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Aerosol–cloud interactions remain one of the largest uncertainties in the anthropogenic
forcing of the climate; a significant contribution to this is due to the aerosol effect on
the development of cloud fraction and liquid water path in stratocumulus clouds.
Stratocumulus are strongly modulated by the diurnal cycle, but many previous
observational studies have primarily focused on the daytime behavior of these clouds.
In this work, a Lagrangian framework is used to characterize the day-night variation
in the cloud sensitivity to aerosol. It is shown that the cloud fraction response to
aerosol is driven by nighttime processes, whereas aerosols play a lesser role in daytime
cloud fraction breakup. The liquid water path response reveals that aerosols act to
thin the cloud during the daytime; however, this effect is partially offset by other
processes during the nighttime. These nighttime cloud processes play an important
role in setting the cloud state at the start of the day and hence the daytime cloud
evolution, during which stratocumulus clouds have the greatest radiative impact. Our
findings are consistent with an aerosol induced suppression of precipitation that acts
most effectively at night, when stratocumulus precipitation is strongest. These results
highlight a requirement for nighttime observations of marine clouds and an improved
representation of the diurnal cycle in model-observation comparisons, especially when
assessing climate forcing and the viability of marine cloud brightening.

clouds | aerosols | climate

Aerosols and their interactions with clouds represent one of the largest sources of
uncertainty in the anthropogenic forcing of the climate system (1–3). A significant
contribution to this uncertainty comes from aerosol–cloud interactions in marine
stratocumulus clouds. This is due to their complex interactions with aerosols and the
important role they play in the Earth’s energy balance (4). Stratocumulus have a strong
radiative impact due to their widespread spatial coverage, being the most common cloud
type on Earth by area (5), as well as their high reflectivity in the visible spectrum (6). A
small increase in stratocumulus horizontal extent (∼4%) could offset the warming from
a doubling of CO2 (7). However, the impact of aerosols on stratocumulus cloud amount
remains poorly constrained in observations (2), and in global models (8).

Aerosols act as cloud condensation nuclei, and on short timescales, an increase in
aerosol concentration leads to an increase in cloud droplet number concentration, Nd
(9). For a fixed liquid water path (LWP), an increase in Nd reduces the cloud effective
radius, re (9). Cloud horizontal and vertical extent are also affected by changes in Nd ,
collectively referred to as the cloud adjustments (10). There are two main microphysical
pathways through which aerosols modify the cloud amount. First, an increase in Nd (and
a corresponding decrease in re) suppresses precipitation, as smaller droplets have a lower
coalescence efficiency (10). This results in a longer-lived cloud (11) with a greater vertical
extent (12, 13). Second, an increase in Nd enhances entrainment efficiency at the cloud-
top (14). Smaller re reduces droplet sedimentation, resulting in a higher concentration
of cloud droplets at the cloud-top entrainment zone, and a greater depletion of liquid
water from the cloud top. As a result, entrainment-induced evaporative cooling acts to
reduce cloud thickness (12, 13).

There are many studies consistent with an aerosol impact on cloud fraction (CF)
(15–17). However, studies disagree on the sign and magnitude of CF adjustments. This
is in part due to the strong dependence of the adjustments on cloud regime (18), as
well as meteorological covariations obscuring causal relationships (19). The deepening
of the boundary layer, as stratocumulus clouds are advected westward in the trade winds
over warmer sea surface temperatures, plays a major role in driving cloud breakup
(20). However, aerosols have also been shown to alter the cloud mesoscale structure by
promoting the transition of stratocumulus cloud regimes from open to closed cell (21).
This is consistent with observations of an aerosol-induced delay in the breakup of the
cloud deck by suppression of precipitation resulting in a longer-lived cloud with a greater
CF (11, 22), although aerosols may reduce CF in some circumstances (23, 24).
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The LWP adjustment to aerosols has a strong spatial and
meteorological dependence (25). This has contributed to satellite
studies disagreeing on the effect of aerosol on LWP (26).
Observations have reported both positive and negative LWP
responses to aerosols (18, 24, 27, 28). Whereas climate models
have typically predicted an increase in LWP with aerosols, partly
due to incompletely representing entrainment enhancement
processes (27). However, more recent global climate models have
shown an improved representation of entrainment (29). Recent
work has also highlighted biases in satellite retrievals of LWP
and Nd that need to be considered when assessing aerosol–LWP
relationships (30).

Clouds are time-dependent and the historical state of the
cloud has been shown to be an important control on the
processes driving its evolution (31, 32). Stratocumulus clouds, in
particular, exhibit a strong diurnal cycle (23, 33), primarily due
to changes in cloud top radiative cooling (CTRC) between day
and night. CTRC drives the convective instability sustaining the
cloud deck (34). As parcels at the top of the cloud layer cool, they
sink, displacing the air below and promoting turbulent mixing
with the moist surface layer (6). Therefore, greater rates of CTRC
results in more efficient coupling of the cloud layer with the
surface moisture below (6). CTRC varies with the diurnal cycle
due to solar insolation offsetting some of the cooling at cloud
top during the daytime (35). As a result, the stratocumulus cloud
field typically breaks up during the daytime and then reforms
during the night (36).

The daytime breakup of the cloud deck leads to the assumption
that an aerosol impact slowing stratocumulus breakup should be
visible here, supported by studies suggesting that aerosols can
slow the transition from closed to open-celled stratocumulus
(11, 21, 37–39). Despite this, previous high-resolution modeling
studies have often been carried out during nocturnal conditions
(40–42) or at a fixed solar zenith angle (43) in order to allow the
cloud field to reach a steady state. More recent modeling studies,
which have considered the impact of the diurnal cycle on aerosol-
cloud interactions, find a CF response to aerosol appearing during
the day (44, 45). However, other modeling studies have found
little impact of the diurnal cycle on the response to aerosol
perturbations (39).

Understanding cloud nighttime processes is critical to char-
acterize the effective radiative forcing from aerosol–cloud in-
teractions. While the shortwave impact of these clouds at
night is zero, nighttime processes set the cloud state in the
morning—an important control on the evolution of the cloud
and its radiative effect the following day (6, 46). A diurnal
dependence on the cloud response to aerosol might be expected
due to nighttime increases in CTRC modifying updraft speeds
(47), thereby influencing droplet activation (48), as well as
enhancing stratocumulus precipitation and entrainment rates
(49, 50). However, a slowing of the daytime cloud breakup
through precipitation suppression is inconsistent with ground-
based observations, which show low precipitation rates during
daytime (so low potential for precipitation suppression), with
more significant precipitation observed at night (49).

The diversity in model responses stems from a lack of strong
observational constraints about the nighttime response. While
the diurnal cycle of precipitation suggests that the aerosol impact
on CF will also vary over the diurnal cycle, much of the
observational evidence for an aerosol impact of CF has focused
on daytime conditions, relying on snapshot satellite imagery
from sun-synchronous satellites with fixed local overpass times
(15, 16, 19, 51). Although recent observational work has shown

that both the CF and LWP sensitivities to aerosol vary over
the diurnal cycle (52, 53), they have focused on instantaneous
aerosol–cloud relationships, which can have difficulty in isolating
the causal impact of aerosols (30) and have been shown to have
poor predictive ability (45). The daytime focus in observational
studies is also driven by the reliance of cloud microphysics
retrievals on visible channels (54), leaving the aerosol impact on
the nighttime evolution of clouds largely inaccessible to previous
studies.

In this study, we characterize nighttime aerosol–cloud inter-
actions by investigating cloud development along Lagrangian
trajectories (11, 31, 55–58). We avoid the requirement for
nighttime cloud observations (when satellite retrievals of cloud
properties are generally less certain) by characterizing cloud
development based on the early morning and late afternoon
properties, separating the daytime (morning to evening) from
the nighttime (evening to morning) development. A Lagrangian
perspective combined with geostationary satellite data provides a
way of mapping cloud development over much shorter timescales
than is possible using a single polar orbiting satellite (with revisit
times close to a day) and is essential as air parcels travel∼1,000 km
over the stratocumulus–cumulus transition (59) and thus cannot
be fully described from a purely Eulerian perspective. We use
Nd retrievals from the MODIS Terra instrument taken in the
morning, due to its close match with aircraft measurements
(60), to assess the aerosol impact on cloud development along
trajectories. By characterizing the aerosol impact using the initial
Nd value along the trajectory, we are not affected by the
confounding impact of Nd evolution and so more clearly isolate
the causal impact of aerosols on cloud (e.g., refs. 32 and 61).
We then use this method to assess how the aerosol impact
on CF and LWP differs across the diurnal cycle, improving
our understanding of cloud processes, identifying observational
requirements and providing guidance for the timing of future
marine cloud brightening deployments.

Results

Cloud Fraction Development. Changes in CF (ΔCF) over the
daytime (Fig. 1A) and nighttime (Fig. 1B) are binned based
on the initial Nd and CF (Fig. 1). Over both the day and the
nighttime, clouds that start with a high CF typically decrease
and those with a low CF increase. This is consistent with a
“regression to the mean” effect (62). During the daytime, clouds
with an initial CF of less than 0.3 tend to show an increase in
CF (ΔCF > 0) across all initial Nd conditions. A similar pattern
is observed at low Nd during the nighttime. However, at higher
Nd (≳30 cm−3), ΔCF remains positive even at higher initial CF
values, consistent with an aerosol suppression of precipitation.
Since Nd is strongly correlated with the initial CF (11, 16, 17)
it is essential to isolate any aerosol impact on ΔCF from the
component of the signal that results from the regression to the
mean associated with the initial CF.

There are two main pathways in which the cloud might
regress to its mean state. The first of which is statistical, whereby
even if the clouds were static in time, a positively biased first
measurement would likely be followed by a smaller second
measurement. Given the strong correlation between Nd and CF
(and LWP), an initial high Nd retrieval would be correlated with
a high initial CF and hence a larger CF decrease. This would
give the appearance of an Nd -induced reduction in CF, even in
the absence of any Nd impact on CF development. The second
possibility is that this correlation between initial CF (or LWP)
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BA

Fig. 1. Changes in cloud fraction (ΔCF) over the daytime (evening–morning; A), and nighttime (morning–evening; B), binned by the initial CF (morning and
evening respectively) and initial Nd measured by the first MODIS Terra overpass (∼10:30 LST) in both cases, due to the lack of afternoon/early evening Nd
retrievals. Because of an issue with the heat pipe on the satellite, the morning and evening CF states are defined to be 09:00 and 18:00 LST, respectively.

and CF development is driven by a physical effect, independent
of the aerosol environment. Again, given the strong correlation
between Nd and cloud properties, this could lead to an apparent
Nd impact on cloud development.

In order to remove this signal a new variable is introduced,
the adjusted change in cloud fraction (ΔCFadj). It is defined
as the ΔCF for a given Nd–CF bin, minus the mean ΔCF
for the corresponding initial CF (the mean along the rows of
Fig. 1). This is designed to highlight gradients in ΔCF arising
from variations inNd , independent of the initial CF. Correlations
between ΔCFadj and Nd provide information about the effect of

Nd on CF development independent of the initial CF. It is
important to note that it is the gradient of ΔCFadj with respect
to Nd that is the physically meaningful quantity, and the sign
and magnitude do not have a clear physical interpretation. We
show that if there was no aerosol effect on changes in the cloud
state then the corresponding “adjusted changes” would be zero
(SI Appendix, Fig. S2).

Throughout this work, Nd is calculated from the MODIS
Terra products taken in the morning, with an overpass time of
∼10:30 LST, as it compares well to aircraft measurements (60).
Parcels with a high Nd at a given time are likely to maintain

A B

Fig. 2. As Fig. 1, but showing the adjusted cloud fraction (ΔCFadj ) change over the daytime (A) and nighttime (B) as a function of initial CF and Nd. The solid
black line running underneath shows the mean (denoted with an over-bar) ΔCFadj for a given MODIS Terra Nd. Uncertainties (shaded region) represent the
95% CI estimated using a bootstrap method with 10,000 samples (63). The mean position of the solid black line is shown as a horizontal dotted black line on
the Bottom panel as a reference value.
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Fig. 3. The Nd -CF sensitivity plotted over the three days of the trajectory.
Nd observations are taken from the MODIS Terra overpass at the start of the
day (dashed lines). The colors (blue, red, green) indicate the Nd -CF sensitivity
that would have been inferred using Nd retrievals from the MODIS Terra
overpass on day one, two and three respectively, while the CF is determined
using GOES observations at each local solar time. Local nighttime is defined
as ∼6pm to 6am LST. Times for which the GOES ABI instrument suffers from
a heat pipe issue have been omitted. The mean CF and longitude is shown in
the panel below to provide some climatological context.

elevated Nd values along the trajectory, as inferred from the
strong correlation betweenNd measurements on subsequent days
(SI Appendix, Fig. S1). Additionally, this work aims to investigate
the impact of an air parcel’s history on its development, to better
understand the causal effect of changes in Nd on the cloud’s
future state.

Across both the daytime and nighttime, ΔCFadj increases
with larger Nd (Fig. 2). However, a much weaker signal is
seen in ΔCFadj during the daytime (Fig. 2A) compared with
the nighttime (Fig. 2B), highlighted by the black line running
underneath each of the plots. This suggests that changes in CF
over the daytime can be explained using other meteorological
factors, while aerosol information (in the form of Nd ) is needed
to adequately characterize nighttime stratocumulus ΔCF.

The Nd–CF sensitivity (defined as dCF
dln(Nd) ) is calculated using

a linear regression (2, 53) for different times since the Lagrangian
trajectories were initialized (Fig. 3). The sensitivity exhibits
strong diurnal variation, with a marked decrease after the time
of the MODIS Terra overpass (∼10:30 LST). This highlights
the limitations of a single snapshot overpass in capturing the full
diurnal evolution of theNd–CF relationship. It also demonstrates
that it is nighttime processes that are acting to increase the
strength of the Nd–CF relationship.

A general weakening of the Nd–CF relationship across
subsequent days for a given MODIS overpass is observed
(Fig. 3). This could be due to the fact that as the parcels are
advected further westward in the trade winds over warmer sea
surface temperatures, the cloud layer becomes more decoupled
from the surface moisture supply and hence the CF is more
strongly controlled by the reduction in atmospheric stability. This
mechanism would be driven by the spatial position of the parcels
and is consistent with previous results that aerosol-induced
increases in cloud lifetime are greatest under stable atmospheric
conditions (11) Another possible explanation is uncertainties
in the Lagrangian advection: as time increases, biases in the
windfield accumulate, leading to inaccurate trajectory locations
and reducing the reliability of aerosol–cloud relationships over

extended periods. This mechanism would be primarily a function
of time. However, it is shown that small errors in the Lagrangian
tracking are unlikely to significantly impact the results (SI
Appendix, Fig. S6).

From Fig. 3, it is observed that the MODIS overpass choice has
an effect on the observed strength of the sensitivity. In particular,
between 24 and 36 h since the trajectory was initialized, the
Nd–CF relationship inferred from the first (blue) and second
(red) overpasses have broadly the same shape but with an almost
constant offset. This suggests that the CF on day two is more
sensitive to the MODIS Terra Nd observation on day two than
day one. However, this effect appears to be less pronounced on
the third day (between 48 and 72 h), where theNd–CF sensitivity
inferred from the second and third overpasses are nearly identical.
This may be due to a change in the strength of the Nd impact on
CF as the trajectory evolves, but further observation and modeling
studies are required to determine the drivers of this effect.

LWPDevelopment. Similar toΔCF, the change in LWP (ΔLWP)
displays “reversion to the mean” type behavior, with the largest
LWP values typically decreasing regardless of Nd (Fig. 4). At
night, the LWP increases across most of the initial LWP bins
under almost all conditions. This is consistent with greater
turbulent mixing in the boundary layer during the nighttime
promoting increases in LWP across a broad range of meteo-
rological regimes (49). During the daytime however, a more
regime dependent ΔLWP is observed (Fig. 4). For low Nd
≲ 30 cm−3, ΔLWP changes from negative to positive close to
90 gm−2, however at larger Nd this transition occurs at lower
initial LWP.

As with CF, ΔLWPadj is defined as the change in LWP for a
given Nd–LWP bin, minus the mean ΔLWP for a given initial
LWP. From Fig. 5, ΔLWPadj shows a much steeper decrease
with Nd during the daytime compared with the nighttime,
illustrated by the lines below the plots. Over the daytime
ΔLWPadj decreases steadily with increasing Nd (between 10
and 300 cm−3), suggesting that aerosol is acting to thin the
cloud, consistent with entrainment enhancement dominating
the daytime response (52). However, during the nighttime
the ΔLWPadj response to Nd is much flatter between 10 and
100 cm−3, suggesting that for lower Nd there is a different
process offsetting the daytime decrease. However, for Nd in the
range 100 to 300 cm−3, decreases in ΔLWPadj with increasing
Nd are observed (which is similar to the daytime). The day
and nighttime differences could be attributed to changes in
precipitation over the diurnal cycle. It is shown that precipitation
rates are greater during the nighttime (∼a factor of two) for this
region (SI Appendix, Fig. S7). This is inline with previous studies
(49, 64–66); hence it is during the nighttime that precipitation
suppression is likely to be most significant. Therefore, it could be
that precipitation suppression during the nighttime is offsetting
some of the entrainment enhancement at lower Nd .

Discussion and Conclusion

This work investigates differences in cloud responses to aerosol
over the diurnal cycle, with a particular focus on cloud evolution
over the day and night. Dividing the diurnal cycle into daytime
and nighttime allows for the separation of two distinct CTRC
regimes. This division also acts as a proxy for cloud formation
and breakup processes, since stratocumulus clouds typically form
during the nighttime and breakup during the day.

4 of 8 https://doi.org/10.1073/pnas.2509949122 pnas.org
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A B

Fig. 4. Changes in liquid water path (ΔLWP) over the daytime (A) and nighttime (B). In bins of the initial LWP and initial Nd measured by the first MODIS Terra
overpass. The morning and evening LWP states are defined to be 06:00 and 18:00 LST, respectively, such that they are symmetrical about noon.

The aerosol effect on cloud lifetime and cloud fraction is
unclear (11, 24, 67). It has been observed that during the day
clouds in regions of higher aerosol abundance undergo a greater
reduction in CF between morning and afternoon (23). This
has been attributed to enhanced entrainment drying in higher
aerosol environments during the daytime (23). However, since
it is known that Nd is correlated to CF (16), it is important to
ensure that the greater reduction in CF for high Nd is not a
reversion to the mean effect. In order to achieve this ΔCFadj was
defined.

The CF generally increases during the nighttime due to
enhanced CTRC and decreases during the daytime (49). This
work (Fig. 2) indicates that aerosols play an important role in

stratocumulus CF build-up in the nighttime and a lesser role in
the breakup of the stratocumulus deck. This indicates that it is
the formation processes in the nighttime that drive the Nd–CF
relationship. A similar effect is seen in Fig. 3, where it is observed
that the Nd–CF relationship builds up during the nighttime and
then decreases again during the daytime.

Differences in ΔCFadj are observed between the day and
nighttime (Fig. 2), with a more pronounced increase in ΔCFadj
with Nd at night compared with the daytime. Many previous
studies have observed strong correlations between aerosol and
cloud lifetime (11, 21) with precipitation suppression often used
to describe this (10, 21, 22, 37, 39). Our results support the hy-
pothesis that aerosol act to increase CF, with the important caveat

A B

Fig. 5. Changes in adjusted liquid water path (ΔLWPadj ) over the daytime (A) and nighttime (B). In bins of the initial LWP and initial Nd measured by the first
MODIS Terra overpass. The black line underneath shows the average ΔLWPadj for a given Nd bin. Uncertainties (shaded region) represent the 95% CI estimated
using a bootstrap method with 10,000 samples (63). The mean position of the solid black line is shown as a horizontal dotted black line on the Bottom panel as
a reference value.
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that the aerosol impact is primarily realized during the night,
consistent with the higher observed nighttime precipitation rates
(49, SI Appendix, Fig. S7). The smaller daytime sensitivity to
Nd suggests a possible cancellation of aerosol effects, or that
daytime changes are driven by effects other than Nd . This could
be due to the boundary layer deepening during the daytime
(68), resulting in a greater degree of decoupling between the
cloud layer and surface moisture supply, leading to insolation
driving cloud breakup during the day (49, 69). While greater
rates of CTRC during the nighttime will also increase the rate
of entrainment at the cloud top (49, 70), Fig. 2 suggests that
the impact of Nd on the nighttime CF evolution is dominated
by precipitation suppression. Although during the nighttime the
stratocumulus cloud radiative effect is small, with no short-wave
contribution and small long-wave warming (around 15% of the
daytime shortwave effect) (6), it is during these times that the
aerosol effect on CF is largest. This influence of Nd on CF during
the nighttime sets the Nd–CF relationship during the daytime
since it is nighttime processes that determine the cloud state
in the morning and hence throughout the day. While retrieval
biases can have an impact on the interpretation of aerosol–cloud
relationships, an analysis with synthetic data shows these results
cannot be replicated without a varying impact of Nd on cloud
development over the diurnal cycle (SI Appendix).

The LWP evolution displays some key differences to the CF
(Fig. 4). During the daytime, ΔLWPadj decreases with increasing
Nd , whereas the nighttime response is significantly weaker with
decreases only seen at higher Nd (∼100 to 300 cm−3). This
contrasts with the increase seen in ΔCFadj across the day and
nighttime. The negative daytime relationship is consistent with
an entrainment enhancement effect on LWP due to Nd . The
weakening of this signal during the nighttime suggests that
a precipitation suppression effect is acting to offset some of
the enhanced entrainment, assuming that these two processes
dominate the cloud response to aerosol. It has been shown that
there are situations where increased cloud water content through
precipitation suppression can enhance entrainment at cloud
top—due to increased cloud-top cooling resulting in greater
boundary layer turbulence and promoting the mixing of dry
air from above the cloud (13). These results suggest that the
effect of the increased cloud lifetime dominates in this case.
The enhanced cloud growth (from both CF and LWP) during
the nighttime, relative to the daytime, is again consistent with
a stronger precipitation suppression due to aerosols during the
night. This is in contrast to the “inverted-V” response seen in
previous studies (26, 29, 32), suggesting that the inverted-V may
be a combination of daytime and nighttime relationships over
the history of the cloud (52). This may further explain why
model simulations suggest the Nd -LWP relationship is not a
good predictor of future cloud development (45) compared to
the current Nd (Fig. 5).

Overall, this work finds a much stronger CF response to
aerosol during the nighttime compared with the daytime. This is
supported by a strengthening of the Nd–CF relationship during
the night. Nd is observed to thin the cloud most effectively
(reducing the LWP) during the daytime, and throughout the
nighttime reductions in LWP due to Nd are only observed for
higher Nd . This is consistent with a precipitation suppression
effect that is stronger during the night than during the daytime,
in agreement with in situ and ground-based remote sensing
observations of precipitation rates (49). The observed strong
diurnal signal in the cloud response to aerosol implies that
the timing of potential marine cloud brightening initiatives

will be crucial for their efficacy. Future observational work
is needed to measure the relative strength of aerosol induced
precipitation suppression and entrainment enhancement over the
day and night to better relate cloud macrophysical adjustments
to processes over the diurnal cycle. This will be crucial to better
represent the behavior of clouds in models and will help to
place more accurate observational constraints on the aerosol
forcing.

Materials and Methods

Forthisstudy,aninitialdomainoff thecoastofeasternCaliforniawasselected.The
domain is a square box with corners positioned at [140° W, 130° W] and [25° N,
35° N]. This location was chosen as it is a region of high stratocumulus cloud
coverage, due to the strong atmospheric stability and large scale subsidence (6).
Additionally, it is close to the central point on the geostationary satellite domain
(GOES West CONUS), which minimized the number of cases for which a parcel
was advected outside the geostationary satellite field of view. Many previous
studies have also focused on this region allowing for easier comparison of this
work with previous work (11, 21, 46, 71) .

The initial domain is split up into a grid of 160 square cells, each with
a side length of 0.25°, these will hereafter be referred to as the “parcels.”
Using a Lagrangian method, the locations of the parcels along trajectories were
calculated by advecting the parcel in the horizontal boundary layer (1,000 hPa)
ERA5 reanalysis wind field, following the method used in previous studies
(32, 72). The parcel is advected for a three day period which is the typical
timescale over which the stratocumulus to cumulus transition takes place (20)
and inline with previous studies (11, 52, 73, 74). Trajectories were initialized
daily at 06:00 local solar time every day for the 4-y period (2019 to 2022) such
that∼2 million individual trajectories were analyzed.

Throughout this study the liquid water cloud fraction, hereafter referred to
as CF, is calculated at 0.25° using the cloud top phase mask provided by the
advanced baseline imager (ABI) onboard the GOES-17 satellite (75). The CF
was calculated as the fraction of pixels in a 0.25° box that were liquid water
cloud. Pixels containing ice cloud are excluded from the analysis. It is known
that due to an issue with the cooling system on the instrument, the ABI IR data
are degraded due to saturation. Saturation of the detector can occur between
08:30 and 17:30 UTC (76). However it has been shown that the GOES IR,
from which the cloud top phase is derived, is well calibrated to other satellites
outside of these times (77). When the change in the CF during daytime or the
nighttime is calculated in this study the morning observation is taken at 09:00
local solar time (18:00 UTC) and the evening observation is taken at 18:00
local solar time (03:00 UTC) such that all observations are outside of the sensor
saturation times. The corresponding change in CF during the daytime would be
ΔCFdaytime = CF (18:00 LST) − CF(09:00 LST). The corresponding change in
CF over the nighttime is the morning observation minus the previous evenings
observation, e.g., ΔCFnighttime = CF(09:00 LST)− CF(18:00 LSTprevious day).

In this study the Nd–CF and LWP component of the cloud adjustment is
considered, since focusing on Nd rather than aerosol optical depth has been
shown to reduce the effect of meteorological covariations by providing a causal
pathway between aerosol and cloud properties (16). Nd is calculated at pixel
resolution using the standard MODIS effective radius (2.1 µm band) and cloud
optical thickness following the equation in ref. 16. It is then aggregated to
1° using the sampling strategy from ref. 78 as implemented in ref. 60. Nd
retrievals are collocated with the trajectories by selecting the closest 1° pixel to
the trajectory position at the time of the MODIS Terra overpass. 1°×1° cells with
no valid MODIS retrievals are excluded from the analysis. The Nd observation
is taken at∼10:30 LST, which is close to the time of maximum cloud amount
(6, 79), maximizing the fraction of points with a valid mean Nd retrieval. The
impact of using the 1.6 and 3.7μm channels for the re retrievals on the results in
the text is investigated in SI Appendix and it is shown that the different channels
do not qualitatively changed when different channels are used.

The LWP data come from the gridded Remote Sensing Systems microwave
LWP product on a 0.25° grid (80–82), colocated with the trajectories. Microwave
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LWP retrievals are used to avoid the solar zenith angle biases identified in
the GOES LWP product (83). For LWP retrievals, the morning and evening
states were defined at 06:00 and 18:00 local solar time respectively, as they
are not prone to the same saturation affecting the CF retrievals. Compared
to optical retrieval methods microwave retrievals provide a much more direct
measure of the LWP (84), making them insensitive to the solar viewing geometry
(85).

Microwave retrievals of LWP cannot differentiate between liquid water
droplets and precipitation and are therefore less reliable under precipitating
conditions (84). Additionally, microwave imagers measure LWP including both
cloud and clear sky since the spatial resolution of the sensor is much coarser than
individual cloud elements (86). This results in a “beam-filling error” leading to
a positive bias in the LWP retrievals, which has been corrected for in the RSS
retrieval algorithm such that the LWP for clear sky scenes averages to zero (84).
Despite these limitations, microwave retrievals are a useful way of measuring
cloud LWP over the entire diurnal cycle.

The impact of retrieval errors on this work is described in SI Appendix. It is
found that retrieval artifacts are negligible when the measurement uncertainty

on CF is low (≲3%), which is the measurement regime that we are in (SI
Appendix).

Data,Materials, and SoftwareAvailability. The MODISNd data can be down-
loaded from https://catalogue.ceda.ac.uk/uuid/864a46cc65054008857ee5
bb772a2a2b/ (87). The GOES-17 CONUS cloud top phase data, from which
the CF is calculated, can be downloaded from https://console.cloud.google.
com/storage/browser/gcp-public-data-goes-17 (88). The microwave data LWP
is available at https://www.remss.com (89). The 1,000 hPa wind data came
from the Copernicus Climate Change Service (C3S) Climate Data Store (CDS)
(https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels) (90).
The data and plotting code required to reproduce the figures in the paper is
stored at: https://doi.org/10.5281/zenodo.17425643 (91).
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