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Abstract. Marine cloud brightening (MCB) has been proposed as a potential climate intervention strategy in which sea-salt
aerosols are introduced into the marine boundary layer to enhance cloud albedo by increasing cloud droplet number
concentrations (CDNC). However, whether turbulent motions can efficiently transport sea-surface-released aerosols to the
cloud base remains a major uncertainty in evaluating MCB feasibility. This study investigates a stratocumulus case over the
tropical Southeast Atlantic using large-eddy simulation (LES) coupled with the FLEXPART Lagrangian particle dispersion
model to quantify turbulent parcel transport efficiency. Short-duration releases and high-LWP stages favor stronger transport
of turbulent parcels to the cloud base. For parcels released at 00:00 UTC on 24 September, the peak instantaneous arrival
rate reaches 3.39% within 15 min in d02, whereas it decreases to 1.86% and the peak arrival time is delayed to 17 min in d04;
the corresponding cumulative arrival rate decreases from 94.16% to 79.70%. Although the mean in-cloud residence time
decreases with increasing resolution, parcels with extremely long residence times become more frequent. Under the adopted
activation parameterization, higher-resolution LES simulations yield higher activation fraction (AF) because they better
resolve strong cloud-base updrafts, with AF ranging from 0.73-0.91 in d02 to 0.92-0.96 in d04. The AF is relatively
insensitive to release duration but increases under high-L WP conditions. These results provide a process-level quantification
of parcel transport, in-cloud residence time, and conditional activation, establishing a physical basis for evaluating aerosol

delivery constraints in MCB applications.
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1 Introduction

Marine cloud brightening (MCB) has been proposed as a potential approach to offset a portion of anthropogenic warming by
introducing sea-salt aerosols into the marine boundary layer, increasing cloud droplet number concentrations (CDNC) in
marine low clouds, and thereby enhancing cloud albedo (Latham, 1990; Bower et al., 2006; Latham et al., 2012; Ahlm et al.,
2017; Hoffmann and Feingold, 2021; Wood, 2021). Despite growing interest, MCB remains at an early stage of development
and is associated with substantial scientific uncertainties regarding both its technical feasibility and its climatic effectiveness
(Diamond et al., 2022; Feingold et al., 2024; Rasch et al., 2024). Among these uncertainties, the turbulent transport of sea-
surface-released aerosols to the cloud base, their residence within clouds, and their subsequent activation into droplets are
especially important for evaluating whether seeding can produce an observable brightening signal (Diamond et al., 2020;

Dhandapani et al., 2025).

Recent large-eddy simulation (LES) studies have shown that aerosol plumes can be transported preferentially to the cloud
base by coherent updrafts, suggesting that unresolved or poorly represented transport pathways may bias estimates of
brightening efficacy (Glassmeier et al., 2021; Dhandapani et al., 2025). However, most existing analyses rely primarily on
Eulerian or grid-mean diagnostics, offering only limited insight on individual parcel histories, such as transport timing, cloud
entry, and in-cloud residence time. Since these diagnostics cannot directly resolve parcel pathways from the near-surface
layer to the cloud base, a Lagrangian framework is required to link parcel transport histories with subsequent cloud-base
activation. As a result, the dynamical pathway linking surface release to cloud-base activation remains insufficiently

quantified from a Lagrangian perspective.

In-cloud residence time is particularly relevant to aerosol activation because activation depends not only on whether parcels
reach the cloud base, but also on whether they experience sufficiently strong and sustained supersaturation. Brief exposure to
supersaturated conditions may leave a substantial fraction of parcels interstitial rather than activated, thereby reducing the
effective activation fraction (AF) and weakening the cloud response (Nenes et al., 2001; VanReken et al., 2003; Peng et al.,
2005; Grabowski and Wang, 2013; Chen et al., 2018). This issue is especially important for MCB, where the climatic impact

depends on the efficiency of the full transport-activation chain rather than on aerosol injection alone.

A related uncertainty concerns the turbulent upward transport of parcels released near the sea surface. In practical seeding
scenarios, parcels must first overcome local stabilization associated with evaporative cooling and then be lofted by
boundary-layer turbulence to the cloud base (Russell et al., 1999; Wang et al., 2011; Jenkins and Forster, 2013; Prabhakaran
et al., 2023; Hernandez-Jaramillo et al., 2023). Even after reaching the cloud base, activation remains sensitive to local
supersaturation, updraft strength, aerosol size distribution, and residence time (Abdul-Razzak and Ghan, 2000; Fountoukis

and Nenes, 2005; Xue et al., 2008; Morales Betancourt and Nenes, 2014; Hoffmann et al., 2022). These coupled dynamical
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and microphysical controls motivate a process-oriented assessment of MCB in realistic marine stratocumulus environments
(Stevens, 2002; Matheou and Teixeira, 2019).

Diamond et al. (2022) identified a key technical feasibility “off-ramp”: the need to demonstrate that appropriately sized
particles can be generated and transported through a real marine boundary layer, activate efficiently near the cloud base, and
ultimately produce measurable optical brightening. Addressing this requirement calls for a framework that links boundary-
layer transport directly to activation-relevant parcel histories. A Lagrangian analysis embedded in high-resolution

meteorological simulations is therefore well suited to isolate the physical bottlenecks in the MCB pathway.

In this study, we combine LES with the FLEXPART Lagrangian particle dispersion model to examine a persistent
stratocumulus case over the tropical Southeast Atlantic (SEA). Passive Lagrangian tracers released near the sea surface are
used as numerical proxies for turbulent parcel transport. We quantify transport efficiency, transport timing, and in-cloud
residence time under different release scenarios and model resolutions, and we further examine the potential implications of
these transport pathways for cloud droplet activation at the cloud base. We therefore investigate the coupled transport-
activation pathway of turbulent parcels within the marine boundary layer. Specifically, we examine (1) the transport
efficiency of turbulent parcels from the near-surface layer to the cloud base and (2) how the thermodynamic histories of
these turbulent parcels influence particle activation and the associated microphysical responses near the cloud base. By
linking parcel transport dynamics with a simplified activation analysis, this study provides a Lagrangian-based quantification

of the transport-residence-activation pathway relevant to assessing aerosol delivery to the cloud base in MCB applications.

2 Methods
2.1 Reanalysis Dataset

We use the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 5th Generation (ERAS) dataset
(Hersbach et al., 2020). The data cover the period from 00:00 UTC on 23 September to 00:00 UTC on 26 September 2009,
with a horizontal resolution of 0.25°x 0.25° and a 1-hour temporal resolution. This 3 d period includes model spin-up and
provides the large-scale forcing for the WRF simulations. The post-spin-up period captures the LWP evolution and diurnal
variability relevant to parcel transport and cloud-base activation, and is therefore sufficient for the intended analysis. ERAS
serves as the initial and lateral boundary conditions for the Weather Research and Forecasting (WRF) simulations.
Additionally, its low cloud cover and liquid water path (LWP) time series are used as references for both case screening and

evaluation of simulated cloud evolution.

2.2 Satellite observations

To evaluate the simulation accuracy and perform case selection, we use the Moderate Resolution Imaging Spectroradiometer
(MODIS) Level-3 daily atmospheric product (MCDO6COSP_D3, Collection 6.1) from Terra and Aqua satellites, with a
3
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horizontal resolution of 1°x 17, covering 23-25 September 2009. MODIS low cloud cover is used to evaluate ERA5 cloud
fraction and assist case selection. Observed LWP spatial distributions and temporal evolution are used to evaluate the WRF

simulations.

2.3 Case selection

We focus on the tropical SEA region in the Southern Hemisphere (approximately 15°S-10°S, 5°W-10°W). This region is one
of the designated areas for MCB studies, as it hosts one of the world's major persistent and expansive stratocumulus decks
(Wood, 2012; Feingold et al., 2024). The SEA is of particular interest for such research due to its relatively stable large-scale
meteorological forcing and the high susceptibility of cloud albedo to aerosol perturbations (Zelinka et al., 2017; Diamond et
al., 2020). It therefore represents a suitable region for investigating turbulent transport efficiency within the marine boundary
layer and the mechanisms of cloud-droplet activation. We select a case where the cloud fraction from reanalysis datasets
closely matches MODIS observations, thereby increasing confidence in the meteorological forcing field. Specifically, during
the simulation period from 23 to 25 September, the ERAS cloud fractions are 56.90%, 57.52%, and 52.43%, respectively,
which exhibit good agreement with the MODIS observations of 57.28%, 57.32%, and 56.72%. The consistency between
ERAS and MODIS cloud fraction during 23 and 24 September justifies the selection of this period for analysis of parcel
transport with a realistically represented stratocumulus cloud environment. Consequently, while the entire three-day period is
simulated, our subsequent analysis primarily focuses on 23 and 24 September to leverage the most accurate meteorological

forcing for the Lagrangian trajectory study.

2.4 WRF simulation

We use WREF version 4.6 with a four-layer one-way nested grid configuration (Skamarock et al., 2019). The horizontal grid
spacings and domain extents are 2.7 km for dO1 (15.04°S-9.94°S, 10.11°W-4.89°W), 900 m for d02 (12.73°S-10.99°S,
9.14°W-7.32°W), 300 m for d03 (12.33°S-11.51°S, 8.65°W-7.82°W), and 100 m for d04 (12.17°S-11.72°S, 8.46°W-8.00°W)
(Fig. 1). The simulations are initialized with ERAS reanalysis data and are driven at the lateral boundaries by ERAS
throughout the simulation period. Cloud microphysical processes are represented by the Thompson microphysics scheme
(mp_physics = 8; Thompson et al., 2008). Shortwave and longwave radiation are parameterized using the Rapid Radiative
Transfer Model for GCMs (RRTMG; ra_sw_physics = 4, ra_lw_physics = 4; lacono et al., 2008). Surface and near-surface
processes are represented by the Monin-Obukhov (Janjic Eta) surface layer scheme (sf sfclay physics = 2) and the Unified
Noah land surface model (sf surface physics = 2; Janji¢, 1994; Tewari et al., 2004). The Mellor-Yamada-Janji¢ (MYJ)
planetary boundary layer (PBL) scheme is applied only in the outermost domain (bl _pbl physics = 2 for d01) to represent
sub-grid mixing. In contrast, the PBL scheme is turned off in the inner nested domains (bl_pbl physics = 0 for d02, d03, and
d04), where the model operates at LES scales and explicitly resolves the major turbulent motions (Janji¢, 1994). To capture

rapidly evolving turbulent structures and support accurate Lagrangian tracking, the model history output interval is set to 1
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min for d02-d04 (history interval =1, 1, 1) and to 15 min for dO1 (history_interval = 15). This temporal resolution allows us

to better document the buoyancy-driven pathways of turbulent parcels and their residence times near cloud base.

2.5 FLEXPART-WREF turbulent parcel transport simulations

We use FLEXPART-WREF version 3.2, based on the model framework described by Brioude et al. (2013), to evaluate the
transport characteristics of turbulent parcels within the marine boundary layer. FLEXPART-WREF is driven by three-
dimensional meteorological fields from WRF and operates within a Lagrangian framework that represents turbulent mixing,
random-walk diffusion, and vertical transport processes (Stohl et al., 2005; Jia et al., 2019). Turbulence is diagnosed using
the FLEXPART-ECMWF parameterization (TURB_OPTION = 1), which estimates wind fluctuation statistics and
Lagrangian time scales from WRF boundary-layer variables (Hanna et al., 1982). Vertical velocity (W) is derived from the
mass-consistent divergence of horizontal winds (WIND OPTION = -1) to reduce numerical inconsistencies in vertical
transport (Fast et al., 2006). In FLEXPART-WREF, passive Lagrangian tracers released near the sea surface are used as
numerical proxies for turbulent parcels. Parcels are released from five spatially distinct source regions (Boxes 1-5) located in
the southeastern corner of the domain (Fig. 1d) to ensure spatial representativeness under the prevailing southeasterly winds
over the SEA. Each box measures 5 km x 5 km, with 2 km horizontal and vertical spacing between adjacent boxes. A total of
50 000 parcels are released (10 000 per box) within 0-20 m above the sea surface, consistent with typical MCB injection

heights and sufficient for Lagrangian statistics. Two release settings are considered:

(1) Release duration
Two release durations are considered: 10 min and 60 min. The 10 min experiment represents a pulse release, whereas the 60

min experiment represents a sustained release.

(2) Release timing

Releases are initiated at different phases of LWP evolution during the simulation period, including 14:00 UTC on 23
September 2009 (LWP minimum), 22:00 UTC on 23 September 2009, 00:00 UTC on 24 September 2009, 02:00 UTC on 24
September 2009 (LWP maximum), and 06:00 UTC on 24 September 2009 (Fig. 2). These time points sample distinct stages
of cloud-field development and allow us to assess transport variability under different dynamical and thermodynamic

conditions.

For the transport analysis, cloud base is identified as the first model level at which the cloud water mixing ratio exceeds
10~%kg kg~', consistent with cloud-mask thresholds commonly used in previous WRF studies (Arbizu-Barrena et al., 2015).
Parcel transport is evaluated based on the first arrival of parcels at cloud base. The temporal evolution of parcel transport is
characterized by the instantaneous arrival rate, defined as the fraction of released parcels first arriving at cloud base at each

time step, with the total number of released parcels fixed at 50,000 for each experiment. The cumulative arrival rate is then

5
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obtained by integrating the instantaneous arrival rate over time and represents the fraction of released parcels that reach

cloud base over the full analysis period. In this study, transport efficiency specifically refers to the cumulative arrival rate.

To further assess the sensitivity of parcel transport to model grid spacing, parcel releases are also conducted in domains d02-
d04. To assess the implications of parcel transport for droplet formation after parcels reach cloud base, we apply a simplified
single-mode activation analysis to parcels arriving at cloud base. This analysis is intended to provide activation-relevant

context rather than to simulate acrosol spraying directly.

3 Results
3.1 Model Validation: Spatiotemporal Characteristics of LWP

To assess whether the nested WRF simulations provide a realistic meteorological background for the subsequent Lagrangian
transport analysis, Fig. 1 shows the instantaneous LWP distribution at 02:00 UTC on 24 September 2009. In the outermost

2 and a

domain (d01), LWP exhibits a relatively homogeneous marine stratocumulus field, with a mean of 134.97 gm~™
maximum of 525.18 g m~2 within the clipped region, providing a suitable meteorological background for investigating
boundary-layer turbulent parcel transport to the cloud base. With decreasing grid spacing, the LWP field becomes
progressively more heterogeneous. In the innermost LES domain (d04), the LWP has a mean of 83.11gm~2 and a
maximum of 651.02 g m~2, and small-scale cloud structures and localized LWP fluctuations are more explicitly resolved,
indicating that the high-resolution simulation captures finer-scale cloud heterogeneity more effectively. The refinement from

kilometer-scale to LES-scale resolution improves the representation of boundary-layer turbulence and cloud structures,

thereby providing high-resolution fields for Lagrangian trajectory analysis.
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Figure 1. Spatial distribution of instantaneous LWP (unit: g m~2) for the nested domains d01-d04 at 02:00 UTC on 24 September
2009: (a) d01 (mean = 134.97, max = 525.18), where red boxes denote the clipped region (14.65°S-10.00°S, 10.00°W-5.70°W) and
the boundaries of d02-d04; (b) d02 (mean = 139.80, max = 791.89), with red boxes indicating the boundaries of d03-d04; (c) d03
(mean = 120.62, max = 897.78), with the red box marking the d04 boundary; and (d) d04 (mean = 83.11, max = 651.02), where
black boxes identify the Boxes 1-5 sampling areas.
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To evaluate whether the simulations reproduce the observed temporal evolution of cloud conditions during the selected
period, Fig. 2 shows the temporal evolution of the domain-mean LWP from 10:00 UTC on 23 September to 16:00 UTC on
24 September 2009 for all nested WRF domains, alongside ERAS reanalysis and MODIS satellite observations (available for
domains dO1 and d02 only). MODIS observations indicate a higher LWP on 24 September than on 23 September. The WRF
simulations at kilometer-scale resolutions (d01 and d02) reproduce this day-to-day contrast. The LES-scale domains (d03
and d04) exhibit diurnal variability broadly consistent with that in the coarser-resolution domains, but with lower LWP
values than those in d01-d02. In contrast, ERAS5 consistently underestimates the LWP on 24 September, highlighting its

limitations in representing the variability of shallow marine stratocumulus clouds.

WRFdo1 |
1401 ----- WRF d02 i
-—- WRF d03 SR,
—— WRF d04 /
120] MODIS do1
---- MODIS d02
100
2
E
2 80
PRl OO
=
-
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sek 000 == ERA5 d03
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2310:00 23 16:00 23 22:00 24 04:00 24 10:00 24 16:00

Time (minutes)

Figure 2. Temporal evolution of the domain-mean LWP from 10:00 UTC on 23 September to 16:00 UTC on 24 September 2009,
comparing the nested WRF domains (d01-d04), ERAS reanalysis (d01-d04), and MODIS satellite observations (available for

domains d01 and d02 only). Horizontal dashed lines denote the time-mean LWP for each dataset. The unit of LWP is g m~2,
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To further assess the spatial consistency of the simulated cloud field relative to observations, Fig. 3 compares daily mean
215 LWP distributions from WRF, ERA5 and MODIS over the clipped d01 domain. For spatial consistency, WRF and ERAS
outputs are upscaled to the MODIS grid by averaging native grid points within £0.5° of each cell center. All datasets are
processed with unified daily averaging and a shared valid-data mask to enable robust statistical comparison. On 23
September, the WRF simulations yielded a median LWP of 78.20 g m~2 (mean: 73.75 g m~2), which agrees well with
MODIS (median: 68.20 g m~2, mean: 76.12 g m~2). ERAS produced a comparable median ( 74.40 g m~2) and mean
220 (73.57gm™2%), but exhibited a noticeably narrower distribution. On 24 September, the WRF simulations (median:
87.06 g m~2, mean: 83.29 gm~2) showed substantially better agreement with MODIS (median: 94.85 g m~2, mean:
91.67 g m~2) than ERAS (median: 56.00 g m~2, mean: 56.61 g m~2). These results indicate that the WRF simulations
substantially reduce the low bias in ERAS and provide a more realistic representation of marine stratocumulus LWP over the

study region.

225
(a) 2009-09-23 (b) 2009-09-24
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140
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Figure 3. Boxplots of daily mean LWP over the clipped d01 region for the WRF simulations, MODIS observations, and ERAS
reanalysis: (a) 23 September 2009. (b) 24 September 2009. Boxes represent the Interquartile Range (IQR), horizontal lines denote
230 the medians, and black circles indicate the mean values (the corresponding statistics are labeled adjacent to each box). The unit of

LWPis g m~2,
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Taken together, these results indicate that the nested WRF simulations capture reasonably well the spatiotemporal variability
of LWP over the study region, providing a reliable basis for subsequent analysis of boundary-layer turbulent parcel transport

and its potential implications for cloud-base activation.

3.2 Meteorological Background and Thermodynamic Structure along Lagrangian Trajectories

To elucidate the mechanisms driving upward parcel transport, this section examines the background meteorological
conditions sampled along forward trajectories from FLEXPART-WRF. The vertical structures are compared across five
representative stages during the evolution of LWP described in Sect. 2.5. Figure 4 presents the vertical profiles of specific
humidity (q, ), potential temperature (0 ), and turbulent kinetic energy (TKE) for these release times. Since the vertical
structures of these variables are broadly similar across release durations (t, = 10 min, t, = 60 min), Fig. 4 only displays the
representative results for t, = 10 min with a 180 min tracking duration. All analyses in this section are based on results

from domain d02.

In the supersaturated region (Relative humidity, RH > 100%, Figs. 4a-c), turbulent parcels are predominantly distributed
between approximately 510 and 1270 m in altitude. The vertical variations in q, and O are generally small, with q,

~Tand O ranging from approximately 291.5 K to 296 K, indicating a high degree of

remaining in the range of 9 — 11gkg
thermodynamic uniformity among the different release times. In contrast, TKE varies strongly with the stages of LWP
evolution, increasing from 0.071 — 0.357 m? s™2at 14:00 UTC on the 23rd to 0.272 — 1.384 m? s™2 at 06:00 UTC on the
24th. This enhancement suggests that, in the early morning phase following the LWP maximum (at 02:00 UTC on the 24th),
intensified longwave radiative cooling at cloud top drives vigorous vertical overturning, resulting in the strongest turbulent

mixing within the cloud layer.

The unsaturated layer (RH < 100%, Figs. 4d-f) spans approximately 0-1500 m. Within the mixed layer (0-1000 m), q,

remains consistently high, above 8.5 g kg™'

, reflecting the abundant moisture reservoir in the marine boundary layer. Within
the mixed layer, O is stably maintained in the range of 291-293 K. Above 1000 m, during low-LWP periods (14:00 UTC on
the 23rd and 06:00 UTC on the 24th), the inversion layer is lower than during other LWP phases, as indicated by ¢, and 6.
TKE peaks near the ocean surface and decreases with height, while also exhibiting a distinct peak around 1000 m. This peak
is most pronounced at 00:00 and 02:00 UTC on the 24th, corresponding to the growth and mature phases of the

stratocumulus layer.

10
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To clarify how parcel thermodynamic histories differ between contrasting stages of LWP evolution, we compare two
representative times: 14:00 UTC on the 23rd (LWP minimum) and 02:00 UTC on the 24th (LWP maximum). Figure 5 uses
kernel density estimation (KDE) probability density functions (PDFs) to characterize the differences in parcel
thermodynamic properties between the two LWP stages. In the supersaturated region (Figs. 5a-d), the PDFs at 02:00 UTC
extend to higher altitudes, indicating a thicker cloud during the LWP peak phase. In the unsaturated region (Figs. Se-h), the

differences between the two LWP stages are relatively small.

To identify the dynamical factor responsible for the release-time dependence of parcel transport, we further examine the
vertical distribution of TKE at three key LWP stages. Figure 6 presents the KDE distributions of TKE at three key phases:
14:00 UTC on the 23rd (LWP minimum), 02:00 UTC on the 24th (LWP maximum), and 06:00 UTC on the 24th, to
highlight how turbulence differs between low- and high-LWP stages. In the saturated layer (Figs. 6a-c), the maximum TKE
increases much more strongly than the mean TKE across the different stages, particularly near the cloud top. This reflects
enhanced cloud-top turbulent mixing during high-LWP conditions. In the unsaturated region (Figs. 6d-f), the TKE
distribution displays a bimodal structure, with one peak below the cloud base (< 200 m) and another aloft above the cloud
top (400-900 m). The maximum TKE aloft is substantially higher at 02:00 and 06:00 UTC than at 14:00 UTC, indicating a

strong sensitivity of the experienced turbulence to release timing.

These results indicate that release timing modulates parcel transport by altering both the height and depth of the saturated
layer and the turbulence intensity experienced along parcel trajectories. Both factors directly influence the instantaneous and
cumulative transport to the cloud base and the activation conditions encountered once turbulent parcels reach the cloud base,

as discussed in the following sections.

11
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Figure 4. Vertical profiles of background meteorological parameters for turbulent parcels at different release times (t =
10 min, trajectory duration 180 min). (a-c) ,0, and TKE in the supersaturated region (RH > 100%). (d-f) corresponding

parameters in the unsaturated region (RH < 100%). Colors indicate different times, including blue (14:00 UTC on the 23rd),
orange (22:00 UTC on the 23rd), red (00:00 UTC on the 24th), green (02:00 UTC on the 24th), and purple (06:00 UTC on the 24th).
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Figure 5. KDE distributions of ¢, and 0 as a function of height for the representative times (14:00 UTC on the 23rd and 02:00

UTC on the 24th). The upper panels show the supersaturated region (RH > 100%), and the lower panels show the unsaturated
region (RH < 100%). N denotes the statistical sample size. The unit of q is g kg'. The unit of 0 isK.
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Figure 6. PDFs of TKE as a function of height under different LWP phases (14:00 UTC on the 23rd, 02:00 UTC on the 24th, and

06:00 UTC on the 24th). The upper panels show the supersaturated region (RH > 100%), and the lower panels show the

unsaturated region (RH < 100%). N denotes the statistical sample size. The unit of TKE is m? s=2,
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3.3 Transport efficiency of turbulent parcels

This subsection evaluates how environmental factors during different LWP phases affect the transport of turbulent parcels to
the cloud base. Figure 7 illustrates the temporal distribution of first arrival times at the cloud base within 180 min for five
representative stages, with Fig. 7a showing the instantaneous arrival rate and Fig. 7b showing the cumulative arrival rate.
With a fixed total number of parcels, the release duration (t,) governs the instantaneous arrival rate. Short-duration releases
(t, = 10 min, solid lines in Fig. 7a) produce burst-like peaks of 2.45% to 3.39% within approximately 15 min, whereas long-
duration releases (t, = 60 min, dashed lines in Fig. 7a) show lower peak instantaneous arrival rates (1.31%-1.58%) and
delayed maxima (56-62 min after release). These differences indicate that shorter release intervals result in a higher temporal
density of parcels entering the flow, allowing them to be transported in more concentrated groups within coherent turbulent
structures. Such releases therefore capture the peak transport capacity of active updrafts more effectively, leading to the
observed burst-like arrival peaks. This difference primarily reflects the compressed release configuration. In contrast, the
t, = 60 min cases average transport over multiple convective cycles, resulting in a broader distribution of arrival times and

lower peak instantaneous arrival rates.

The instantaneous arrival rate varies with the evolutionary phase of the LWP, yet it does not scale linearly with the LWP
magnitude. Although 02:00 UTC corresponds to the LWP maximum, the highest instantaneous arrival rate occurs at 00:00
UTC on the 24th during the rapid LWP growth phase, when the peak instantaneous arrival rate reaches 3.39% for the 10-min
release. In comparison, the peak instantaneous arrival rate at 02:00 UTC is slightly lower (2.96%) than at 00:00 UTC. This
suggests that active boundary-layer convection provides more effective lifting than the more mature conditions during the
post-peak phase. At the lower-LWP stage (22:00 UTC on the 23rd), the peak instantaneous arrival rate is lowest, with a
value of only 2.45% for t. = 10 min.

Figure 7b also shows that, regardless of release time, more than 96% of parcels in d02 reach the cloud base within 180 min.
A shorter release duration leads to the cumulative arrival rate curves reaching a plateau earlier. Parcels released at 00:00
UTC exhibit the steepest initial increase, approaching near-complete transport within the first 30 min, whereas those released

at 14:00 UTC and in the longer-duration experiments show significant delays.

Reaching the cloud base does not guarantee droplet activation; therefore, we further examine the in-cloud residence time of
parcels after cloud entry. A comparison of two contrasting phases, 14:00 UTC on the 23rd (LWP minimum) and 00:00 UTC
on the 24th (the time of strongest overall transport to the cloud base), reveals distinct behaviors (Fig. 8). At 14:00 UTC,
residence times increase slowly (median ~7 min at 60 min to ~20 min at 180 min, reaching ~29 min at 240 min), with few
long-lived outliers, indicating weak mixing and limited in-cloud persistence. In contrast, at 00:00 UTC, stronger TKE and

moisture supply produce a steeper increase (median ~25 min at 120 min, ~39 min at 180 min, and ~52 min at 240 min, with

15
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335 Q3 up to ~70 min and numerous high-value outliers), demonstrating that the active stratocumulus growth phase both
enhances overall transport to the cloud base and substantially prolongs in-cloud residence time, thereby favoring more
sustained parcel-cloud interaction. Moreover, across all groups, cumulative residence time increases with simulation duration
(60-240 min), with larger medians for the shorter release duration due to more concentrated cloud-base crossing, especially

for the group with the strongest overall transport to the cloud base.
340
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Figure 7. Instantaneous and cumulative arrival of turbulent parcels at the cloud base for various release times. (a) Instantaneous
arrival rate, defined as the percentage of total released turbulent parcels first arriving at the cloud base per minute. (b)
Cumulative arrival rate, defined as the cumulative percentage of turbulent parcels arriving at the cloud base. Solid lines represent

release duration t =10 min; dashed lines represent t,. =60 min. Colors distinguish release times: blue (14:00 UTC on the

23rd), orange (22:00 UTC on the 23rd), red (00:00 UTC on the 24th), green (02:00 UTC on the 24th), and purple (06:00 UTC on
350 the 24th).
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Figure 8. Box plots of total in-cloud residence time of turbulent parcels for different simulation durations (60, 120, 180, and 240
min). (a) 14:00 UTC on the 23rd (LWP minimum), (b) 00:00 UTC on the 24th (strongest overall transport to the cloud base). Red
boxes represent t. =10 min, green boxes represent t. =60 min. The central black horizontal line represents the median

(numerical values are labeled above each box), while the boxes represent the IQR. Whiskers extend to the maximum and

minimum values within the non-outlier range. Black open circles represent outliers, defined as data points exceeding 1.5 times the
IQR from the box edges.

The results presented above focus on domain d02 with a grid spacing of 900 m. Furthermore, we compare the simulation
results from the nested domains d02, d03, and d04 to evaluate how spatial resolution influences the instantaneous arrival rate,
cumulative arrival rate, and transport time of turbulent parcels from the sea surface to the cloud base, as well as their
residence time within the clouds. As d04 has the smallest spatial extent and the region is dominated by southeasterly winds,
turbulent parcels tend to exit the lateral boundaries relatively quickly. To ensure consistency and fair comparison across
resolutions, d02 and d03 are cropped to match the geographic extent of d04, and the analysis was restricted to the first 90

minutes. During this period, at least 70% of the parcels remained within the domain for all release times, release durations,

and resolutions.

As the horizontal grid spacing decreases gradually from d02 to d04, the peak instantaneous arrival rate decreases
monotonically, the time of peak arrival is gradually delayed, and the cumulative arrival rate also shows a systematic
reduction. For the turbulent parcels released at 00:00 UTC on 24 September (t, = 10 min), the peak instantaneous arrival
rates for d02, d03, and d04 are 3.39%, 2.28%, and 1.86%, respectively; the corresponding peak arrival times are 15, 16, and
17 min; and the cumulative arrival rates are 94.16%, 86.30%, and 79.70%, respectively (Fig. 9, Table 1). This pattern likely
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reflects two factors in the present analysis: a weaker background ascent sampled along the parcel trajectories at higher

resolution, and an amplification of the diagnosed differences caused by the limited analysis window and cropped domain

size.
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Figure 9. Comparison of the instantaneous and cumulative arrival of turbulent parcels at the cloud base across different spatial
resolutions (d02, d03, d04). Panels (a)-(c) show the instantaneous arrival rate, i.e., the percentage of turbulent parcels first
reaching the cloud base per minute. Panels (d)-(f) show the corresponding cumulative arrival rate. Results are presented for five

representative release times under two release configurations (t . =10 min as solid lines, t, =60 min as dashed lines). All

d02 and d03 data have been cropped to the geographical extent of d04. Colors distinguish release times, blue (23rd 14:00 UTC),
orange (23rd 22:00 UTC), red (24th 00:00 UTC), green (24th 02:00 UTC), and purple (24th 06:00 UTC).
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First, as the horizontal resolution increases from d02 to d04, the background w along the parcel trajectories becomes weaker,
thereby reducing the average transport speed from the sea surface to the cloud base. We decompose W into a 20-point
moving average (Wogp;) and a residual component in Figs. 10a-b. Higher resolution leads to lower W, whereas resolution
has only a minimal effect on the residual component, indicating that the weaker W in the higher-resolution simulations is
395 primarily attributable to changes in the mean state rather than in the fluctuations. Figures 10c-d further show that, with
increasing resolution, the fraction of parcels embedded in a background ascending environment decreases, whereas the
fraction embedded in a background subsiding environment increases. This suggests that, at higher resolutions, parcels are
less frequently sustained within background ascent. Figure 10e shows stronger subsidence in the lower and middle layers and
weaker positive W aloft in the high-resolution domain than in the low-resolution domain. Figure 10f indicates stronger
400 horizontal divergence below 1 km and stronger horizontal convergence aloft at higher resolutions, which is consistent with

the vertical-velocity structure shown in Fig. 10e.

Second, the limitations of simulation duration and domain size further amplify the transport differences among resolutions.
When we extend the analysis window to 120 min and expand the spatial coverage to that of domain d03, the cumulative
405 arrival rates increase markedly: d02 rises to 97.83%, an increase of 3.67% relative to the original result, and d03 rises to

93.17%, an increase of 6.87%, leading to reduced differences among various grid spacings.
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Figure 10. Vertical transport characteristics and dynamic environmental parameters under different horizontal resolutions.
Results are based on the first 90 minutes of simulation starting from 00:00 UTC on the 24th (t . = 10 min). All domain data

are cropped to the d04 range for calculation. (a) Difference in the trajectory-sampled background w, szopt(t) , where
w20pt(t) is the background component obtained from a 20-point centered running mean of the trajectory-sampled w ._(b)
Difference in the perturbation w, Aw (t). (c) Fraction of parcels in sustained positive background motion, f ul)(t) =N((w >
0)/N ¢¢ - (d) Fraction of parcels in persistent negative background motion, £, . (t) = N(w < 0)/N ¢, where N ¢

denotes the number of valid parcels at each time. (¢) W vertical profile. (f) Convergence / Divergence vertical profile. Negative
values on the x-axis represent horizontal convergence, and positive values represent horizontal divergence. The end of the axis is
annotated with an order-of-magnitude scaling factor of 1075,

Table 1. Statistics of parcel transport characteristics under different simulation domains, release times, and simulation durations
(1:r =10 min). Statistics include the peak instantaneous arrival rate, peak arrival time, and final cumulative arrival rate. For

90-min simulations, domains d02, d03, and d04 are all cropped to the domain size of d04; for 120-min simulations, d02 and d03 are
cropped to the domain size of d03; and the full original d02 domain is used for 180-min simulations.
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Domain Start Simulation Peak Peak Final Focused Area
Time Duration Time Cumulative
do2 23 14:00 90 min 2.53% 15 min 84.34% Coverage of d04
23 22:00 2.45% 15 min 85.68% Coverage of d04
24 00:00 3.39% 15 min 94.16% Coverage of d04
24 02:00 2.96% 15 min 92.97% Coverage of d04
24 06:00 2.73% 15 min 85.50% Coverage of d04
do3 23 14:00 90 min 2.16% 15 min 82.00% Coverage of d04
2322:00 1.90% 17 min 77.94% Coverage of d04
24 00:00 2.28% 16 min 86.30% Coverage of d04
24 02:00 2.25% 15 min 83.87% Coverage of d04
24 06:00 2.06% 17 min 79.97% Coverage of d04
do4 23 14:00 90 min 1.84% 17 min 75.00% Coverage of d04
2322:00 1.55% 19 min 71.89% Coverage of d04
24 00:00 1.86% 17 min 79.70% Coverage of d04
24 02:00 1.80% 20 min 76.02% Coverage of d04
24 06:00 1.70% 19 min 71.80% Coverage of d04
do2 23 14:00 120 min 2.53% 15 min 91.20% Coverage of d03
23 22:00 2.45% 15 min 92.07% Coverage of d03
24 00:00 3.39% 15 min 97.83% Coverage of d03
24 02:00 2.96% 15 min 97.13% Coverage of d03
24 06:00 2.73% 15 min 90.72% Coverage of d03
do3 23 14:00 120 min 2.16% 15 min 89.35% Coverage of d03
23 22:00 1.90% 17 min 87.03% Coverage of d03
24 00:00 2.28% 16 min 93.17% Coverage of d03
24 02:00 2.25% 15 min 91.37% Coverage of d03
24 06:00 2.06% 17 min 89.30% Coverage of d03

425
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In addition to the instantaneous and cumulative arrival rates, we investigate the sensitivity of in-cloud residence time to
horizontal grid spacing. Figure 11 presents the boxplots of in-cloud residence time for the d02, d03, and d04 domains at two
representative release times (14:00 UTC on the 23rd and 00:00 UTC on the 24th) within the 90-min window for the t, =
10 min group. The results indicate that decreasing grid spacing leads to a reduction in in-cloud residence time. For the
release at 00:00 UTC on the 24th, the median residence time is 18 min in d02, which decreases to 14 min in d03 and further
to 12 min in d04. Enhanced TKE at the cloud top likely contributes to this accelerated venting of parcels from the cloud.
Notably, despite the decreasing medians, the high-resolution simulation (d04) captures more prominent extreme outliers at
the upper end of the distribution. At 14:00 UTC on the 23rd, the maximum residence time reaches 76 min in d04, exceeding
70 min in d02 and 67 min in d03. While enhanced turbulence reduces the average residence time, strong TKE may also
retain a small fraction of parcels for long periods. Both the mean-state and tail-state behaviors may influence droplet

activation.

These results indicate that parcel transport to the cloud base, as characterized by the instantaneous arrival rate and
cumulative arrival rate, is jointly regulated by release duration, LWP evolution stage, and horizontal resolution, with
significant differences in in-cloud residence time. These characteristics provide important constraints on the timing,

likelihood, and thermodynamic conditions of subsequent aerosol activation.
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Figure 11. Boxplot statistics of in-cloud residence time across d02, d03, and d04 domains. Panels (a) and (b) correspond to the
release times at 14:00 UTC on the 23rd and 00:00 UTC on the 24th, respectively, for the £, =10 min group within a 90-min

window. The blue, green, and red boxes represent results from the d02, d03, and d04 domains, respectively. For consistency in

450 spatial comparison, all data from the d02 and d03 domains are cropped to match the geographical extent of the d04 domain. The
central black horizontal line represents the median (numerical values are labeled above each box), while the boxes represent the
IQR. Whiskers extend to the maximum and minimum values within the non-outlier range. Black open circles represent outliers,
defined as data points exceeding 1.5 times the IQR from the box edges.
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3.4 Implications for Droplet Activation

In addition to transport efficiency and in-cloud residence time, quantifying the AF at cloud base is necessary to close the
pathway from sea-surface aerosol emissions to cloud droplet formation, particularly under turbulent conditions. The AF used
here is a conditional metric rather than a bulk fraction based on all released parcels. Specifically, AF represents the fraction
of parcels that activate among those parcels that reach the cloud-base activation layer and are moving upward under the
prescribed aerosol conditions. To this end, we evaluate cloud droplet activation using the widely adopted parameterization of

Abdul-Razzak and Ghan (1998).

In the estimation of AF, the physicochemical properties of sea-salt aerosols are prescribed as follows: molecular weight
M, = 0.05844 kg mol~", density p, = 2200 kg m~3 (Koepke et al. 1997; Hess et al. 1998), and geometric standard
deviation o4 = 2.03 (Koepke et al. 1997; Hess et al. 1998; Jaeglé et al. 2011). A two-dimensional 3030 parameter space is

constructed to cover a wide range of conditions, in which the geometric mean diameter (Dg) spans from 0.02 — Sum with

logarithmic spacing (Quinn et al. 2017), and the aerosol number concentration (N, ) ranges from 10 — 5000 cm~3,

representing both clean and polluted marine environments (Quinn et al., 2017; O’Dowd and de Leeuw, 2007).

We calculate AF using W, temperature (T), and pressure (P) sampled from Lagrangian particle trajectories over a 90-minute
period following release within the spatial coverage of d04. The cloud-base activation layer is defined as the height range
extending 50 m above and below the level at which RH exceeds 100%. For each trajectory, samples with negative w within
this layer are excluded. The sampled variables within the activation height range are then used in Eq. (30) of Abdul-Razzak

and Ghan (1998) to compute the activation ratio for a given aerosol spectrum (characterized by Dy and N,). The mean AF,

shown in Fig. 12, is obtained by averaging the activation ratios across all qualified trajectories.

Overall, the AF increases with larger Dy and smaller N, (Fig. 12a). This trend is expected because larger particles require

lower critical supersaturation to activate, while lower N, tends to lead to higher supersaturation, further enhancing the AF
(Chen et al., 2016, 2018). Differences in AF between the two release durations (t, = 60 min and t, = 10 min) are minimal
(Fig. 12b). However, release timing has a notable impact: releasing at 00:00 leads to a higher AF than releasing at 14:00 (Fig.
12¢). This indicates that injecting aerosols when LWP is high enhances activation (Fig. 12c), likely because w is stronger at
00:00 (Fig. 13). High-resolution simulations yield a higher AF than low-resolution ones (Fig. 12d). Specifically, AF in the
coarse-resolution domain (d02) fluctuates between 0.73 and 0.91, whereas the high-resolution domain (d04) maintains a

stable range of 0.92-0.96. This is likely because higher resolution resolves higher w (Fig. 13b), which enhances AF.
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Figure 12. Sensitivity of the AF and its deviations (A AF) for single-mode sea-salt aerosols to grid resolution, release time, and
495  release duration, shown as a function of aerosol Dp g and N, . (a) Absolute AF distribution in d02 at 14:00 UTC on the 23rd for

t, = 10 min; the black dashed line indicates the AF = 0.5 contour. The “Greens” color scale represents AF values from 0 to 1.
(b) AAF in d02 at 14:00 UTC on the 23rd between t, = 60 min and t, =10 min. (c) AAF in d02 between 00:00 UTC

on the 24th and 14:00 UTC on the 23rd for t, =10 min. (d) AAF between d04 and d02 at 14:00 UTC on the 23rd. The
“RdYIBu_r” color scale (red/blue for positive/negative deviations) represents differences in AF.
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Figure 13. PDFs of the sampled cloud-base w used for activation diagnostics. (a) Comparison of w distributions across d02, d03,
and d04 at 14:00 UTC on the 23rd (tr =10 min); (b) Comparison of w distributions at 00:00 UTC on the 24th (tr =

505 10 min). Values in parentheses indicate the peak positions of the respective PDF curves. Blue, green, and red curves represent
the results for d02, d03, and d04, respectively.
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4 Conclusions

This study investigates key uncertainties in MCB feasibility, focusing on a typical stratocumulus region in the tropical
Southeast Atlantic. By coupling WRF-LES with the FLEXPART-WRF Lagrangian particle dispersion model, we quantify
the transport characteristics of turbulent parcels from the sea surface to the cloud base, including the instantaneous arrival
rate, cumulative arrival rate, transport time, in-cloud residence time, and the potential implications of these transport

pathways for cloud droplet activation. The main findings are as follows:

(1) The four-level one-way nested WRF simulation (grid spacing from 2.7 km to 100 m) effectively reproduces the
spatiotemporal distribution and evolutionary characteristics of LWP in the study area. The results show good agreement with
MODIS satellite observations and significantly mitigate the underestimation of marine stratocumulus LWP in ERAS

reanalysis, thereby providing a reliable meteorological background for the subsequent Lagrangian particle trajectory analysis.

(2) The thermodynamic structure of the boundary layer in the study region is generally uniform; however, turbulence
intensity varies markedly across different stages of LWP evolution. Stronger boundary-layer turbulent mixing occurs during
the LWP peak and rapid-growth phase. The timing of turbulent parcel release influences the height and thickness of the
supersaturated layer as well as the TKE experienced by the parcels, thereby modulating their transport to the cloud base and

the subsequent activation conditions.

(3) Turbulent parcel transport to the cloud base, as characterized by the instantaneous arrival rate and cumulative arrival rate,
is jointly controlled by release duration, release timing, and horizontal resolution. Short-pulse releases (t, = 10 min)
produce higher peak instantaneous arrival rates, whereas continuous releases (t, = 60 min) are characterized by lower peaks
and more delayed arrival times; overall transport to the cloud base is stronger during the LWP peak and rapid-growth stages
than during low-LWP periods. As the horizontal resolution increases from d02 (900 m) to d04 (100 m), the peak
instantaneous arrival rate decreases, the peak arrival time is delayed, and the cumulative arrival rate diagnosed within the
analyzed window also decreases overall. This is mainly because the background mean ascent experienced by the parcels
weakens at higher resolution, while the truncation effect associated with limited integration time and domain size becomes
stronger for slowly rising and later-arriving parcels, thereby jointly reducing the diagnosed overall transport to the cloud base

within the analyzed window.

(4) In-cloud residence time and cloud-base activation processes are also sensitive to model resolution. Strong turbulence and
abundant water vapor favor longer in-cloud residence times of turbulent parcels. With increasing resolution, the average in-
cloud residence time shortens, yet extreme long-residence events become more frequent. Based on simplified single-mode

sea-salt aerosol experiments, the cloud droplet AF increases significantly with increasing particle size and decreasing
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number concentration, while remaining insensitive to release duration. High-resolution simulations yield higher AF because

they better resolve strong cloud-base updrafts.

In summary, this study reveals, from a Lagrangian viewpoint, the transport characteristics of turbulent parcels from the sea
surface to the cloud base within the marine boundary layer, as well as the modulating effects of release conditions, horizontal
resolution, and in-cloud dynamical environments on activation-relevant conditions at the cloud base. These results provide
process-level constraints for assessing MCB release strategies, selecting appropriate model resolutions, and evaluating both
the likelihood of injected aerosols reaching the cloud base and the potential brightening implications. It should be noted that
the current analysis is based primarily on a single case with limited simulation duration and spatial coverage, together with a
simplified single-mode sea-salt aerosol assumption. In particular, the small domain size of d04 causes some parcels to exit
the lateral boundaries before reaching the cloud base. Restricting the cross-resolution comparison to the first 90 min may
affect the absolute magnitude of the cumulative arrival rate, especially at higher resolutions where parcels rise more slowly
and arrive later. Nevertheless, the consistent reductions in peak instantaneous arrival rate, the delayed peak arrival time, and
the lower cumulative arrival rate at higher resolution highlight the sensitivity of diagnosed parcel transport to model
resolution, release configuration, and the evolving boundary-layer environment. Constraining the key physical uncertainties
in the MCB transport-residence-activation chain will require future research to extend this analysis to multi-region, multi-
season statistical analyses, employ larger domains or periodic boundary conditions, and incorporate more sophisticated

multi-modal parcel models for better simulation of aerosol-cloud interactions.
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Code and data availability

The ERAS reanalysis data used in this study are available from the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/). The MODIS satellite data were obtained from the National Aeronautics and Space
Administration (NASA) via their official data portal (https://modis.gsfc.nasa.gov/). The FLEXPART-WRF model code
employed for Lagrangian particle dispersion simulations is publicly accessible at the NILU Git repository
(https://git.nilu.no/flexpart/flexpart-wrf/). A subset of analyzed data and post-processing python code are also available from
Zenodo (https://zenodo.org/records/20394773).
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