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Abstract 18 

The interaction between atmospheric aerosols and moisture is crucial for aerosol 19 

properties and their climate effects. In this study, thanks to the rich measurements of aerosol 20 

properties during the 2016 and 2018 ORACLES campaigns, we investigate the aerosol liquid 21 

water content (ALWC) over the south-eastern Atlantic Ocean during the biomass burning (BB) 22 

season, as well as the seldom-reported ALWC associated with organic aerosols (OA) 23 

(ALWCOA) (OA). ALWCOA is determined using the OA hygroscopicity parameter κOA, derived 24 

from in-situ hygroscopicity measurements, particle number size distribution, and chemical 25 

composition. The ALWC can be determined either with the overall hygroscopic parameter κf(RH) 26 

or from the sum of ALWCOA and the ALWC simulated from ISORROPIA-II, a thermodynamic 27 

equilibrium model for inorganic aerosol. The ALWC from both methods is highly correlated 28 

at all RHs with an R2 of 0.99. The ALWC increases with aerosol loading and ambient relative 29 

humidity (RH). Due to the lower RH and higher aerosol loading in the 2016 campaign, the 30 

ALWC for both campaigns are generally consistent. ALWCOA accounts for 38±16 % of the 31 

total ALWC during both campaigns. Notably, the contribution of ALWCOA is greater than 32 

commonly reported in the literature, highlighting the significance of OA in ALWC and 33 

therefore the aerosol direct radiative forcing in this climatically significant region. The strong 34 

correlation between κOA and ALWCOA/ALWC, as indicated by an R2 value of 0.72, underscores 35 

the importance of a good estimation of κOA in the ALWC estimation. Additionally, the 36 

significant difference between ALWCOA values calculated using real-time κOA and those 37 

calculated with the campaign mean κOA, highlights the limitation of using a constant κOA value, 38 

a practice commonly adopted in climate models. 39 

Keywords: hygroscopicity, κOA, liquid water content, biomass burning, organic aerosol, 40 

Atlantic, airborne measurements   41 

https://doi.org/10.5194/egusphere-2023-2319
Preprint. Discussion started: 9 November 2023
c© Author(s) 2023. CC BY 4.0 License.



 3 

1 Introduction 42 

Wildfires and open burning emit ~34–41 Tg yr−1 of biomass burning aerosol (BBA) to 43 

the atmosphere (Schill et al., 2020), with ~ 1/3 coming from Africa, a region where the burned 44 

area is increasing every year (van der Werf et al., 2010; Andela et al., 2017). Each austral 45 

spring, BBA particles from African fires travel westward through the free troposphere (FT) 46 

over the stratocumulus cloud deck in the south-eastern Atlantic (SEA). Accompanied by 47 

moisture within these plumes, BBAs interact with the moisture and exert significant impacts 48 

on regional radiation and climate (Redemann et al., 2021; Pistone et al., 2021; Adebiyi et al., 49 

2015). 50 

Aerosol liquid water (ALW), resulting from aerosol-moisture interactions, is the most 51 

abundant species in the particle phase and plays a crucial role in various atmospheric chemical 52 

and physical processes. ALW affects aerosol optical properties and radiative effects, especially 53 

for relative humidity (RH) > 60% (Burgos et al., 2019; Kuang et al., 2018; Zhang et al., 2015). 54 

It is considered to be the major contributor to aerosol direct radiative cooling (Pilinis et al., 55 

1995). Additionally, ALW serves as a medium for chemical reactions, facilitating the formation 56 

of secondary aerosols (Kuang et al., 2020c; Song et al., 2019; Wang et al., 2016).  57 

However, despite its widespread presence and critical role, the content and distribution 58 

of ALW are not well documented in the literature due to technological limitations that direct 59 

measurement is not attainable (Kuang et al., 2018). Current methodologies primarily rely on 60 

indirect estimates of aerosol liquid water content (ALWC) either from thermal equilibrium 61 

models (Jin et al., 2020; Guo et al., 2015) or aerosol hygroscopicity measurements (Kuang et 62 

al., 2018). Although the ALWC of inorganics can now be well simulated with thermal 63 

equilibrium models such as the ISORROPIA II thermodynamic model (Nenes et al., 1998) or 64 

the Aerosol Inorganics Model (Wexler and Clegg, 2002), the situation becomes particularly 65 

complex when attempting to quantify the ALWC associated with organic aerosol (OA). 66 
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 The ALWC associated with OA is typically calculated using the hygroscopicity of OA, 67 

termed κOA (Petters and Kreidenweis, 2007). However, due to the chemical complexity of 68 

atmospheric OA, κOA remains poorly characterised (Kuang et al., 2020a). Studies have 69 

employed regression between κ and OA fraction to calculate κOA for its simplicity (Che et al., 70 

2016; Pöhlker et al., 2023); however, this method assumes a constant κ for OA during 71 

calculation, which could greatly underestimate the variation of κOA. In fact, κOA values can 72 

fluctuate considerably, from 0 for hydrophobic, freshly emitted organics, to over 1.0 for highly 73 

hygroscopic amino acids (Zhang et al., 2007; Petters et al., 2009). Even within a single site, 74 

κOA can show a distinct diurnal variation (Deng et al., 2019; Kuang et al., 2020b). Existing 75 

empirical parameterisations, mainly between κOA and the OA oxidation level, typically 76 

characterised by the oxygen-to-carbon (O/C) ratio or the fraction of total organic mass spectral 77 

signal at m/z 44 (f44) (Lambe et al., 2011; Mei et al., 2013) from field experiments, have 78 

attempted to address this variability. However, these parameterisations can vary spatially and 79 

temporally and are not always well constrained (Kuang et al., 2020a; Cerully et al., 2015; 80 

Rickards et al., 2013). Moreover, some researchers apply κOA values or their parameterisations 81 

obtained from supersaturation conditions, such as measurements of cloud condensation nuclei, 82 

to estimate ALWC. This approach could lead to overestimations, as κOA values from 83 

supersaturated conditions could be higher than those obtained at sub-saturated conditions 84 

(Rastak et al., 2017; Guo et al., 2015; Petters and Kreidenweis, 2007). Hygroscopicity 85 

measurements from techniques such as humidified tandem differential mobility analyser or 86 

humidified nephelometer under sub-saturated conditions are more suitable for ALWC 87 

calculations. 88 

The ORACLES (ObseRvations of Aerosols above CLouds and their intEractionS) 89 

campaign (Redemann et al., 2021) presents a comprehensive observation of BBAs from 90 

African fires, including aerosol hygroscopicity measurements, enabling the in-depth 91 
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investigation of the rare-reported vertical profiles of ALWC from aerosols and those associated 92 

with OA over the SEA. Our findings are expected to enhance the current treatment of 93 

hygroscopicity and ALWC and those of OA in climate models and satellite retrievals, thereby 94 

enriching the understanding of aerosol-cloud-interactions and radiative assessments in this 95 

climatically crucial SEA region. 96 

2 Methods 97 

2.1 Aircraft Instrumentation and Data Analysis 98 

We analyse in situ airborne data measured over the SEA region from the ORACLES 99 

2016 and 2018 campaign (Redemann et al., 2021). The ORACLES 2016 and 2018 campaign 100 

took place from 31st August to 24th September and from 30th September to 21st October 2018, 101 

respectively. All instruments were mounted on the NASA P-3 aircraft. The scattering 102 

enhancement factor, f(RH), was measured by two Radiance Research M903 integrating 103 

nephelometers (Nephs) operated in parallel, one under relatively dry conditions and the other 104 

at around 80 % RH. The uncertainty of f(RH) was estimated to be ~ 20 % for RH < 85 % (Titos 105 

et al., 2016; Zieger et al., 2013). Scattering coefficients and f(RH) are reported at 540 nm 106 

wavelength. Non-refractory submicron aerosol compositions were measured by a High-107 

Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Research 108 

Inc.) and the refractory BC was determined by a single particle soot photometer (SP2, Droplet 109 

Measurement Technology). The particle number size distribution (PNSD) was from an ultra-110 

high-sensitivity aerosol spectrometer (UHSAS) and an aerodynamic particle sizer (APS). The 111 

aerosol/plume age was simulated with a two-week forecast utilizing the Weather Research and 112 

Aerosol Aware Microphysics (WRF-AAM) model (Thompson and Eidhammer, 2014). All 113 

measurements were averaged over 15 s and adjusted to STP values at 273.15 K and 1013 hPa. 114 

The ALWC has only been calculated when temperature > 0 ℃. Measurements from 21 flights, 115 
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totalling approximately 134 flight hours, were analysed in this study. For more information on 116 

instrumentation and data quality control, refer to Zhang et al. (2023). 117 

2.2 Calculation of f(RH)  118 

The aerosol scattering enhancement factor, f(RH), is calculated as: 119 

 𝑓(𝑅𝐻) =
𝜎!"(𝑅𝐻)
𝜎!"(𝑅𝐻#$%)

, (1) 

where σsp(RH) and σsp(RHdry) represent the scattering coefficients at humidified and dry RHs 120 

(RH and RHdry), respectively. Previous studies usually take RHdry as 30-40 % assuming 121 

aerosols are dry at/under such RHs (Burgos et al., 2019; WMO/GAW, 2016; Titos et al., 2016). 122 

In this study, to facilitate comparison with previous studies and minimize the influence of water, 123 

we only included the f(RH) with RHref equal to or smaller than 30 %.  124 

2.3 Calculation of ALWC 125 

In this study, we calculate ALWC utilizing two methods. The first employs κf(RH), the 126 

aerosol hygroscopicity parameter κ retrieved from f(RH) (Zieger et al., 2010). It can be 127 

considered as the scattering coefficient weighted average κ (Kuang et al., 2021). The detailed 128 

procedure of κf(RH) retrieval can be found in Zhang et al. (2023). In Section 3.3 of Kuang et al. 129 

(2020b), the authors meticulously demonstrated that κf(RH) can accurately represent the κchem of 130 

PM1 (particulate matter with an aerodynamic diameter less than 1 μm). By substituting κchem 131 

with κf(RH), the aerosol liquid water content, ALWC, can be calculated with the equation below 132 

(Petters and Kreidenweis (2007), Eq. 5): 133 

 ALWCκ𝑓(RH) =
𝑎𝑤

1 − 𝑎&
∙ 𝑉",#$% ∙ 𝜅𝑓()*) ∙ 𝜌𝑤 (2) 

where 𝑎& is the water activity, which can be replaced by RH ignoring the curvature effect for 134 

particles with diameter larger than 100 nm. Vp,dry represents the dry particle volume, calculated 135 

as the sum of the volumes of inorganics, OA, and BC under dry conditions. The volumes of 136 
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inorganics are calculated according to the modified ion-pairing scheme of Zhang et al. (2022). 137 

The volumes of OA and BC are converted from the mass of OA from AMS and that of BC 138 

from SP2. The densities of the inorganics, OA, and BC are given in Table S1 in Zhang et al. 139 

(2023). ρw is water density, taken as 1 g cm-3.  140 

ALWC can also be calculated as the sum of that related to inorganics and organics. The 141 

water associated with inorganic species (ALWCinorg) can be predicted with ISORROPIA-II, 142 

which is an aerosol thermodynamic model that calculates the concentration of inorganic species 143 

that exist in the gas and aerosol phase at chemical equilibrium (Fountoukis and Nenes, 2007; 144 

Nenes et al., 1998). ISORROPIA-II has been widely used in atmospheric research (e.g. Guo et 145 

al., 2015) and has been implemented in several models, such as GEOS-Chem 146 

(http://wiki.seas.harvard.edu/geos-chem/index.php/ISORROPIA_II) and EMAC chemistry 147 

climate model (Milousis et al., 2023). Input variables include inorganic ions from AMS and 148 

the ambient RH and temperature. ISORROPIA-II can address two states, the stable state, which 149 

assumes the coexistence of liquid aerosol and solid crystalline salts, and metastable state, 150 

assuming all aerosols are in the liquid phase. BBAs from African fires are accompanied by 151 

large amounts of moisture  (Fig. 1, Pistone et al., 2021), and as they are transported in the free 152 

troposphere, their RH decreases. Many key atmospheric compounds, such as (NH4)2SO4 and 153 

NH4NO3, exhibit lower ERH (efflorescence relative humidity) than deliquescence RH, DRH 154 

(Peng et al., 2022). Therefore, we assume the aerosols in our study primarily reside on the 155 

upper metastable branch of the hygroscopic hysteresis curve, leading to the application of the 156 

metastable state in ISORROPIA-II. The limitation of this assumption and the uncertainty of 157 

ISORROPIA-II under low RH are discussed in Sect. 3.3. The sum of ALWCinorg and the dry 158 

mass of inorganics can be regarded as the mass of inorganics under ambient conditions, 159 

MassInorg,ambient.  160 
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The water associated with organics, ALWCOA, was calculated using the following 161 

equation (Petters and Kreidenweis, 2007): 162 

 ALWCOA =
𝑎𝑤

1 − 𝑎&
∙
𝑚,-

𝜌,-
∙ 𝜅𝑂𝐴 ∙ 𝜌𝑤 (3) 

where κOA represents the hygroscopicity parameter of OA. Its calculation is referred to Zhang 163 

et al. (2023). It is worthnoting that the κOA is the bulk κ of OA in PM1. mOA and 𝜌,- represent 164 

the organic mass from AMS and the density of OA. The sum of mOA and ALWCOA can be 165 

considered as the mass of OA under ambient conditions, MassOA,ambient. The sum of 166 

MassInorg,ambient, MassOA,ambient, and BC mass from SP2 can be regarded as the mass of PM1 167 

under ambient conditions, MassPM1,ambient. The ALWC can also be calculated as the sum of 168 

ALWCOA and ALWCinorg, denoted ALWCOA+ISRP, 169 

 ALWC./01234 = ALWC567$8 + ALWC./. (4) 

The agreement between ALWC calculated from the two methods, namely ALWC9((*+)  and 170 

ALWCOA+ISRP, is evaluated in Section 3.3. 171 

3 Result and discussion 172 

3.1 Overview of meteorology 173 

 174 

https://doi.org/10.5194/egusphere-2023-2319
Preprint. Discussion started: 9 November 2023
c© Author(s) 2023. CC BY 4.0 License.



 9 

Figure 1. Maps of the (a) September mean and (b) October mean of ERA5 600 hPa RH overlaid 175 

by the 600 hPa zonal wind (purple contours; 6, 7, and 8 m s-1), 600 hPa horizontal wind vector 176 

(purple arrows; m s-1), and ORACLES flight tracks in 2016 (yellow) and 2018 (blue), 177 

respectively. White contours in (a) are the 2016 September mean vertical velocity, omega, at 178 

800 hPa. Solid and dashed lines represent the subsidence of 55 and 65 hectopascals per day 179 

(hPa d-1), respectively. Flight tracks in grey are drawn for reference. 180 

This section gives an overview of the meteorology of the detected regions in 2016 and 181 

2018 ORACLES campaign. Figure 1 shows the flight tracks with 600 hPa RH and zonal and 182 

horizontal wind from European Center for Medium-Range Weather Forecasts reanalysis v5 183 

(ERA5) in September 2016 and October 2018. These two months were chosen as most flights 184 

fall within this period. As shown in Fig. 1, the southern African Easterly Jet (AEJ-S) is one of 185 

the most important characteristic features in the SEA; it is defined as the zonal easterlies 186 

centered at 8° S around 600 -700 hPa with speed exceeding 6 m s-1 and is a good carrier of 187 

aerosols and accompanied moisture from the BB in Africa (Adebiyi and Zuidema, 2016). 188 

Studies show that ~55 % of the BBAs emitted from African fires are transported westward over 189 

the SEA with the AEJ-S (Adebiyi and Zuidema, 2016). Another characteristic circulation is 190 

the African continent mid-level (~600 hPa) anticyclone (Fig. 1), to the south of the AEJ-S, 191 

aerosols recirculated by which would transport southward, merge with mid-latitude westerly 192 

winds and eventually return to the African continent at around 18° S (Ryoo et al., 2021). At a 193 

similar altitude (20-25° S), around 10° E at 925-950 hPa, there is the Benguela low-level jet 194 

(LLJ) (Nicholson, 2010). It is located off the coast of Namibia and the subsidence (Fig. 1a) it 195 

generates is expected to facilitate the entrainment of aerosols into the marine boundary layer 196 

(MBL) (Redemann et al., 2021; Ryoo et al., 2021). 197 

Flights in ORACLES 2018 (Fig. 1b, blue lines) are in the region of 0-15° S and 5-10° 198 

E, generally within the coordinates where the AEJ-S lies. The plumes emitted by African fires, 199 
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which are lifted in the convective boundary layer up to ~6 km in the free troposphere (FT), are 200 

directly transported westwards from the continent by the AEJ-S (Fig. S1). These aerosols then 201 

interact with one of the Earth’s largest subtropical stratocumulus cloud decks and subside into 202 

the MBL (Redemann et al., 2021; Che et al., 2022). Therefore, in the 2018 ORACLES 203 

campaign, aerosols generally exhibit higher loading, higher RH, and less aging at higher 204 

altitudes. Conversely, as altitude decreases, aerosol concentration and RH (above MBL) 205 

decrease while their age increases (Fig. 2 and Fig. S2). In contrast to the 2018 campaign, most 206 

of the flight tracks in ORACLES 2016 are more southerly (Fig. 1a and Fig. S1a, yellow lines) 207 

and the circulation is more complicated. At mid-level, flights pass through both the AEJ-S 208 

region and the continent anticyclone, encountering both less aged aerosols coming directly 209 

from the continent and highly aged aerosols transported all the way from the west/north. Those 210 

aerosols transported over long distances generally show smaller loading and lower RH. At 211 

lower altitudes, aerosols can be less aged than those in 2018 at similar longitudes due to the 212 

subsidence near the Namibian coast (Fig. 1a). Since September 2016 has a much weaker plume 213 

than October 2018 (Redemann et al., 2021, e.g. Fig. 9), the 2016 flights generally encounter 214 

higher aerosol loadings and lower RH than 2018 campaign, aged aerosols were detected in both 215 

campaigns with a plume age of 7.2±2.6 d and f44 of 0.21±0.03 (Fig. 1, S2, and 2). 216 
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 217 

Figure 2. The vertical distribution of various aerosol properties. (a, d) Vertical distributions of 218 

OA mass fraction (grey) and κOA (cyan) in 2016 and 2018 ORACLES campaigns, respectively. 219 

The lines and shades represent the average and standard deviation in every 200 m bin, 220 

respectively. (b, e) Vertical distribution of aerosol liquid water content associated with OA, 221 

ALWCOA (red), the ALWCOA+ISRP (blue), calculated as the sum of ALWCOA and ALWCinorg 222 

from ISORROPIA-II model, and the fraction of ALWCOA in ALWCOA+ISRP in 2016 (b) and 223 

2018 (e) ORACLES campaigns, respectively. The solid and dashed lines represent the mean 224 

and median in every 200 m bin, respectively. Error bars and shades represent 1 standard 225 

deviation. (c, f) Vertical variation of dry scattering coefficient, σsp,dry (grey) and RH (cyan) in 226 

2016 (c) and 2018 (f) ORACLES campaigns, respectively. The lines and shades represent the 227 

average and standard deviation in every 200 m bin, respectively. 228 

3.2 The hygroscopicity of OA in SEA during BB season 229 
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 230 

Figure 3. Van Krevelen diagrams (H/C vs. O/C) for 2016 (a) and 2018 (b) ORACLES 231 

campaign. The color scale indicates the density of the data in each plot. The estimated carbon 232 

oxidation states (OSC=2O/C−H/C) are shown with the dotted lines. Slope descriptions are from 233 

Ng et al. (2011).  234 

The hygroscopicity of OA is a key parameter in the calculation of the ALWC associated 235 

with OA and is therefore crucial in assessing the significance of OA in ALWC. We first 236 

analyzed the characteristics of OA over SEA during the BB season. The slope of the Van 237 

Krevelen diagram is around -1 in both years (Fig. 3), resembling the addition of carboxylic 238 

acid groups to aerosols as they age. The OSc concentrates around 0.1 for 2016 and -0.7 for 239 

2018, indicating that the majority of the OA belongs to LV-OOA in 2016 and SV-OOA in 240 

2018. The high f44 values, 0.21±0.03 for 2016 and 0.21±0.02 for 2018 (Fig. S2), are consistent 241 

with the highly oxidized BBOA in CLARIFY (Wu et al., 2020). The relatively low OSC and 242 

high f44 reflect the highly oxidized and semi-volatile to low volatility nature of OA in 243 

ORACLES. This is compatible with the findings from Dang et al. (2022) that higher-volatility 244 

OA appears to be associated with more aged BB plumes and Dobracki et al. (2022) and Zhang 245 

et al. (2023) that fragmentation plays a vital role in OA loss during the transport in the SEA. 246 

The κOA value ranges from 0.00 (5th percentile) to 0.23 (95th percentile) with the 25th 247 

and 75th percentiles of 0.06 and 0.16, respectively. This substantial variation might result from 248 
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the large variations of the aging days of aerosols during transport. The average κOA is 0.11±0.08, 249 

which is at the upper median level compared to the results from laboratory and field studies 250 

(Kuang et al., 2020b; Rastak et al., 2017; Mei et al., 2013; Engelhart et al., 2011; Lambe et al., 251 

2011). The 5 % negative κOA might be caused by the uncertainty in the calculation. It might be 252 

also partly contributed by phase-separated particles with organic shells and inorganic cores in 253 

ORACLES. Specifically, the organic shell can act as a barrier for water vapour exchange with 254 

the inorganic core and increase the DRH of the inorganics (Li et al., 2021). At high RH, e.g. 255 

>94%, it does not affect κ much; while at lower RH, such as 80 %, the inorganics may not be 256 

fully deliquescent, causing the κ for inorganics calculated with the ZSR mixing rule to be 257 

overestimated and eventually results in a negative κOA. However, such particles with organic 258 

shell are rare from our TEM analysis performed for ORACLES (Dang et al., 2021). 259 

The vertical distribution of κOA are similar to those of f(80%) and κf(RH), with higher 260 

values at low altitude (Fig. 2a). This trend is also similar to that of f44 and plume age (Fig. S2), 261 

especially in 2018. Many studies have found significant positive correlations between κOA and 262 

OA oxidation level in terms of f44 or O/C (Kuang et al., 2020b; Lambe et al., 2011; Mei et al., 263 

2013). Although the vertical trends of κOA and plume age or f44 seem to be correlated (Fig. 2 264 

and S2), no clear relationship was found in this study between κOA and OA oxidation level, 265 

with a Pearson correlation coefficient of 0.14 with the plume age and 0.04 with f44. This 266 

underscores the limitations of the relationship between κOA and the OA oxidation level and 267 

calls for caution when applying this relationship to atmospheric studies.  268 

3.3 Aerosol liquid water content (ALWC) 269 

3.3.1 Vertical distribution of aerosol liquid water content (ALWC) 270 
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 271 

Figure 4. Comparison of ALWC calculated from f(RH) , ALWC9((*+), and ALWCOA+ISRP, the 272 

sum of ALWCinorg (water associated with inorganics from ISOPPROPIA-II) and ALWCOA 273 

(water associated with OA). 274 

In this section, we investigate the vertical distribution of aerosols and OA. First, we 275 

compare the ALWC obtained from aforementioned two methods, ALWC9((*+), calculated from 276 

κf(RH), and ALWCOA+ISRP, which is the sum of ALWCinorg from ISOPPROPIA-II and ALWCOA 277 

calculated from κOA. Both methods regard BC as hydrophobic and assume aerosols to stay in 278 

the metastable state. Figure 4a illustrates the comparison of  ALWC9((*+) and ALWCOA+ISRP; 279 

good agreement has been achieved, evidenced by a slope of 1.11 and an R2 of 0.99. The higher 280 

ALWC9((*+)  values might be caused by the different treatment of the mixing state. The 281 

ALWC9((*+) represents the ALWC under the assumption of internal mixing of aerosol particles, 282 

as κf(RH) was derived based on internal mixing assumption. Conversely, the ALWCOA+ISRP treats 283 

BC independently and serves as an estimate of the ALWC under the external mixing 284 

assumption. In addition, the ALWCOA+ISRP considers the ALW associated with inorganics and 285 

OA separately. 286 

We acknowledge that the metastable state used in this study might not be representative 287 

for all aerosols. Background aerosols and those under extremely low RHs might still remain 288 

solid; however, their concentrations are limited and would only lead to a slight overestimation 289 
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of ALWC. In addition, it is challenging to determine the portion of solid compounds with the 290 

available campaign measurements. Therefore, while the assumption of metastable state could 291 

lead to a slight overestimation, mainly at low RHs, it remains our best approach given our 292 

current measurements. Besides, the lack of measurements of size-resolved and RH-resolved κ  293 

would also lead to small uncertainties, resulting in a small deviation of the calculation of 294 

ALWCOA. In the following discussion, ALWC is represented by ALWCOA+ISRP unless noted 295 

otherwise. 296 

 297 

Figure 5. PDF of ALWC in 2016 (a) and 2018 (c) ORACLES campaign. Vertical distributions 298 

of ALWC in the 2016 (b) and 2018 (d) ORACLES campaign, coloured by RH and marker size 299 

changes with the dry scattering coefficient. 300 

Figure 2b and 5 illustrate the vertical distribution of ALWC in 2016 and 2018 301 

ORACLES campaigns. Figure. 2 shows the vertical distribution of the mean and median values 302 

of ALWC, which are mostly smaller than 2.5 μg m-3. The average and median ALWC are 303 

4.4±11.1 μg m-3 and 1.6 μg m-3 in 2016, respectively, and 2.1±2.0 μg m-3 and 1.4 μg m-3 in 304 

2018, respectively. The large standard variation and larger mean than median are caused by the 305 
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extremely large ALWC values in both campaigns, as evidenced in Fig. 5. From the PDF of 306 

ALWC, we found that a fraction of approximately 25 % of the ALWC in 2016 ORACLES is 307 

smaller than 0.5 μg m-3, mainly due to the low ambient RH in the flight region (Fig. 1a, Fig. 308 

2c, and more cool-colour circles in Fig. 5b), i.e. 38 % of the RH is lower than 30 % (Fig. 5a 309 

and b). In contrast, for 2018 ORACLES, although the aerosol loading was lower (Fig. 2f and 310 

smaller markers in Fig. 5d), i.e. an average of 57±37 Mm-1 compared to 85±47 Mm-1 in 2016, 311 

more than half (51 %) of the ALWC is in the range of 0.5-2.0 μg m-3 due to the high RH, as 312 

shown in Fig. 2f and more warm-colour circles in Fig. 5d. In general, the ALWC over SEA 313 

during the BB season are smaller than those obtained over the continent (Ren et al., 2021; 314 

Bougiatioti et al., 2016; Wang et al., 2016; Guo et al., 2015) and even several orders of 315 

magnitude smaller than in polluted regions (Kuang et al., 2018; Bian et al., 2014). We observed 316 

a positive correlation between relative humidity (RH) and ALWC with a Pearson correlation 317 

coefficient of 0.7. Aerosol dry scattering coefficient show a much less positive correlation with 318 

a Pearson correlation coefficient of 0.3. With the large variation of RH and aerosol loading in 319 

this study, aerosol hygroscopicity turns out to be a less significant factor in ALWC, with a 320 

Pearson correlation coefficient of 0.1, which is consistent with previous studies (e.g. Guo et 321 

al., 2015). 322 

3.3.2 ALWC under various RHs over SEA 323 

 324 
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Figure 6. The contribution of ALWCOA to the total ALWC (dark blue bars), the mass fraction 325 

of ALWC in ambient aerosol mass (medium-dark blue bars), the fraction of inorganic-related 326 

ALWCInorg in ambient inorganic mass (medium-light blue bars), and the mass fraction of OA-327 

related water ALWCOA in ambient OA mass (very light blue bars) in the 2016 and 2018 328 

ORACLES campaigns. Error bars are 1 standard deviation. 329 

The contribution of ALWCOA to the total ALWC is shown in Fig. 6. Also shown are 330 

the mass fraction of water in ambient particles (ALWC/MassPM1,ambient), inorganic-related 331 

ALWC in ambient inorganics (ALWCInorg/MassInorg,ambient), and OA-associated ALWC in 332 

ambient OA (ALWCOA/MassOA,ambient). These variables all increase greatly and monotonically 333 

with RH, and reach around 35 %, 50 %, and 25 % at 80 % RH, suggesting water constitutes 334 

35 %, 50 %, and 25 % of OA, inorganics, and particles under 80 % RH, respectively. At 90 % 335 

RH, the mass of water taken up exceeds that of the dry particle. Conversely, the variation of 336 

the contribution of ALWCOA to the total ALWC (ALWCOA/ALWC) is much smaller. It 337 

remains stable at around 35% when RH is below 70 %, indicating the increase in OA-associated 338 

water is similar to that of inorganic-associated water. Then the contribution of ALWCOA 339 

increases monotonically and reaches around 55 % at 95 % RH. This implies that the increase 340 

in OA-associated water surpasses the increase in inorganic-associated water as RH increases 341 

beyond 70 %. In contrast, the variation of ALWCOA/ALWC with RH in Jin et al. (2020) shows 342 

the opposite trend, i.e. higher under low RHs. This is primarily caused by the different 343 

assumptions of the compound state. As discussed above, the assumption of metastable state in 344 

our study might overestimate the inorganic-associated water and thus underestimate the 345 

contribution of ALWCOA to a mild degree, particularly at lower RH conditions. However, Jin 346 

et al. (2020) assumed a stable state, with which the ISORROPIA-II algorithm starts with 347 

assuming a completely dry particle and as RH increases, dissolves each salt depending on its 348 

DRH (Fountoukis and Nenes, 2007). While those particles that are below their DRH and are 349 
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treated as solid in the model may have been hydrated in the real atmosphere, leading to an 350 

underestimation of ALWCInorg hence overestimation of ALWCOA/ALWC, as discussed in Jin 351 

et al. (2020). 352 

In the flight region during the 2016 campaign, the RH was quite low, mostly below 353 

40 %, with a median value of 38 %, and 25th and 75th percentiles of 24 % and 54 %, respectively. 354 

Within this RH range, the fraction of ALWC in total ambient aerosol mass is mostly below 10 % 355 

with at least 35 % of which contributed by OA-related ALW. In the 2018 campaign, flights 356 

primarily took place downwind of BB emissions, resulting in relatively high RHs, with the 357 

median values at 67 % and 25th and 75th percentiles at 55 % and 81 %, respectively. The 358 

majority of aerosols are with a fraction of ALWCOA in the total ALWC of around 37 %, and 359 

around 25 % of aerosols are with a ALWCOA contribution higher than 40 %. The mean 360 

contribution of ALWCOA to the total ALWC in both campaigns was around 38±16 %. Jin et al. 361 

(2020) reported a significant contribution of OA to ALWC obtained in Beijing (30±22 %), our 362 

result is even greater than this. It is similar to the 35 % obtained in Alabama forest and south-363 

eastern US (Guo et al., 2015) and much higher than those in Carlton and Turpin (2013) and 364 

Hennigan et al. (2008), that suggested negligible contribution of OA to ALW.  365 

3.3.3 Significance of κOA to ALWC over the SEA 366 

 367 
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Figure 7. (a) Density plot of the variation of ALWCOA/ALWC with κOA. (b) Comparison of 368 

ALWCOA calculated with real time retrieved κOA (x-axis) and the campaign mean value (i.e. 369 

0.11±0.07) of κOA (y-axis), colored by κOA. The black dashed lines represent the linear fitting. 370 

We further investigated the influencing factors of the ALWCOA contribution to ALWC. 371 

The RH and ALWCOA contribution show a very weak correlation, evidenced by the small 372 

variation of ALWCOA/ALWC with RH (Fig. 6). The small variation of OA mass fraction (Fig. 373 

2) also leads to a poor correlation between OA mass fraction and ALWCOA/ALWC. However, 374 

κOA is found to be closely correlated with the ALWCOA contribution with an R2 of 0.72 (Fig. 375 

7). This good linear relationship between κOA and ALWCOA/ALWC reveals the significant 376 

impact of OA hygroscopicity on ALWC over the SEA region during BB episode. The similar 377 

PDF distribution of κOA in both campaigns (Zhang et al., 2023) also explains the similar 378 

ALWCOA contribution (Fig. 2).  Figure 7b further shows the comparison of ALWCOA 379 

calculated with retrieved (real-time) κOA and with its campaign average value (i.e. 0.11±0.08). 380 

The large discrepancy indicates the limitation of using a constant κOA for ALWC estimation as 381 

is usually done in most climate models (e.g. Ghan and Zaveri, 2007). A recent study indicated 382 

a small sensitivity of global climate forcing to κOA, varying it from 0.06 to 0.12 (Pöhlker et al., 383 

2023). While this holds true for such small variation of κOA, in situations with larger κOA 384 

variations, as observed in this study, using a constant κOA can lead to large discrepancies. Our 385 

result highlights the importance of a good estimation of κOA and draws our attention to the 386 

variation of OA hygroscopicity in the SEA region, which is of great importance to the 387 

estimation of aerosol optical properties and CCN activation, thereby the aerosol direct radiative 388 

effect and cloud properties, both of which are critical for understanding regional climate 389 

processes and climate modeling. 390 

4 Conclusion 391 
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The interaction between atmospheric aerosols and moisture is crucial for aerosol 392 

properties and their climate effects. In this study, we investigate the aerosol liquid water content 393 

(ALWC) and the fraction associated with organic aerosols (OA) over the south-eastern Atlantic 394 

Ocean during the BB season as part of the 2016 and 2018 ORACLES campaigns. The BBAs 395 

together with moisture coming from the fires in Africa are lifted to up to ~ 6 km and transported 396 

westwardly over the SEA. The 2016 ORACLES campaign performed around ~23° S-13° S 397 

was characterized by the African continent mid-level (~600 hPa) anticyclone, Benguela low-398 

level jet, and subsidence off the coast of Namibian, encountering higher aerosol loading and 399 

lower RH, while the 2018 ORACLES campaign was more northerly with the southern African 400 

Easterly Jet as the most important characteristic, detecting lower aerosol loading and higher 401 

RH.  402 

We calculated κOA following the ZSR mixing rule with κf(RH), which was retrieved from 403 

Mie simulations with in-situ hygroscopicity measurement, size distribution, and chemical 404 

compositions assuming an internal mixing of particles. The mean κOA is 0.11±0.08, belonging 405 

to the upper median range reported in previous studies. The 5th, 25th, 75th, and 95th percentiles 406 

of κOA is 0.00, 0.06, 0.16, and 0.23, respectively. This large variation may be attributed to the 407 

substantial variations in the aging days of aerosols during transport. This study does not observe 408 

a clear correlation between κOA and the oxidation level of OA, a relationship often identified 409 

in previous studies, implying that factors beyond oxidation level plays a more vital role in OA 410 

hygroscopicity in this study.  411 

The ALWC calculated from κf(RH) (ALWC9((*+)) and as the sum of that for inorganics 412 

and for OA (ALWCOA+ISRP) are compared in this study. Good agreement of ALWC from these 413 

two methods has been achieved for all RHs with an R2 of 0.99. The vertical distribution of the 414 

mean and median values of ALWC are mostly smaller than 2.5 μg m-3. ALWC increases with 415 

aerosol loading and ambient RH; the ALWC in 2016 is generally consistent with that in the 416 
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2018 campaign due to the lower RH and higher aerosol loading in the 2016 campaign, with the 417 

median ALWC being 1.6 μg m-3 and 1.4 μg m-3 in 2016 and 2018, respectively. These values 418 

are lower than those from the continent and even orders of magnitude smaller than in polluted 419 

regions.  420 

The contribution of ALWCOA to the total ALWC was around 38±16 %. This high 421 

contribution of ALWCOA is greater than those commonly reported in the literature, highlighting 422 

the significant role of OA in ALWC in the SEA region during the BB season. OA mass fraction 423 

is weakly correlated to ALWCOA/ALWC due to its limited variation; while ALWCOA/ALWC 424 

and κOA are highly correlated (R2=0.72). In addition, the ALWCOA calculated with real-time 425 

κOA and the campaign mean κOA differ substantially. These all demonstrate the importance of 426 

a good estimation of OA hygroscopicity, which is crucial to the aerosol direct radiative forcing 427 

and CCN activation in this climatically significant region, and imply the limitation of using a 428 

constant κOA value, as is commonly adopted by climate models. 429 
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