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Abstract. Ship tracks, bright lines in clouds formed by ship exhaust, serve as “natural laboratories™ for investigating aerosol-
cloud interactions, one of the largest sources of uncertainty in the human forcing of the climate. Observing ship tracks has been
used to help constrain the effect of anthropogenic aerosols on cloud brightness, amount and water content. The validity of these
constraints relies, in part, on the accuracy of satellite retrieval algorithms used to measure cloud properties. A known source
of uncertainty in these algorithms is the representation of the droplet size distribution. Standard bi-spectral retrievals (e.g.
MODIS) rely on a fixed effective variance (ver) for the modified gamma distribution used to model cloud droplet dispersion.
The introduction of aerosols into clean, marine clouds produces not only smaller droplets but also a narrower size distribution,
contradicting this fixed assumption. This study utilises a synthetic retrieval experiment to quantify the impact of this assumption
on cloud property retrievals and the derived aerosol-cloud interaction metrics. The results produced indicate that neglecting the
narrowing of the droplet size distribution causes a systemic overestimation of effective radius (r.) of approximately 3% in the
polluted regime, while optical depth (7) is virtually unaffected. Consequently, liquid water path (LWP) is robustly retrieved
with a small bias of under 3%, which is expected due to the linear dependence of LWP on r, and 7. Cloud droplet number
concentration (N), however, suffers from a much larger overestimation of approximately 24% in freshly polluted clouds. This
discrepancy is driven by the inverse dependence of N on the spectral width parameter k, inflating the droplet count as the true
distribution narrows. This inflation of droplet number in ship tracks may exaggerate the apparent susceptibility of clouds to
aerosols, potentially overstating the Twomey effect in observation-based estimates reliant on data from ship tracks. This may
also lead to an overestimation the efficacy of climate intervention efforts, such as marine cloud brightening, if monitored by

satellite.

1 Introduction

Aerosols influence cloud radiative properties through an instantaneous microphysical change followed by a series of time-
dependent adjustments. The primary instantaneous effect occurs as aerosols act as cloud condensation nuclei (CCN), increas-
ing the droplet number concentration (Ng). For a constant liquid water path (LWP), this shift toward more numerous, smaller
droplets increases the cloud’s total surface area, thereby enhancing its optical depth (7) and albedo (Twomey, 1974). Beyond
this initial response, several rapid adjustments further modify the clouds’ microphysical state. A key mechanism is precipi-
tation suppression, where smaller droplets inhibit collision-coalescence, potentially increasing both LWP and cloud lifetime

(Albrecht, 1989). However, the initial Twomey cooling is often obscured by rapid cloud adjustments. For example, altered
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microphysics can accelerate the entrainment of dry air into the cloud top, which may enhance evaporation and lead to to a
subsequent decrease in LWP (Wood, 2007; Khatri et al., 2022; Ackerman et al., 2004; Bretherton et al., 2007). Furthermore,
light-absorbing aerosols like black carbon can introduce a semi-direct effect, heating the surrounding air and further inducing
cloud dissipation (Koch and Del Genio, 2010). While these specific responses counteract the initial brightening, the overall
contribution of aerosol-cloud interactions induce a net cooling effect, the magnitude of which is poorly constrained (Glassmeier
et al., 2021; Chun et al., 2023; Christensen et al., 2021).

Ship tracks serve as an observational laboratory for disentangling these competing cloud adjustments. By providing a lo-
calised aerosol perturbation against a clear control case of unpolluted cloud, ship tracks allow the isolation of these microphys-
ical processes from the background meteorological conditions. Constraining the magnitude of this aerosol-induced cooling
is essential not only for greater accuracy in radiative forcing estimates but also for ascertaining the feasibility of climate en-
gineering techniques such as MCB (Feingold et al., 2024). While the instantaneous Twomey effect is well documented in
observational studies (Noone et al., 2000a, b), the subsequent LWP response is significantly less constrained (Chen et al.,
2012; Gryspeerdt et al., 2021). This uncertainty arises because the net LWP signal is often weak (Toll et al., 2019; Tippett
et al., 2024) and highly dependent on both the local meteorology (Goren et al., 2025; Zhang and Feingold, 2023) and the
evolving timescales of the perturbation (Gryspeerdt et al., 2021).

To date, observational studies of ship tracks have primarily utilised satellite remote sensing data from instruments such as
the Moderate Resolution Imaging Spectroradiometer (MODIS). MODIS uses a multi-spectral imager that collects reflectance
data at multiple relevant wavelengths in the visible and infra-red. For this study, bi-spectral retrievals using the MODIS wave-
length bands at the visible and near-infrared are examined (King et al., 1997). These are sensitive to cloud optical thickness (7)
and droplet effective radius (r,), respectively, but not entirely independent (Nakajima and King, 1990). As the cloud property
retrieval algorithms are typically under-constrained, they use a variety of simplifying assumptions about the cloud microphys-
ical properties. One of these is the assumption of a globally fixed width of the cloud droplet size distribution, or effective
variance (ver) (King et al., 1997). The effective variance is a measure of the diversity of droplet sizes, and its value is funda-
mentally altered by the aerosol perturbation in a ship track. In the clean background cloud, the process of droplets colliding
and merging to form drizzle creates a broad distribution of sizes, resulting in a high veg (typically 0.10-0.15). The introduction
of ship-emitted aerosols narrows this distribution as the water in the cloud spreads to form smaller, uniform droplets around
the aerosols (Martin et al., 1994), reducing the v to as little as 0.05. This discrepancy is a recognised retrieval bias (Liu et al.,
2008), as the relationship between reflectance and r. is a function of v (Nakajima and King, 1990). It has also been hypothe-
sised by Gryspeerdt et al. (2021) that this is the cause of the apparent instantaneous LWP response to ship aerosol, but this has
yet to be properly quantified. Here, a synthetic retrieval framework designed to quantify this effect is presented, bounding the
limits of the fixed effective variance assumption across core optical and microphysical cloud products. By forward-modelling
top-of-atmosphere radiances for synthetic ship track scenes and inverting them using standard operational logic, the retrieval
bias caused solely by the fixed v.s assumption is isolated. The errors introduced into direct measurements of effective radius

and optical depth are first quantified, before examining how these errors propagate into derived liquid water path and droplet



65

70

75

80

https://doi.org/10.5194/egusphere-2026-2326
Preprint. Discussion started: 20 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

number concentrations. Finally, the importance of mitigating these biases is discussed in the context of accurately interpreting
cloud susceptibility and assessing the feasibility of marine cloud brightening.

2 Methodology

2.1 The Modified Gamma Distribution

Satellite retrievals approximate the microphysics of clouds by relying on an assumed droplet size distribution. The droplet size

distribution is typically described by a modified gamma distribution defined by Hansen and Travis (1974), and is given by:

1—3w,
n(r) = Ar~ v * exp (— ! ) , (1)

T'eVeff
where n(r) is the number of droplets of radius r and A is a normalisation constant. This distribution is characterised by two

parameters: effective radius (r.) and the effective variance (ver). Physically, 7. is defined as the area-weighted mean radius of

the droplet population:

B j;)oo r3n(r)dr
e ™ fooc r2n(r)dr’ @

whereas ver is a dimensionless parameter representing the variance of the droplet size distribution normalised by r2:

1 o0
Veff = @ /(r —71e)2mr?n(r)dr, 3)
0

where G is the total geometric cross-sectional area per unit volume. While r. is explicitly retrieved from short-wavelength
infrared reflectance, ves must be assumed (Martin et al., 1994), with this study setting this at a constant value veg = 0.13
to align with the historical assumption employed by the MODIS operational retrieval algorithm for liquid clouds. This fixed
assumption introduces a systematic bias, as the veg of a cloud varies significantly with aerosol loading, entrainment, and
precipitation onset. This is especially problematic when retrieving polluted clouds, as the relationship between the radiative
properties and Ny is dependent on the dispersion parameter, k, which relates the volume mean radius (r,) to . (Martin et al.,
1994):

Ty

- () — (1= ) (1 — 2000) @

Te

As vegr reduces, k increases, ultimately approaching unity. From Eq. (4) it is clear that by fixing v, k is also essentially fixed.

This has implications for deriving N, typically calculated via the adiabatic assumption (Grosvenor et al., 2018):
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If k of polluted clouds is larger than that the assumed & in Eq.5, the retrieval will systematically overestimate N. In contrast,

LWP is relatively insensitive to the veg assumption. LWP is formulated as (Stephens, 1978)

2
LWP = gpw’ﬂ”e (6)

and is thus linearly dependent on 7. and optical depth (7) only. Therefore, LWP is only affected by secondary biases through

e, and not directly biased by the v.g assumption. As such, it is expected that LWP will be retrieved more robustly.
2.2 Retrieval Principle

The retrieval of 7 and 7. is commonly performed using the bi-spectral reflectance method set out by Nakajima and King (1990).
This approach exploits the differing radiative properties of cloud droplets across the solar spectrum. A non-absorbing visible
band (0.86 um) is used to obtain 7, as it is primarily sensitive to the cloud’s total scattering cross section. For r., an absorbing
short-wave infrared band (2.1 pum) is employed, due to the sensitivity of liquid water absorption to droplet radius.

The fixed v assumption leads to a discrepancy between the scattering phase function assumed in the look-up-table genera-
tion and the true scattering behaviour of the observed cloud. The physical origin of this discrepancy lies in the calculation of the
cloud’s bulk scattering phase function, P(6, \), where 0 is the scattering angle and \ is the wavelength. This function is derived
by integrating the single-droplet Mie scattering phase function, P(6,r,\), over the entire cloud droplet size distribution, n(r),

described in Eq. (1). The bulk scattering phase function is calculated as (Hansen and Travis, 1974):

Jo~ Tscar(r, ) - P(0,7,0) - n(r) dr

fooo Oscat (T, A) -n(r)dr ’

P(O,)) =

(M

where 0.4 1S the scattering cross-section.

As shown in (1) n(r) is a function of both 7, and v, the resulting bulk scattering phase function, P(6, )), is also dependent
on both parameters. This is illustrated in Figure 1, which compares the bulk scattering phase function calculated using veg =
0.13 and vegr = 0.05. This highlights that an algorithm with a fixed v.g encountering a cloud with a different veg will assume a

biased bulk phase function, thus misinterpreting the backscattered light intensity. This will lead to a systematic retrieval error.
2.3 Data generation and forward simulation

A population of 5000 clean clouds is generated with properties randomly sampled from ranges of typical non-drizzling marine
stratocumulus clouds (Fu et al., 2022), with r, in the range 10-18 um and 7 in the range 8-30. This sample size ensures dense

coverage of the operational lookup table (LUT) space. The v for these clouds is assigned one of ves = [0.1,0.13,0.15], a
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Figure 1. (a) Comparison of the bulk scattering phase function, P(6, )\), evaluated at A = 0.86 um for a true polluted cloud (verr = 0.05)

and the assumed clean cloud (ver = 0.13). The y-axis is presented on a logarithmic scale. (b) The resulting percentage error in the phase

function due to the fixed vesr assumption.

standard range for such clouds (Martin et al., 1994). For each clean case, a corresponding “polluted” case (representing a ship
track) is generated by reducing r. by a random factor between 15-35% (Grosvenor et al., 2018) while adjusting 7 in tandem
to conserve LWP. This ensures that any change in radiative properties between the clean and polluted pair is due solely to the
redistribution of water among a larger number of droplets. This is done to isolate the instantaneous Twomey effect from the
adjustments. The polluted clouds are assigned a fixed v = 0.05 representing a strongly narrowed droplet size distribution as a
lower bound to explore the maximum potential bias. While marine stratocumulus clouds generally exhibit broader distributions,
the compilation of in-situ measurements by Miles et al. (2000) demonstrates that polluted air masses frequently produce highly
narrowed distributions, including numerous recorded instances of the v, dropping below this bound.

Radiative transfer simulations are run using the DISORT algorithm (Stamnes et al., 2000) in the libRadtran package (Emde
et al., 2016) driven by the pyLRT python wrapper (Gryspeerdt and Driver, 2024) for the 5000 clean/polluted cloud pairs. For

each case, the top-of-atmosphere (TOA) reflectance function R is calculated following the definition of Nakajima and King
(1990):

T‘—I(OJ —H, ¢)

R ¢y s Ko, = ’ 8
(7es s 0, @) oFo ®)
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where I(0,—u, ) is the reflected intensity at the TOA, p is the cosine of the viewing zenith angle, ¢ is the relative azimuth
angle , po is the cosine of the solar zenith angle, and Fj is the incident solar flux density. The simulations are performed for
two standard MODIS bands centred at 0.86 um and 2.1 pm, across a range of solar zenith angles (20°, 40°, 60°). Ranges of
viewing zenith angle (0°, 20°, 40°, 60°) and the relative azimuth angle (0°, 45°, 90°, 135°, 180°) are also chosen, to represent
the full combination of observation geometries. The scattering angle, O, is related to the solar zenith angle (6), the viewing

zenith angle (0,,), and the relative azimuth angle (¢) by the spherical law of cosines:
cos© = — cos by cosb, + sin by sinb,, cos ¢. 9)

The clouds are modelled as single, vertically homogeneous 1D plane-parallel slabs with a geometric thickness of 500 m, a
reasonable value for marine stratocumulus (Wood, 2012). The microphysical properties are determined using pre-calculated
lookup tables generated using the libRadtran Mie tool (Emde et al., 2016). For these calculations, the cloud droplet size
distribution is modelled using the modified gamma distribution defined in Eq. (1). Within the libRadtran Mie tool, the shape of
this distribution is dictated by the parameter o, which corresponds to the exponent of the r term in Eq. (1) and is related to vt
by (Hansen, 1971):

o 1-— 3Uef-f

a (10)

Veff
Each lookup table contains the bulk optical properties required to solve the radiative transfer equation: the extinction efficiency,
single scattering albedo and the angular scattering phase function over a grid of r. and wavelengths. Table 1 summarises the

microphysical properties and viewing geometries used to generate the synthetic cloud population.

Table 1. Summary of microphysical properties and viewing geometries used to generate the synthetic cloud population. The polluted cases

are derived directly from the clean control cases to conserve Liquid Water Path (LWP).

Parameter Clean (Background) Polluted (Ship Track)
Sample Size (N) 5000 5000

Eff. Radius (r.) Sampled 10-18 um re reduced by 15-35%
Optical Depth (7) Sampled 8-30 7 adjusted to conserve LWP
Eff. Variance (vesr) 0.10,0.13,0.15 Fixed 0.05

Solar Zenith Angle (6o) 20°,40°,60°

Viewing Zenith Angle (0,) 0°,20°,40°,60°

Relative Azimuth Angle (¢) 0°,45°,90°,135°,180°

2.4 Retrieval Simulation

The simulated retrieval of cloud properties from the simulated reflectances mimics MODIS retrievals in two spectral bands

(King et al., 1997). This is achieved by mapping TOA reflectances to 7. and 7 onto a Nakajima-King grid (Nakajima and
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King, 1990). For the simulated retrieval, the grid in Figure 2 is generated using a fixed ves of 0.13, the assumed veg, in line
with Martin et al. (1994). This creates a systematic physical inconsistency when veg of clouds varies, especially in cases such
as ship tracks where vef can undergo a dramatic reduction (Fu et al., 2022). The percentage bias is calculated as the relative
difference between the cloud properties retrieved using the LUT generated for the correct vesr, with the properties that are
retrieved using the assumed veg = 0.13. While MODIS Collection 6 assumes veg = 0.10 for liquid clouds, revised previously
from 0.13 to better align with multi-angle observations (Platnick et al., 2016), this study adopts a baseline of veg = 0.13.
This choice maximises the contrast between the assumed veg (0.13) and the true polluted state veg (0.05). This provides an
upper-bound estimate for the retrieval bias relative to current operational algorithms. Importantly, this fixed-variance bias is
bidirectional; while the operational 0.13 baseline systematically biases the narrowed polluted clouds, tuning an algorithm to
assume the narrowed 0.05 state would invert the problem, introducing a substantial bias into the retrieval of the unpolluted

background clouds.

0.8

— Constant re
—--- Constant T

0.6

I
~

Reflectance at 2.1 pm

o
]

0.0 0.2 0.4 0.6 0.8 1.0
Reflectance at 0.86 um

Figure 2. Nakajima-King retrieval grid representing the operational assumption (vesr = 0.13). The grid maps top-of-atmosphere reflectance

0.86 pm) and 2.1 pm to a unique solution for 7 (dashed lines) and 7. (solid lines).

3 Results
3.1 Bias in Direct Retrieval Products (r., 7)

The retrieval bias is first quantified for the directly retrieved variables, r. and 7. Figure 3 displays the percentage bias retrieved
re and 7 as a function of the true r. and 7, respectively. The two regimes, clean and polluted, are clearly separated by bias
magnitude in 7., but negligible bias is shown for 7 in both regimes. For 7, the mean percentage bias in clean clouds is -0.03%

and in polluted clouds -0.27%. It is shown in 3 that optically thin clouds have a wider bias distribution in both regimes, with
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potentially compensating errors causing mean bias to be small. For r. clean clouds, bias is negligible, with three distinct

clusters.
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Figure 3. The percentage bias in retrieved (a) r. and (b) 7 as a function of their true values, for clean (orange) and polluted (blue) clouds.

Figure 4 demonstrates that the data points are clustered by v, with the retrieval baseline 0.13 clustered around the 0% bias
line and 0.1 and 0.15 biases calculated as 0.91% and -0.62%, respectively. Thus, the mean bias in the retrieved r,. of clean
clouds is calculated to be 0.13% (averaged over the synthetic population as defined in Section 2.3). Polluted clouds, however,
show a more substantial bias percentage with a mean bias of 3.43%. This occurs because a polluted cloud transition is assumed
to involve a simultaneous increase in 7 to maintain a constant LWP as 7. decreases. The discrepancy in the true ves state
explains why the bias profiles for the clean and polluted regimes remain distinct, even when compared to the same r. value.
It is shown in Figure 4b that the specific veg value has little effect on 7 bias, which is to be expected given 7 is known to be
insensitive to the shape of the droplet size distribution.

The sensitivity of the bias to SZA in the polluted r. regime is further investigated, as shown in Figure 5. In Figure 5a the
clean clouds are shown coloured by three chosen values of SZA, 20°, 40°, and 60°. The data shows that for clean clouds, the
mean bias changes by 0.02% as the sun moves from 20° to 60°. Thus, it is concluded that there is no significant contribution
to the bias from SZA. Figure 5b, showing the polluted regime, however, displays more separation due to SZA. Analysing the
contribution to the mean r. of each SZA value shows this is a secondary contribution to the overall bias, with a mean bias of
3.58%, 3.53%, and 3.18% for SZA values 20°, 40°, and 60° respectively. This small SZA dependence arises from the change
in scattering angle observed by the satellite, changing the discrepancy between the assumed and true phase functions. This
demonstrates that lower SZA have an increased bias over higher SZA, but the mean effect is quite small and can be ignored in
the context of the ves bias.

The sensitivity of 7. to Viewing Zenith Angle (VZA) and Relative Azimuth Angle (RAA) in the polluted regime is demon-
strated in Figure 6. It is found that the overestimation of r. is consistent at approximately 3.5% at all VZA, aside from

VZA=60° at 2.98%. It is important to note that while the mean bias shows a small decreases at VZA= 60° the precision
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Figure 4. The percentage bias in retrieved cloud properties as a function of their true values, coloured by effective variance (ver). (a) effective

radius (r.) and (b) optical thickness (7). Note the distinct clustering of bias based on the underlying distribution width, with vegr = 0.13 (the

retrieval assumption) centred on the zero-bias line.

re Bias (%)

-2

True re (pm)

Figure 5. The percentage bias in retrieved effective radius (r.) coloured by Solar Zenith Angle (SZA). Clean clouds show negligible angular

dependence. Polluted clouds show a secondary dependence on scattering geometry, with lower SZA exhibiting slightly higher bias than
higher SZA.
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degrades, with the standard deviation increasing to 5.48% from 1-2% for the other geometries. The bias shows a small de-
pendence on RAA, ranging from 3.13 — 3.75%. The precision of the retrievals remains stable also, indicating the RAA is a

secondary driver of bias compared to the v induced retrieval bias.

(a) s (b) s

re Bias (%)
re Bias (%)

" P B O

2

6 8 10 12 14 16 6 8 10 12 14 16
True re (um) True re (um)

Figure 6. The percentage bias in retrieved effective radius (r.) coloured by Viewing Zenith Angle (a) and Relative Azimuth Angle (b). (a)
Clouds show little angular dependence with VZA= 60° showing higher variance than other angles. (b) Clouds show little dependence on

RAA and with bias stable across all angles.

3.2 Bias in Derived Products (LWP, N,)

As discussed in Sec 2.1, LWP and N products are derived from the directly retrieved products. The errors in r. and 7 propagate
to the derived variables LWP and N, and are amplified or dampened depending on their specific functional form. LWP is
calculated using the linear relationship shown in Eq.(6). Due to the linear relationship between r. and 7 in LWP, the bias is
of a similar magnitude to r. but is slightly damped due to the small negative error in 7. Figure 7a illustrates the distribution
of bias against the true LWP amount for clean and polluted clouds. The non-linearity in 7. seen in Figure 3a is lost through
the propagation, with the distribution appearing unstructured. The mean bias in the polluted regime is calculated to be 3.16%,
slightly less than the r. bias due to the small compensating bias in 7. This indicates that LWP is relatively robustly retrieved
with respect to uncertainties in veg, with the wrongly assumed droplet size distribution having a small effect on bulk water
content. The response of N;, however, is much more severe due to its direct dependence on & defined in (4), which is, in turn,
a function of vegy. Ny is proportional to r; ®, meaning that the overestimation of 7. exerts a negative pressure on the derived
Ny, causing an underestimation of the concentration. Ny is inversely proportional to the k& parameter. The baseline retrieval
assumes a broad distribution of 0.13 corresponding to a lower value of & (Kssumed =~ 0.68). However, the true polluted cloud
has a narrower distribution, corresponding to a k value closer to unity (ke == 0.88). The artificially small k,gumea causes the
algorithm to overestimate the concentration of droplets due to the inverse dependence on k. This overestimation is illustrated

in Figure 7b. A clear separation is seen between the clean and the polluted regime, with a substantial overestimation being seen

10
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in the polluted cases. This overestimation is calculated to be a mean bias of 24.56%, a large error. It is noted that the standard
deviation of this bias is quite large at £23.75, showing that the precision is relatively low, with the possibility of excessively
high bias in some Nj; retrievals.

Separation can also be seen in the clean regime of Figure 7b. Figure 7c displays Ny bias coloured by v, and illustrates
that there is not only substantive bias in the polluted regime, but also clean regime v values that do not align with the
algorithm assumption. Clouds with a veg of 0.1 have their droplet number concentration overestimated by an average of 9.81%,
whereas clouds with a veg of 0.15 are underestimated by -6.57%. This not only shows that fresh ship tracks with a very narrow
distribution have their N significantly overestimated, but as the track ages and the distribution broadens a large overestimation
can persist. Evaluating this range of vy values allows for a bounding of the bias associated with the fixed v assumption.
Although this bias range is substantial, this indicates that N is highly sensitive to discrepancies between the assumed and true

Vetr Values.

(a) 10 (b) 40 (c) 40
Poud 3 35
301 4 30
25 : 25
20 20

15 15

LWP Bias (%)
Ny Bias (%)
Ng Bias (%)

10 10

Clean -5 «  ver=0.050 Verr=0.130

§ e o Polluted ©  Ver=0.100 Verr=0.150
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Figure 7. The percentage bias in derived cloud products as a function of their true values for clean (orange) and polluted (blue) regimes.
(a) Liquid Water Path (LWP) shows a small, unstructured bias. (b) Droplet Number Concentration (/N4) shows systematic overestimation in
the polluted regime. (c) Percentage bias in retrieved N4 coloured by effective variance (vefr). Deviations from the assumed vy = 0.13 drive
the error, with narrow distributions (vesr = 0.05, dark blue) causing significant overestimation, and broad distributions (vesr = 0.15, yellow)

causing underestimation.

Further analysis of the N retrieval bias reveals the scattering angle (©) has a strong influence on the bias variance. For
the vast majority of the simulated polluted clouds, the N; overestimation varies between a minimum of +13.9% (© ~ 152°)
and a maximum of +35.3% at the backscatter peak (© = 180°). At this geometry, the r. bias drops to —0.78%, removing the
compensating bias effect of the r, 3 term and maxmimising the error driven by k. Outlier analysis indicates that at extreme
swath-edge geometries in the forward-scattering regime (e.g., SZA =60°, VZA =60°, © = 60°), the retrieval algorithm
becomes highly unstable. At these specific angles the algorithm occasionally underestimates r. by over 70%, which due to
the inverse-cube dependence, yields overestimations of N; exceeding 1200%. While these extreme outliers represent a small
fraction of the total pixels, they dictate the heavy-tailed nature of the error distribution and drive the standard deviation to

+23.75%, reinforcing the common practice of filtering these geometries prior to analysis.

11
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Table 2 summarises the bias statistics for each variable with their standard deviations.

Table 2. Mean and standard deviation of percentage bias for polluted clouds.

Statistic r. Bias (%) 7 Bias (%) LWP Bias (%) Ny Bias (%)

Mean 3.43 -0.27 3.16 24.56
Std. Dev. 3.13 1.46 3.75 23.75

4 Discussion

The results of this study identify a systematic retrieval bias that likely contributes to the persistent discrepancy between satellite-
derived and model-simulated estimates of aerosol-cloud radiative forcing (Bellouin et al., 2020; Quaas et al., 2008). While
the sensitivity of Ny retrievals to assumptions about the droplet size distribution has been identified as a potential source
of uncertainty (Grosvenor et al., 2018; Brenguier et al., 2000), its impact on highly polluted regimes, such as ship tracks,
has remained poorly constrained. The finding that the standard retrieval may overestimate /N4 in excess of 24% in polluted
regimes implies that this bias contributes to an overestimation the microphysical sensitivity of clouds to aerosol perturbations
in satellite derived datasets. This systemic bias directly impacts the interpretation of susceptibility metrics (S = dln Ng/dIn«)
used to constrain climate models (Quaas et al., 2009). This analysis suggests that in high-aerosol, narrow-variance regimes,
this susceptibility is artificially inflated by the fixed variance assumption used in standard operational algorithms (King et al.,
1997). Correcting for this bias would flatten the derived susceptibility slope, potentially bringing observational constraints into
closer alignment with more moderate estimates produced by models (Bellouin et al., 2020; Liu et al., 2008). As discussed
previously, MODIS Collection 6 has transitioned from a vg value of 0.13 to 0.10, reducing the severity of this bias, but not
eliminating it. As true droplet dispersion physically covaries with aerosol loading, applying any static veg assumption across a
ship track will distort the derived cloud susceptibility.

Furthermore, the precision of the retrieval of Ny in the polluted regime is severely degraded, with a standard deviation of
+23.75%. This analysis indicates that this variance is largely driven by viewing geometry of r. retrievals as illustrated by
Figures 5 and 6. Due to N, scaling with the inverse cube of r. the geometry dependent variance in 7. is amplified. While the
vast majority of the bias is bounded between 14 — 35%, at extreme geometries the retrieval algorithm cam become unstable
driving bias in Nz upwards of 1200%. These breakdowns are a consequence of the 1D plane-parallel cloud assumption breaking
down. As demonstrated by Maddux et al. (2010), highly oblique VZA values significantly increases the satellite pixels footprint
and optical pathlength, leading to a higher probability of partly cloudy fields and the observation of cloud sides. While standard
observational methodologies typically filter out these extreme cases, discarding them does not solve the underlying variance
discussed above.

Conversely, by demonstrating that LWP is retrieved robustly despite these variance assumptions, the presented results lend

methodological confidence to the weak LWP responses documented by Toll et al. (2019) and Tippett et al. (2024). This indicates
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that the weak LWP adjustments observed in ship tracks are not a result of retrieval bias associated with the fixed veg assumption.
Consequently, the competing mechanisms of darkening due to entrainment and brightening due to precipitation suppression,
discussed by Wood (2007) and Chen et al. (2012), must be resolved physically or through the correction of other known biases.
This finding supports the hypothesis that non-monotonic LWP responses are driven by environmental state variables rather
than measurement error (Glassmeier et al., 2021). However, because the retrieval bias does not significantly perturb the derived
LWP, it fails to resolve the instantaneous LWP decrease observed by Gryspeerdt et al. (2021), suggesting that this may be an
unresolved microphysical adjustment. Notably, the finding that retrieval artifacts systematically overestimate [N, in polluted
regimes aligns with the observational assessments of Gryspeerdt et al. (2023), which similarly identified that satellite-derived
droplet concentrations are artificially inflated under high-aerosol conditions

The feasibility of Marine Cloud Brightening (MCB) relies on identifying susceptible cloud decks where the injection of sea salt
aerosols will yield a significant increase in albedo (Stevenson et al., 2012). These findings indicate that the background suscep-
tibility of these clouds may be overstated. If the ship tracks used to calibrate susceptibility estimates (Christensen and Stephens,
2011) are subject to overestimation in their microphysical response due to spectral narrowing, the efficacy of interventions such
as MCB may be correspondingly lower. The geometric sensitivity identified in this study also presents an operational obstacle.
The apparent microphysical response of a perturbed cloud will artificially fluctuate simply due to the varying orbital position
of the satellite across subsequent overpasses. An operational MCB program monitored by satellite would risk interpreting a

retrieval artefact as a successful intervention.

5 Conclusion

Satellite observational records provide the primary dataset for assessing aerosol-cloud interactions on a global scale. Yet, the
reliability of these susceptibility estimates is inherently tethered to the mathematical assumptions embedded within satellite
retrieval algorithms. A vulnerability of standard bi-spectral retrievals is their reliance on a fixed assumption for the droplet
size distribution’s effective variance (veg), set at vegr = 0.1 for MODIS Collection 6 and veg = 0.13 for previous MODIS
Collections. However, in polluted regimes such as ship tracks, aerosol injection not only reduces droplet size but also narrows
the distribution. This narrowing of the distribution, set at vesr = 0.05 in this study, contradicts the fixed veg assumption. This
study uses a synthetic retrieval experiment to quantify the systemic bias introduced by this assumption.

The results demonstrate that, within the constraints of the synthetic framework, assuming an inaccurately broad distribution
for polluted clouds leads to a systematic overestimation of r. by 3.31% (Figure 4). While the retrieval LWP remains largely
unaffected by the fixed assumption, due to the relative insensitivity of 7 to the distribution shape, N4 exhibits a strong positive
bias, exceeding 24% (Figure 7). The substantial inflation of IV, is driven by its inverse dependence on the spectral width
parameter (k). As the droplet distribution narrows (increasing k), the retrieval systemically overestimates droplet number due
to k being held at an artificially low value. The retrieval of Ny is also found to be imprecise with a standard deviation of
+23.75%, mainly driven by viewing geometry (Figures 5 and 6). These findings suggest that the magnitude of the Twomey

effect observed in ship track based observational studies may be overstated.
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Consequently, observational estimates of cloud susceptibility and the efficacy of marine cloud brightening may be exag-
gerated in current satellite products. Mitigation of these uncertainties will likely benefit from a combination of approaches.
While global multi-angle and polarimetric datasets (e.g., POLDER, PACE) can constrain droplet size dispersion, their spatial
resolutions are often insufficient to resolve fine-scale aerosol perturbations such as individual ship tracks. As high-resolution
bi-spectral retrievals remain necessary for monitoring these localised interactions, future work must focus on computationally
efficient correction strategies for these standard operational algorithms. This could include developing machine learning mod-
els capable of dynamically estimating veg from existing satellite radiances, or deploying adaptive algorithms that conditionally

apply lower dispersion assumptions when specific features, such as ship tracks, are detected.
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