum 362
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Figure 2. Long-term mean distributions of total AOD(550) in the Baltic Sea region based on MERRA-2 data for the

periods 1980–1999 (left) and 2003–2023 (middle) and on CAMSRA data for the period 2003–2023 (right). The colour

bar on the left applies to the left graph only.
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in s1 for all cases. For 2003–2023, the south–north AOD 363

gradient is slightly stronger in CAMSRA (ΔAOD= –0.053) 364

than in MERRA-2 (ΔAOD= –0.039). 365

This spatial pattern agrees with previous studies 366

(Mancinelli et al., 2024) and reflects the southern loca- 367

tion of the main anthropogenic aerosol sources. The differ- 368

ences between the reanalyses can be attributed to different 369

methods and, in part, to different data sources used in data 370

assimilation. 371

Spatial patterns for speciated AODs largely follow the 372

total AOD distribution, except for sea salt and organic com- 373

ponents (Figure ??). Sea-salt AOD (AOD_SS) decreases 374

from the Skagerrak-Kattegat toward the Gulf of Bothnia 375

and Gulf of Finland (Table A3). Basin-wide means are 376

0.020± 377

0.0005, 0.019± 0.0004, and 0.018± 0.0005 for MERRA-2 378

(1980–1999), MERRA-2 (2003–2023), and CAMSRA 379

(2003–2023), respectively. CAMSRA exhibits a steeper 380

gradient along the Baltic Sea but a weaker inland decline, 381

suggesting less efficient sea-salt removal than in MERRA-2. 382

Organic aerosol AOD (AOD_OC/AOD_OM) shows the 383

largest differences between the reanalyses (Figure ??c). 384

In MERRA-2 (1980–1999), AOD_OC decreases east–west, 385

whereas after 2003 it becomes nearly uniform, with only 386

∼9% variation between sectors. CAMSRA, however, ex- 387

hibits a typical south–north gradient (maximum in s5, min- 388

imum in s1) with 40% variation. 389

The basin-wide mean AOD_OC values from MERRA- 390

2 for the periods 1980–1999 and 2003–2023 are close 391

to each other (0.019±0.001 and 0.021±0.001, respec- 392

tively) but more than a factor of two lower than the CAM- 393

SRA AOD_OM (0.055± 0.002), which is consistent with the 394

global ratio (∼ 2.3) reported by Xian et al. (2024). A signif- 395

icant overestimation of surface concentrations of organic 396

matter from the CAMS global forecasting system has been 397

noted when compared with SPARTAN network data (Sur- 398

face PARTiculate mAtter Network; Amarillo et al., 2024). 399

It should be noted that CAMSRA OM and MERRA-2 OC are 400

not directly comparable optical proxies, as OM includes ox- 401

idation products and secondary organic aerosol, whereas 402

OC represents only primary carbonaceous material. 403

Black carbon AOD (AOD_BC) also follows a meridional 404

gradient (Figure ??d). In MERRA-2 (1980–1999), AOD_BC 405

decreases from s6 to s1 by ∼44%; in 2003–2023, the 406

relative difference is 46% for MERRA-2 and 41% for 407

CAMSRA, both with maxima in s5. Mean basin values are 408

0.0069±0.0002, 0.0074±0.0001, and 0.0058±0.0009 409

for MERRA-2 (1980–1999), MERRA-2 (2003–2023) and 410

CAMSRA (2003–2023). 411

Sulphate AOD (AOD_SU) exhibits a clear SSE–NNW de- 412

crease similar to total AOD (Figure ??e), with inter-sector 413

differences of 32–41%. However, absolute values differ 414

greatly. The basin means are 0.160± 0.011, 0.069± 0.002, 415

and 0.033±0.001 for the three datasets, meaning CAM- 416

SRA values are roughly half those of MERRA-2. Xian et 417

al. (2024) reported that the AOD_SU values derived from 418

CAMSRA are lower than those from MERRA-2 for Europe, 419

Asia and America. The discrepancies are linked to differ- 420

ences in emission inventories. For example, SO2 emissions 421

from AeroCom (previous version) used in MERRA-2 are 422

about twice those in MACCity (CAMSRA) over Europe in 423

the period 2000–2006 (Granier et al., 2011). 424

Dust AOD (AOD_DU) peaks in s6 (MERRA-2) or s5–s6 425

(CAMSRA) and isminimal in s1. Spatial contrasts are∼ 32% 426

for both MERRA-2 periods but ∼94% for CAMSRA 427

(Figure ??b). Basin-mean values are 0.016±0.0006, 428

0.018±0.0006, 0.004±0.0002 (MERRA-2 1980–1999, 429

MERRA-2 2003–2023, CAMSRA 2003–2023). The signifi- 430

cantly higher dust AOD fromMERRA-2 agrees with Xian et 431

al. (2024). They found large differences between the two 432

reanalyses for the Sahara, the main source of the desert 433

dust over Europe, and the deserts of Central Asia and the 434

Arabian Peninsula, locally exceeding 0.05. However, they 435

attributed differences in AOD_DU fromMERRA-2 and CAM- 436

SRA over regions distant from the main sources to differ- 437

ences in dust removal processes between the reanalyses. 438

Detailed characterisation of total and speciated AOD 439

spatial distributions is given in Table A3. 440

4.2 Trends 441

4.2.1 1980–1999 442

Over the 40+ years covered by the MERRA-2 reanalysis 443

(Figure ??) and the 20+ years covered by the CAMSRA 444

(Figure ??), both total AOD values and values of speciated 445

AODs vary significantly. Over the last two decades of the 446

20th century, the annual mean AOD averaged for the entire 447

Baltic Sea decreased at a rate of 0.073 [−0.111; −0.045] 448

per decade (ss90; Figure ??). The decline is strongest in 449

the central and southern Baltic Sea (s4–s6: −0.07 to−0.08 450

1/10y; ss90) and weakens northward (s1–s2: −0.055 to 451

−0.060 1/10y; ss95). Trends formonthlymeans varied de- 452

pending on the month and sector, with the largest 453

decreases in May (basin-mean trend: −0.096 [−0.157; 454

−0.031] 1/10y; ns) and March (−0.091 [−0.13; −0.057] 455

1/10y; ss90). South–north contrasts in trend values are 456

pronounced in June and July. 457

Trends in 1980–1999 reflect a gradual reduction in 458

anthropogenic emissions (de Meij et al., 2012), mainly sul- 459

phates and sulphur oxides, driven by EU regulations, eco- 460

nomic crisis and a political transformation (“perestroika”) 461

in Central and Eastern Europe. “Perestroika” began in the 462

mid-1980s and was associated with a partial industrial 463

decline and changes in pollutant emission limits. The ob- 464

served trends are also influenced by two strong volcano 465

volcanic eruptions (El Chichón, 1982; Pinatubo, 1991), 466

visible as 1983 and 1992 AOD peaks in Figure ??, and a de- 467

crease in volcanic activity after 1991 (Markowicz et al., 468

2022). It must be noted that the trend estimates include 469

these high-AOD years, which likely enhances the apparent 470

magnitude of the negative trend but decreases its statisti- 471
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Figure 3. Spatial distributions of speciated AOD(550) from MERRA-2, averaged over the periods 1980–1999 and

2003–2023, and from CAMSRA, averaged over the period 2003–2023. The left colour bar refers to AOD_SU fromMERRA-

2 for the period 1980–1999. Scale values should be multiplied by the appropriate multipliers given above the colour

bars.

cal significance. Trends in the total AOD generally agree 472

with the corresponding trends in the AOD_SU (Figure ??a). 473

In 1980–1999, all the statistically significant trends, 474

both for annual means of total and speciated AODs and for 475

the monthly means, were negative. The positive AOD_SS 476

trend in February (ss95) and March (ss90; Figure ??) is 477

an exception and aligns with a late-winter and early-spring 478

wind intensification and autumnal weakening over 479
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Figure 4. Temporal variability of annual spatial means of AOD and speciated AODs fromMERRA-2 for the entire Baltic

Sea (black) and the sectors (colours indicate sectors as in Figure ??). Straight lines represent the corresponding trends

for the periods 1980–1999 and 2003–2023.

1970–2007 (Lehmann et al., 2011). 480

4.2.2 2003–2023 481

In the 21st century, the reduction rate in anthropogenic 482

emissions is much lower (Figure A2 in Mancinelli et al., 483

2024) and the impact of volcanic activity on atmospheric 484

aerosol in Europe is weaker, which results in weaker AOD 485

trends. The trend for the annual basin-mean AOD is 486

−0.0056 [−0.0094; −0.0020] 1/10y (−4.2%/10y) and 487

statistically insignificant for the MERRA-2 data and 488

−0.0156 [−0.021; −0.0087] 1/10y (−11.6%/10y) and 489

statistically significant (ss90) for the CAMSRA data. These 490

Figure 5. Temporal variability of annual spatial means of AOD and speciated AODs from CAMSRA for the entire Baltic

Sea (black) and the sectors (colours indicate sectors as in Figure ??). Straight lines show the corresponding trends for

the period 2003–2023. The corresponding time series of total AOD and speciated AODs from MERRA-2 (from Figure ??)

are plotted in grey for comparison.
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Figure 6. Seasonal variations in trends in monthly mean AOD for selected sectors and the entire Baltic Sea. Colours

indicate sectors (see Figure ??), black colour indicates trends inmeans for the entire Baltic Sea, month=0 indicates trends

in annual means, and larger symbols indicate statistically significant trends at a significance level of 0.05. Individual

graphs show trends for different periods: 1980–1999 (left), 2000–2023 (middle) and 1980–2023 (right).

values are comparable to the AOD(550) trend of−0.0084 491

1/10y (−5.6%/10y) determined by Han et al. (2025), 492

based on MODIS measurements in the years 2001–2023 493

over the entire Baltic Sea. 494

The trends remain more negative in the southern sec- 495

tors, with the highest magnitudes in s6 for MERRA-2 496

(−0.0087 [−0.0123; −0.0057] 1/10y, −5.8%/10y; s95) 497

and for CAMSRA (−0.0205 [−0.032; −0.014] 1/10y, 498

−15.1%/10y; ns). The weakest trends are found in s1: 499

−0.0017 [−0.00546; 0.0029] 1/10y (−1.5%/10y; ns) for 500

MERRA-2and (−0.0101 [−0.0108;−0.0084] 1/10y,−11.9 501

%/10y; ss95) for CAMSRA. Despite both systems assim- 502

ilating AOD, CAMSRA trends in annual mean AOD are at 503

least twice as negative as MERRA-2 across most sectors, 504

which can be attributed to partly different data sources 505

used in data assimilation in the reanalyses and different as- 506

similation algorithms (compare Sections 2.1.1 and 2.1.2). 507

Previous studies also indicate a meridional decrease in 508

the trendmagnitudeover theBaltic Sea. According toGlanz 509

et al. (2019), the trends are−0.024 1/10y for the south- 510

western Baltic Sea (MODIS Collection C061; 2003–2017, 511

April to September) and−0.017 1/10y for thewesternGot- 512

land Basin in Sweden. An increase in the trend value north- 513

ward is also observed on a larger scale. Han et al. (2025) 514

reported trends for theNorthernEurope sector of−0.0013 515

1/10y (−0.9%/10y),+0.0023 1/10y (1.7%/10y) for Sval- 516

bard and+0.0070 1/10y (5.5%/10y) for the Greenland 517

Sea sector, compared to−0.0084 1/10y (−5.6%/10y) for 518

the Baltic Sea sector. The Northern Europe sector extends 519

farther west and north than the Baltic Sea sector in Han et 520

al. (2025). 521

For MERRA-2, AOD trends for individual months are 522

predominantly negative from January to May and predom- 523

inantly positive from June onward. The trends are mostly 524

statistically insignificant. Statistically significant trends 525

(ss95) are only observed in March, April and May, with the 526

largest decrease inApril (−0.034 [−0.046; −0.022] 1/10y) 527

for the whole Baltic Sea. In the case of CAMSRA, trends for 528

individual months are predominantly negative throughout 529

the year. More months show statistically significant trends 530

than for MERRA-2. Statistically significant trends (ss95) 531

are observed for the periods January to May and Novem- 532

ber, with the largest decrease observed in April and May 533

(−0.037 [−0.047;−0.024] and −0.038 [−0.054;−0.017] 534

1/10y). The difference between spring and summer 535

trends (0.03–0.04 1/10y) is significantly lower than those 536

reported by Han et al. (2025) for the Baltic Sea 537

(−0.116 1/10y in spring;+0.025 1/10y in summer). 538

According to the MERRA-2 reanalysis, the statistically 539

significant negative trends in total AOD in spring coincide 540

with negative trends in AOD_SU and AOD_DU. In CAMSRA, 541

the strongest decreases in total AOD in May and April are 542

accompanied by negative trends in AOD_SU and AOD_OM, 543

representing a key difference compared to MERRA-2. In 544

both reanalyses, April AOD is strongly correlated with fire 545

activity in the Baltic region (Section 4.3.4), suggesting that 546

the observed April decrease is associated with a reduc- 547

tion in agricultural burning. However, CAMSRA attributes 548

a larger organic fraction to fires than MERRA-2 (Section 549

4.3.4). 550

In the case of the trends in speciated AODs, only indi- 551

rectly constrained by data assimilation, significant differ- 552

ences can be observed between aerosol species and the 553

reanalyses (Figure ??): 554

1. The trends in annual means of AOD_SU are nega- 555

tive and similar across reanalyses (basin-mean trend: 556

−0.0078 [−0102; −0.0053] 1/10y, ss95, for 557

MERRA-2 and 0.0092 [−0.0147; 0.00166] 1/10y, 558

ss90, for CAMSRA). The trend values are mostly neg- 559

ative in both seasonal cycles. Seasonal extremes oc- 560

cur in April forMERRA-2 (−0.025 [−0.033; −0.021] 561

1/10y, ss95) versus July for CAMSRA (−0.020 562

[−0.022; −0.015] 1/10y, ss95) (Figure ??c). 563
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Figure 7. Seasonal changes in trends in monthly mean speciated AOD: (a) AOD_OC, (b) AOD_BC, (c) AOD_SU, (d) AOD_SS,

and (e) AOD_DU, for selected sectors and the entire Baltic Sea. Colours indicate sectors (see Figure ??), black indicates

trends in the means for the entire Baltic Sea, month=0 indicates trends in annual means, and larger symbols indicate

trends statistically significant at a significance level of 0.05. Columns show trends for different periods: 1980–1999

(left), 2000–2023 (middle) and 1980–2023 (right).
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2. The trends in annual basin means of AOD_OC/OM 564

fromMERRA-2 and CAMSRA are statistically signif- 565

icant and opposite: positive for MERRA-2 (0.0047 566

[0.0034; 0.0058] 1/10y, s95) and negative for CAM- 567

SRA (−0.0071 [−0.0094;−0.0056] 1/10y, ss95) 568

(Figure ??a). Maximum seasonal trend values occur 569

in late summer and early autumn: a statistically sig- 570

nificant positive trendof 0.011 [0.0057; 0.017] 1/10y 571

(ss90) in August for MERRA-2 and insignificant 572

+0.0039 [−0.0031; 0.0090] 1/10y in September for 573

CAMSRA. SurfaceOC concentration atUtömarine sta- 574

tion (2011–2021) shows a strong decrease (Friman 575

et al., 2023), closer to CAMSRA than MERRA-2, not- 576

ing that AOD integrates elevated layers. 577

3. The trend of AOD_BC annual basin-means from CAM- 578

SRA is near zero inMERRA-2 (−0.00005 [−0.00016; 579

0.00022 1/10y, ns) and negative in CAMSRA 580

(−0.00094 [−0.0012;−0.00050] 1/10y, ss95). Sea- 581

sonally, both show a spring depression and 582

late-summer crest; in April the trends are−0.0014 583

[−0.0020; −0.00089] (MERRA-2, ss95 ns) and 584

−0.0031 [−0.0035; −0.0024]perdecade (CAMSRA, 585

ss95), with late-summer values peaking in August/ 586

September (0.0011 [0.0004; 0.0016] 1/10y, ss90, 587

and 0.0004 [−0.00023; 0.0009] 1/10y, ns) (Fig- 588

ure ??b). A negative but statistically insignificant 589

trend in surface elemental carbon concentrationwas 590

observed at the Utö marine station between 2011 591

and 2021 (Friman et al., 2023). 592

4. AOD_SS trends are predominantly positive, but most- 593

ly statistically insignificant (Figure ??d). The trend 594

in annual means averaged over the entire Baltic Sea 595

is 0.0009 [0.00009; 0.0016] 1/10y (ns) in the case 596

of MERRA-2 and 0.0023 [0.0013; 0.0033] 1/10y 597

(ss95) for CAMSRA. Like in the period 1980–1999, 598

the largest monthly increases occur in February in 599

both reanalyses (MERRA-2: 0.0037 [0.0012; 0.0068] 600

1/10y, ns; CAMSRA: 0.0051 [0.0031; 0.0082] 1/10y, 601

ss95). 602

5. AOD_DU trends from MERRA-2 and CAMSRA data 603

show different seasonal cycles (Figure ??e). MERRA- 604

2 showsa significant negative annual trend (−0.0029 605

[0.0045; −0.0012] 1/10y; ss95), driven by spring 606

(−0.009 to −0.006 1/10y). CAMSRA trends are 607

weak and statistically insignificant (annual mean 608

trend: −0.0005 [0.00012; 0.0009] 1/10y, ns), with 609

an isolated significant October increase (0.0011 610

[0.0008; 0.0016] 1/10y, ss95) (Figure ??e). 611

4.3 Seasonality 612

Spatial and seasonal variation in trends of the total and 613

speciated AODs have led to long-term temporal and spatial 614

variability in seasonal AOD cycles (Figure ??). Decadal sea- 615

sonal cycles of total AOD evolve from a single spring peak 616

in 1980–89 (March, sector sN; May, sector sS) to a double- 617

peak pattern in 2003–2023 with the maxima in April/May 618

and July/August. Starting from the decade 1980–1999, the 619

decadal mean AOD and the amplitude of seasonal changes 620

decline, mainly due to spring decreases. The summer max- 621

imum declines more gradually in CAMSRA and remains 622

largely persistent in MERRA-2, becoming the dominant 623

feature of the seasonal cycle during 2013–2023. MERRA-2 624

consistently shows a smaller annual amplitude of AODvari- 625

ability compared with CAMSRA, consistent with findings 626

reported for Europe by Xian et al. (2020, Supplement). In 627

both reanalyses, seasonal AOD variability is weaker over 628

the northern Baltic Sea sector (sN). 629

In the 2013–2023 decade, the MERRA-2monthly mean 630

AOD ranges from 0.092 (October) to 0.131 (August) in 631

sN and from 0.113 (December) to 0.175 (August) in sS. 632

CAMSRA mean AOD ranges from 0.040 (January) to 0.142 633

(August) in s1 and from 0.061 (December) to 0.192 (July) 634

over the southern Baltic Sea. A comparison of the seasonal 635

cycles fromMERRA-2 and CAMSRA with the seasonal cy- 636

cle from the AERONET Helsinki station (2009–2023) indi- 637

cates that MERRA-2 reproduces the cycle shape better, but 638

consistently overestimates the long-term monthly means 639

(Appendix 3, Figure A3). 640

The main features of the seasonal cycles of speciated 641

AODs are as follows: 642

1. The seasonal variability of AOD_SS differs from that 643

of the other AOD components. For all decades and 644

regions (sN, sS), the MERRA-2 AOD_SS cycle shows 645

aminimum inMay (0.008–0.013) and amaximum in 646

winter (January or December; 0.026–0.039), match- 647

ing wind seasonality. CAMSRA shows larger AOD_SS 648

values than MERRA-2 fromMarch to May, resulting 649

in the minimum AOD_SS in July (0.008–0.014) and 650

the maximum in December (sN; 0.022–0.028) and 651

January–February (sS; 0.027–0.031). 652

2. The seasonal cycles ofMERRA-2andCAMSRAAOD_DU 653

show the same trend – an increase in AOD_DU in June 654

relative to AOD in April and May. In the 2013–2023 655

decade, the CAMSRA AOD_DU maximumwas found 656

in June (0.005/0.012 for sN/sS) and the MERRA-2 in 657

April (0.025/0.036 for sN/sS), but AOD_DU in June 658

is greater in 2013–2023 than in the previous decade. 659

The minimum AOD_DU is found for winter in both 660

reanalyses. 661

3. The main features of long-term changes of the sea- 662

sonal cycle of AOD_SU over the Baltic Sea are a flat- 663

tening, i.e., a reduction in amplitude, and the disap- 664

pearance of the spring maximum. These features 665

occur in the southern Baltic Sea (sS) and the Gulf 666

of Bothnia (sN) in both reanalyses. However, the 667

flattening of the seasonal cycle is stronger in the 668
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Figure 8. Decadal mean annual cycles of (a, b) AOD and AOD components: AOD_SS and AOD_DU, and (c, d) AOD_SU,

AOD_OC, and AOD_BC, for (a, c) the northern part of the Baltic Sea (sN) and (b, d) the southern part of the Baltic Sea (sS).

Colours indicate decades. Dashed lines indicate results from CAMSRA, and solid lines indicate results from MERRA–2.

MERRA-2 case. In the case of MERRA-2, for the pe- 669

riod 2013–2023, the decadal monthly mean AOD_SU 670

ranges from 0.053 in October to 0.063 in February in 671

sN and from 0.056 in December to 0.089 in August 672

in sS. For CAMSRA, the mean AOD_SU value ranges 673

from 0.006 (January) to 0.041 (June) in sN and from 674

0.011 (January) to 0.060 (June) in sS. 675

4. In the late 20th century, the seasonal distribution of 676

AOD_OC shows a single peak, in July/August (sN) or 677

May (sS). In the 2000s, a transition to bi-peak cycles 678

was observed. In the period 2013–2023, both re- 679

analyses yield amaximum in summer in both sectors 680

(MERRA-2: 0.044/0.045 in sN/sS; CAMSRA: 0.081/0.102).681

As mentioned earlier, the AOD_OC from MERRA-2 682

shows a W-E gradient or uniform surface distribu- 683

tion, therefore differences between decadal monthly 684

means are small between the sN and sS sectors. Sum- 685

mer maxima match the seasonal cycle of surface or- 686

ganic carbon concentration at the Utö marine station 687
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in Finland (2011–2021) with a peak in July (Friman 688

et al., 2023). The summer maximum was also ob- 689

served at Arctic and rural sites in Finland, which 690

Friman et al. (2023) attributed to a dominant role of 691

secondary organic aerosol formation, mainly from 692

biogenic precursors. 693

5. Similar to AOD_OC/OM, the seasonal distribution 694

of AOD_BC has changed from a single-peak cycle to 695

a double-peak pattern, with maxima in April/May 696

and July/August and a minimum in winter (Decem- 697

ber, January). In the decade 2013–2023, the sum- 698

mer maximum becomes dominant in both reanaly- 699

ses (0.008–0.009/0.012 in sN/sS). No clear seasonal 700

variations of surface elemental carbon concentration 701

were observed at the Utö marine site (Friman et al., 702

2023). 703

Temporal variations of species contributions to total 704

AOD are presented in Appendix 4. Unlike AODs, the contri- 705

butions or ratios of a speciated AOD to the total AOD are 706

unconstrained by AOD assimilation. 707

4.4 Long-term AOD fluctuation analysis 708

In this section, we analyse the consistency of the reanalyses 709

in reproducing temporal AOD variability, spatial coherence 710

of AOD variability, the spatial differentiation of AOD fluctu- 711

ation amplitudes, and correlations of AOD variability with 712

the NAO index and fire activity in the Baltic Sea region. 713

4.4.1 Reanalysis consistency 714

To analyse the extent to which both reanalyses are con- 715

sistent in reproducing the temporal variability of total 716

and speciated AODs, correlation coefficients were calcu- 717

lated between the detrended annual and monthly AOD 718

means from MERRA-2 and CAMSRA data for the Baltic Sea 719

area (Table A4). The correlation coefficient for annual 720

means of total AODwas 0.75. The best agreement between 721

the speciated AOD variability from MERRA-2 and CAM- 722

SRA was obtained for AOD_BC (0.83), AOD_SS (0.72) and 723

AOD_OC/AOD_OM (0.64). The corresponding correlation 724

coefficients for AOD_DU and AOD_SU are 0.53 and 0.47. All 725

these correlation coefficients are statistically significant 726

at a significance level of 0.05. The best agreement was 727

obtained for the total AOD, constrained by assimilation of 728

measured AOD, AOD_BC, determined daily from satellite 729

observations, and AOD_SS estimated mainly from wind 730

speed. The good agreement in total AOD is partly expected, 731

as both reanalyses assimilate MODIS data. Dust aerosol 732

emission is also wind-speed dependent, but major dust 733

sources are located far from the Baltic Sea, which makes 734

AOD_DU over the Baltic Sea susceptible to many processes, 735

e.g., the height of the dust injection to the atmosphere and 736

removal processes on the transport path from the sources 737

to the Baltic Sea. 738

The correlation coefficients betweenAODs fromMERRA- 739

2 and CAMSRA vary seasonally. Even for aerosol compo- 740

nentswith relatively low correlation coefficients for annual 741

means, such as dust and sulphate aerosols, correlations 742

can be seasonally significant. AOD_SU shows the highest 743

correlation coefficient fromApril to July (0.68–0.84), while 744

summer and autumn are periods with relatively high cor- 745

relation for AOD_DU (> 0.73). The correlation coefficients 746

between detrended total AOD strongly depend on the avail- 747

ability of data for assimilation and are lowest for December 748

and January. 749

4.4.2 AOD north-south coherence 750

Another question regarding the spatial and temporal vari- 751

ability of monthly mean AOD is whether AOD fluctuations 752

(deviations from the trend line) occur simultaneously over 753

the entire Baltic Sea. To assess this, correlation coeffi- 754

cients between detrended AOD and speciated AODs over 755

the northern (sN) and southern (sS) parts of the Baltic Sea 756

were calculated based on MERRA-2 and CAMSRA data (Ta- 757

ble A5). For the detrended annual means, the correlation 758

coefficients are high and largely comparable: 0.79–0.87 759

for MERRA-2 and 0.60–0.89 for CAMSRA. Significant dif- 760

ferences between the reanalyses occur for AOD_SU and 761

AOD_DU, where the CAMSRA correlation coefficients are 762

lower by about 0.25. 763

The seasonal cycles of correlation coefficients between 764

detrended monthly means of total AOD over the northern 765

and southern Baltic Sea from both reanalyses are also com- 766

parable and show similar month-to-month variability (Ta- 767

ble A5). The lowest correlation coefficients were obtained 768

for March (statistically insignificant for both reanalyses) 769

and October (statistically insignificant for MERRA-2 and 770

0.44 for CAMSRA), the largest values for July (0.80 and 0.76 771

for MERRA-2 and CAMSRA, respectively), August (0.80, 772

0.83) and December (0.80 and 0.74). The low correlation 773

between AOD in sN and sS suggests that the northern and 774

southern Baltic Sea are more often influenced by different 775

aerosol regimes (different air masses). 776

For speciated AOD, the differences in the correspond- 777

ing correlations from MERRA-2 and CAMSRA are larger. 778

CAMSRA typically yields higher AOD_SS coherence than 779

MERRA-2, which is consistent with stronger sea-salt trans- 780

port from the Atlantic Ocean to the Baltic Sea in CAMSRA 781

(compare Figure ??a). 782

4.4.3 AOD fluctuation amplitudes 783

A ratio of the root-mean-square deviations of AOD from 784

the respective trend lines for sectors sN and sS provides 785

information on the proportion of the magnitude of AOD 786

fluctuations relative to the respective trend lines in the 787

northern and southern parts of the Baltic Sea. For the an- 788

nual means of AOD_SS, AOD_BC, and AOD_DU, both reanal- 789

yses indicated a decrease in the magnitude of fluctuations 790

in the south-north direction. The ratios were 0.78 and 0.67 791

for AOD_DU (fromMERRA-2 and CAMSRA, respectively), 792

0.64 and 0.79 for AOD_SS and 0.86 and 0.96 for AOD_BC. 793

AOD_OC (AOD_OM) shows very similar magnitudes of fluc- 794
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tuations in the southern and northern parts of the Baltic 795

Sea (ratios of 0.97 and 1.07, respectively). 796

For total AOD and AOD_SU, MERRA-2 and CAMSRA 797

show different patterns – a decrease from south to north 798

for AOD and AOD_SU from CAMSRA (respective ratios of 799

0.90 and 0.59) and aweak increase or similarmagnitude of 800

fluctuations for AOD and AOD_SU fromMERRA-2 (ratios of 801

1.14 and 1.07). It should be noted that despite the higher 802

year-to-year variability in the northern part of the Baltic 803

Sea, the mean AOD clearly decreases from south to north 804

(see also Figures ?? and ??). Ratios close to 1 suggest a high 805

efficiency of pollutant transport to the northern part of the 806

Baltic Sea during aerosol events such as extensive biomass 807

fires, or short-lived aerosol sources located in the north- 808

ern Baltic Sea region. As mentioned, due to the Baltic Sea’s 809

large meridional extent, different parts can be influenced 810

by different aerosol regimes/air masses. There are cases 811

of pollutants advecting to the northern Baltic Sea, while 812

the southern part is influenced by clean air masses. 813

4.4.4 Links to fire activity 814

Wildfires are a significant aerosol source in both reanaly- 815

ses. We characterise fire activity using themonthly number 816

of FIRMS hotspots (quality >60%), aggregated over the 817

Baltic region (Figure A5). Months October–February were 818

omitted due to very low counts (monthly maxima< 100), 819

implying negligible direct fire influence on AOD over the 820

Baltic Sea during winter. In the decades 2003–2012 and 821

2013–2023, fire activity shows a double-peak annual cycle, 822

withmaxima in April and August and theminimum in June. 823

In both decades, the highest number of fires in the annual 824

cycle is observed in spring, mainly in April. Spring (April) 825

peaks are dominated by agricultural burningmainly in Rus- 826

sia, the Kaliningrad District, and the Republic of Belarus 827

(with contributions from Ukraine) (McCarty et al., 2016). 828

In summer, the number of fires in the sectors is comparable. 829

Themonthly fire count generally declines over time, except 830

forMarch and October, when it increases in 2013–2023 rel- 831

ative to 2003–2012. The March fire count correlates with 832

the February-March NAO index mean (R= 0.58, p< 0.01), 833

suggesting warm winters favour earlier agricultural burn- 834

ing and/or natural fires. 835

  836

The strongest AOD-fire relationships occur in April (Ta- 837

ble ??). Both reanalyses agree on the high correlation 838

(p<0.01) between the fire count and basin-mean total 839

AOD (0.67/0.68 for MERRA-2/ CAMSRA), AOD_BC (0.83/ 840

0.71), and AOD_SU (0.68/0.66). For organic aerosols, a sig- 841

nificant correlation appears only in CAMSRA (0.71), sug- 842

gesting that CAMSRA attributes a larger organic fraction 843

to fires. Consistently, AOD_BC–AOD_OC/OM correlations 844

are much tighter in CAMSRA (the entire Baltic Sea: 0.95 845

in April; 0.83–0.95 in May–June) than in MERRA-2 (0.56– 846

0.58). 847

In April, the correlation coefficients between the fire 848

count and total and speciated AODs are generally higher 849

for sN than for sS, with the exception of AOD_SU from CAM- 850

SRA, suggesting that the northern Baltic region with lower 851

anthropogenic backgrounds is more sensitive to episodic 852

pollution transport. 853

In May and June, the correlations weaken substantially. 854

Despite a secondary fire peak inAugust, significantlyweaker 855

than in spring, summer correlations are mostly insignifi- 856

cant (one exception in Table ??). This highlights the mod- 857

ulating role of meteorology (specifically transport-wind 858

direction and precipitation) in controlling the impact of 859

fires on AOD. 860

4.4.5 Links to NAO index 861

Statistically significant relationships between the NAO in- 862

dex and total and speciated AODs are concentrated in win- 863

ter (Table ??). For both reanalyses, AOD_SS correlates pos- 864

itively with NAO, with coefficients decreasing from Decem- 865

ber (basin mean: 0.77 for MERRA-2; 0.81 for CAMSRA) to 866

February (0.51; 0.54). This is consistent with more fre- 867

quent westerly circulation and intensification of storm ac- 868

tivity over northern Europe and Scandinavia during a posi- 869

tive NAO phase in winter (Meier et al., 2022 and references 870

therein, Meier et al., 2023), enhancing local sea-salt pro- 871

duction and advection from the Atlantic. Advection of air 872

masses from theAtlantic is also associatedwith an increase 873

in air humidity, which may lead to an increase in AOD_SS 874

due to hygroscopic growth. 875

For other species, the correlations are negative in the 876

winter months. In MERRA-2, AOD_SU is negatively corre- 877

lated with the NAO index, especially in sector sS (−0.65 878

in February; −0.77 in December). The correlation with 879

AOD_DU is also negative, but significant only for December 880

(−0.508 for the basin-mean AOD_DU). For CAMSRA, the co- 881

efficients between theNAO index and speciatedAODsother 882

than AOD_SS are statistically significant only for AOD_BC in 883

February (−0.515 for the basin-mean AOD_BC). These pat- 884

terns suggest that while positive NAO in winter enhances 885

local sea-salt production, advection from the Atlantic, and 886

possibly the hygroscopic growth of aerosols, the negative 887

NAO phase enhances transport of non-sea salt aerosols 888

to the Baltic Sea. Previous studies have shown that stag- 889

nant, cold, and dry high-pressure conditions over the Baltic 890

Sea, associated with a low NAO index, favour pollutant ac- 891

cumulation. In contrast, higher precipitation during high 892

NAOphases enhanceswet deposition, particularly ofwater- 893

soluble particles (Christoudias et al., 2012). 894

In winter, the reanalyses differ in the sign of the corre- 895

lation coefficient between total AOD and the NAO index. 896

Statistically significant correlations are positive for CAM- 897

SRA and negative for MERRA-2. This discrepancy may 898

result from the limited availability of AOD observations for 899

data assimilation in winter, which leads to less constrained 900

total AOD fields and enhances differences between the 901

models. The opposite signs of the correlation coefficients 902

suggest that the dominant processes through which NAO 903

influences aerosols over the Baltic Sea are different in the 904
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Table 1. Correlation coefficients of total and speciated AOD with the total (in all sectors from Figure A5 combined)

monthly fire count around the Baltic Sea for the northern (sN) and southern (sS) Baltic Sea, and the entire Baltic Sea in

2003–2023. Only correlation coefficients statistically significant at a significance level of at least 0.05 are presented.

Coefficients significant at a significance level of 0.01 are marked in bold. A slash separates the coefficients for AODs from

MERRA-2 (left) and CAMSRA (right).

Month AOD component sN sS Baltic

3 AOD_BC –/ – –/ – 0.44/ –

4 AOD_OC –/0.80 –/0.61 –/0.71

AOD_BC 0.81/0.85 0.78/0.69 0.83/0.80

AOD_SU 0.78/0.66 0.62/0.69 0.68/0.67

AOD 0.78/0.78 0.56/0.60 0.67/0.68

5 AOD_OC –/ 0.51 –/ 0.55 –/0.54

AOD_BC –/ 0.56 0.56 /0.60 0.49/ bf 0.60

AOD_SU 0.47/ – 0.55/ – 0.51/–

AOD –/– 0.49/ 0.43 –/–

6 AOD_OC 0.51/0.61 0.51/0.47 0.52/0.59

AOD_BC 0.54/0.57 –/ 0.50 0.51/0.55

AOD 0.58/0.56 0.45/ 0.45 0.59/0.57

8 AOD_SU –/– –/ 0.55 –/ –

9 AOD_SU –/0.48 –/0.59 –/0.57

Table 2. Correlation coefficients of total and speciated AOD with the monthly mean NAO index for the northern (sN) and

southern (sS) Baltic Sea and the entire Baltic Sea in 2003–2023. Only correlation coefficients statistically significant at

a significance level of at least 0.05 are presented. Coefficients significant at a significance level of 0.01 are marked in

bold. Slash separates the coefficients for AODs fromMERRA-2 (left) and CAMSRA (right).

Month AOD component sN sS Baltic

1 AOD_SS 0.57/0.67 –/0.62 0.57/ 0.71

AOD_SU –/– –/– –/–

AOD –/0.62 –/0.47 –/ 0.55

2 AOD_SS 0.43/0.59 0.47/ 0.46 0.51/ 0.54

AOD_BC –/– –/−0.58 –/ −0.52

AOD_SU –/– −0.65/– −0.57/ –

AOD –/– −0.53/– –/–

3 AOD_SS –/ 0.50 –/– –/–

AOD_DU –/ 0.52 –/– –/ 0.44

7 AOD_SS –/−0.54 –/−0.61 –/−0.60

8 AOD_DU –/ 0.48 –/– –/–

9 AOD_SS –/ 0.43 –/– –/–

12 AOD_SS 0.66/0.74 0.76/0.82 0.77/0.81

AOD_SU −0.47/– −0.77/– −0.65/–

AOD_DU –/– –/– −0.51/ –

AOD –/0.60 −0.45/– −0.49/ 0.50

two reanalyses. The positive correlation coefficient be- 905

tween CAMSRA AOD and the NAO index is consistent with 906

a large contribution of AOD_SS to total AOD during thewin- 907

ter months in the CAMSRA reanalysis (compare Appendix 908

4). 909

Despite the limited availability of AOD observations in 910

winter, both for assimilation and validation, the correla- 911

tions between AOT_SS and the NAO index are expected to 912

be robust. In both reanalyses, AOD_SS is closely linked to 913

wind speed (emission) andhumidity (hygroscopic growth), 914
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which are routinely measured meteorological variables. 915

Therefore, although absolute AOD_SS valuesmay be biased, 916

their temporal variability is likely to be well represented. 917

In contrast, for other aerosol species, the limited availabil- 918

ity of AOD observations in winter may have a stronger 919

impact on the reliability of correlations with the NAO in- 920

dex. 921

In July, CAMSRA shows a significant negative correla- 922

tion between AOD_SS and the NAO index (basin: −0.60, 923

sN −0.54, sS −0.61). A negative correlation is also ob- 924

tained fromMERRA-2, but the coefficients are mostly sta- 925

tistically insignificant. This aligns with a negative correla- 926

tion between the monthly mean wind speed and the NAO 927

index. The value of the correlation coefficient between the 928

monthly basin-mean wind speed (vector mean, MERRA-2) 929

at 50 m above sea level and the NAO index is−0.45 and is 930

statistically significant. This agrees with previous studies 931

(Folland et al., 2009; Dong et al., 2013; Bladé et al., 2012) 932

showing that the variability of storm tracks is closely re- 933

lated to the Summer NAO (SNAO), and the negative phase 934

of the SNAO is associated with a southward shift of storm 935

tracks and their zonal extension, as well as with more ex- 936

tratropical stormsmoving across the UK and northwestern 937

Europe. 938

5. Summary and conclusion 939

Using the results of two reanalyses, MERRA-2 andCAMSRA, 940

we characterised the spatial and temporal variability of 941

AOD over the Baltic Sea, with particular emphasis on differ- 942

ences and similarities between the reanalyses. The study 943

analysed the spatial distributions, trends, and seasonal 944

cycles of total and speciated AOD(550), as well as spatial 945

coherence of AOD temporal variability, spatial changes in 946

amplitudes of AOD fluctuations, and the impact of fires in 947

the Baltic Sea region and the NAO index on the monthly 948

means of AOD. Major highlights of this paper include the 949

following: 950

1. The long-term means of AOD(550) for the whole 951

Baltic Sea area are 0.221±0.012 (mean and stan- 952

dard deviation of the mean), 0.135±0.002, and 953

0.116± 0.003 for MERRA-2 (1980–1999), MERRA-2 954

(2003–2023), and CAMSRA (2003–2023), respec- 955

tively. In the period 2003–2023, the surface distribu- 956

tions of AOD fromMERRA-2 and CAMSRA are very 957

similar, except for a slightly higher mean AOD and 958

a stronger south-to-north AOD decrease for CAMSRA 959

(ΔAODMERRA-2=-0.039, ΔAODCAMSRA=-0.053). 960

2. In the case of speciated AODs, the differences in 961

mean values fromMERRA-2 andCAMSRAare greater 962

than for total AOD. The highest absolute difference 963

was found for organic aerosol (AOD_OCMERRA-2 964

=0.021±0.001 and AOD_OMCAMSRA = 0.055± 965

0.002) and sulphate aerosol (AOD_SUMERRA-2 = 966

0.069±0.002, AOD_SUCAMSRA=0.033±0.001). 967

The largest relative difference between reanalyses 968

was found for dust, 185% of themean AOD_DU value 969

from the two reanalyses. The highest agreement 970

between the reanalyses was obtained for sea salt 971

aerosol (AOD_SSMERRA-2=0.019±0.0003, 972

AOD_SSCAMSRA= 0.018± 0.0005). 973

3. A south-to-north decreasing spatial distribution pat- 974

tern is observed for all the speciated AODs, except 975

for sea salt and organic carbon. Sea salt AOD de- 976

creases from the Skagerrak-Kattegat towards the 977

Gulf of Bothnia and the Gulf of Finland. For organic 978

carbon, CAMSRAyields a typical S-to-NAODdecrease, 979

but inMERRA-2, an east-to-west gradient is observed 980

in the period 1980–1999, and a nearly uniform dis- 981

tribution in 2003–2023. 982

4. During the period 1980–1999, the annual mean AOD 983

averagedover the entireBaltic Seadecreasedat a rate 984

of 0.07 [−0.11; −0.05] per decade (ss90). During 985

the period 2003–2023, the trends are much weaker, 986

−0.006[−0.009; −0.002] 1/10y (−4.2%/10y) and 987

statistically insignificant for MERRA-2 and 988

−0.016[−0.021; −0.009] 1/10y (−11.6%/10y) and 989

statistically significant (ss90) for CAMSRA. The trend 990

values increase from south to north. The trends are 991

stronger and statistically significant for the southern 992

sectors with the largest magnitudes in the decades 993

2003–2023 in sector 6 for MERRA-2 994

(−0.009 [−0.012; −0.006] 1/10y; −5.8%/10y, s95) 995

and for CAMSRA (−0.021 [−0.032; −0.014] 1/10y; 996

−15.1%/10y; ns). 997

5. For the monthly mean AOD, significant seasonal vari- 998

ations in the trend values are observed, with a min- 999

imum in spring and a maximum in summer. In the 1000

years 2003–2023, the amplitude of the seasonal cy- 1001

cle of the trend of the monthly mean AOD averaged 1002

for the entireBaltic Seawas0.04 1/10y forMERRA-2 1003

and 0.03 1/10y for CAMSRA. 1004

6. For the annual mean speciated AODs averaged over 1005

the entire Baltic Sea, trends differ between reanaly- 1006

ses. The largest difference is observed for 1007

AOD_OC/OM; the trendover2003–2023waspositive 1008

for MERRA-2 0.005 [0.003; 0.006] 1/10y; s95) and 1009

negative for CAMSRA (−0.007 [−0.009; −0.006] 1010

1/10y; ss95). The greatest agreement is found for 1011

AOD_SU−0.008 [−010; −0.005] 1/10y (ss95) and 1012

0.009 [-0.015; -0.002] 1/10y (ss90), respectively), 1013

and AOD_SS (0.0009 [0.0001; 0.0016] 1/10y, ns; 1014

0.002 [0.001; 0.003] 1/10y, ss95). 1015

7. For AOD_OC/OM, AOD_SU, and AOD_BC from both 1016

reanalyses, as well as for AOD_DU from MERRA-2, 1017

significant seasonal variations in trend values are 1018
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observed, typically with minimum trend values in 1019

spring andmaximumvalues in summer. The AOD_SU 1020

trend from CAMSRA also shows low values in sum- 1021

mer. Despite a similar pattern of seasonal variability, 1022

the actual values may differ between reanalyses. 1023

8. In the period 1980–1999, a single-peak AOD sea- 1024

sonal cycle was observed, with the highest values 1025

of AOD in spring. In 2003–2023, both reanalyses 1026

show a decrease in the spring peak and an increase 1027

in the summer peak. In the decade 2013–2023, the 1028

summer peak became dominant over both the north- 1029

ern and southern Baltic Sea. The dominance of the 1030

summer peak was also observed for AOD_BC, and 1031

AOD_OC/OM. 1032

9. CAMSRA exhibits stronger seasonal variations in 1033

AOD,AOD_SU,AOD_BCandAOD_OC/OMthanMERRA- 1034

2. Comparison of AOD measured at the AERONET 1035

Helsinki station with two reanalyses implies that the 1036

shape of the AERONET seasonal cycle is closer to 1037

the shape of the MERRA-2 seasonal cycle. However, 1038

MERRA-2 consistently overestimates the monthly 1039

mean AOD. 1040

10. Spatial coherence of variability in total and speciated 1041

AOD in the northern and southern Baltic agrees be- 1042

tween reanalyses. For the detrended annual means, 1043

the correlation coefficients are high and largely com- 1044

parable: 0.79–0.87 for MERRA-2 and 0.60–0.89 for 1045

CAMSRA. 1046

11. For sea-salt, black carbon and dust aerosol, mag- 1047

nitudes of AOD fluctuations (relative to respective 1048

trend line) are lower in the northern part of the 1049

Baltic than in the southern in both reanalyses. The 1050

ratios of the magnitudes are 0.64–0.96. AOD_OC 1051

(AOD_OM) shows very similar magnitude of fluctu- 1052

ations in southern and northern parts of the Baltic 1053

Sea (ratios of 0.97 and 1.07), while total AOD and 1054

AOD_SU from MERRA-2 and CAMSRA show differ- 1055

ent patterns – a decrease from south to north for 1056

AOD and AOD_SU from CAMSRA (0.90 and 0.59) and 1057

a weak increase or similar magnitude of fluctuations 1058

for AOD and AOD_SU fromMERRA-2 (1.14 and 1.07). 1059

12. Forboth reanalyses, thehighest correlationsbetween 1060

the monthly fire count and AOD and speciated AOD 1061

occur in April. The correlation coefficient between 1062

fire count and the monthly mean AOD averaged for 1063

the entire Baltic Sea is 0.67 and 0.68 for MERRA- 1064

2 and CAMSRA, respectively. The corresponding 1065

coefficients for AOD_BC are 0.83 and 0.71, and for 1066

AOD_SU, 0.68 and 0.66. The coefficients are statis- 1067

tically significant at the 0.01 level. In the case of 1068

AOD_OC/AOD_OM, a statistically significant correla- 1069

tion occurs only in CAMSRA (0.71). 1070

13. A statistically significant correlation between total 1071

and speciated AODs and the NAO index was found 1072

mainly for the winter months. For both reanalyses, 1073

the highest correlation was observed at that time 1074

between the NAO index and AOD_SS, with correla- 1075

tion coefficients decreasing from December (0.77 1076

for the entire Baltic Sea for MERRA-2 and 0.81 for 1077

CAMSRA) to February (0.51 for MERRA-2 and 0.54 1078

for CAMSRA). 1079

14. The reanalyses differ in the sign of the correlation 1080

coefficient between total AOD and the NAO index 1081

for the winter months. Statistically significant co- 1082

efficients are positive for CAMSRA and negative for 1083

MERRA-2. 1084

15. In July, CAMSRA AOD_SS correlates negatively with 1085

NAO (significant), which is consistent with summer 1086

NAO dynamics that modulate wind/storminess and 1087

hence marine aerosol production. 1088

Total AOD patterns are broadly consistent between the 1089

reanalyses,whereas species-resolvedAODsdiffermarkedly. 1090

These differences are evident not only in their spatial dis- 1091

tribution but also in their temporal behaviour, including 1092

trends, seasonal cycles, and interannual variability across 1093

regions and aerosol species. The reanalyses differ sub- 1094

stantially in several aspects, including aerosol type rep- 1095

resentation, parameterisation of aerosol processes, emis- 1096

sion inventories, data assimilation techniques, and under- 1097

lying meteorological models. The comparative analysis 1098

presented in this study is based primarily on total and 1099

speciated AOD datasets, which limits the ability to fully 1100

identify the underlying causes of the observed differences. 1101

The AOD differences between the reanalyses highlight 1102

the importance of exercising caution when using speciated 1103

AODs from reanalysis in source attribution or radiative 1104

closure studies. They also emphasise the need for system- 1105

atic evaluation against independent observations – both 1106

column-integrated and in situ – to constrain model uncer- 1107

tainties related to temporal and spatial aerosol variability. 1108
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Witthuhn, J., Hünerbein, A., Filipitsch, F., 2021. Aerosol 1493

properties and aerosol–radiation interactions in clear- 1494

sky conditions over Germany. Atmos. Chem. Phys. 21, 1495

14591–14630. 1496

https://doi.org/10.5194/acp-21-14591-2021 1497

Xian, P., Reid, J.R., Ades, M., et al., 2024. Intercomparison of 1498

aerosol optical depths from four reanalyses and their 1499

multi-reanalysis consensus. Atmos. Chem. Phys. 24, 1500

6385–6411. 1501

https://doi.org/10.5194/acp-24-6385-2024 1502

Yang, Y., Lou, S., Wang, H., et al., 2020. Trends and source 1503

apportionment of aerosols in Europe during 1980–2018. 1504

Atmos. Chem. Phys. 20, 2579–2590. 1505

https://doi.org/10.5194/acp-20-2579-2020 1506

Yumimoto, K., Tanaka, T.Y., Oshima, N., Maki, T., 2024. 1507

JRAero: the Japanese Reanalysis for Aerosol v1.0. Geosci. 1508

Model Dev. 10, 3225–3253. 1509

https://doi.org/10.5194/gmd-10-3225-2017 1510

Zdun, A., Rozwadowska, A., Kratzer, S., 2011. Seasonal 1511

variability in the optical properties of Baltic aerosols. 1512

Oceanologia 53(1), 7–34. 1513

https://doi.org/10.5697/oc.53-1.007 1514

https://doi.org/10.1029/2000JD900245
https://doi.org/10.5697/oc.56-4.697
https://doi.org/10.1126/science.1132075
https://doi.org/10.1175/JCLI-D-16-0609.1
https://doi.org/10.1016/j.atmosres.2016.07.022
https://doi.org/10.3354/cr01244
https://doi.org/10.5194/amt-14-6159-2021
https://doi.org/10.5194/acp-14-9317-2014
https://doi.org/10.5194/amt-13-3375-2020
https://doi.org/10.5194/acp-14-9295-2014
https://doi.org/10.5194/acp-22-6365-2022
https://doi.org/10.5194/acp-21-14591-2021
https://doi.org/10.5194/acp-24-6385-2024
https://doi.org/10.5194/acp-20-2579-2020
https://doi.org/10.5194/gmd-10-3225-2017
https://doi.org/10.5697/oc.53-1.007

