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Abstract we present for the first time within the cloud physics context, the application of wavelet phase
coherence analysis to disentangle counteracting physical processes associated with the lead-lag phase difference
between cloud-proxy liquid water path (LWP) and aerosol-proxy cloud droplet number concentration (N,) in an
Eulerian framework using satellite-based observations and climate model outputs. This approach allows us to
identify the causality and dominant adjustment timescales governing the correlation between LWP and Nj.
Satellite observations indicate a more prevalent positive correlation between daytime LWP and N, regardless of
whether LWP leads or lags N,. The positive cloud water response, associated with precipitation processes,
typically occurs within 1 hr, while the negative response resulting from entrainment drying, usually takes 2—
4 hr. CAMBG displays excessively rapid negative responses along with overly strong negative cloud water
response and insufficient positive response, leading to a more negative correlation between LWP and Ny
compared to observations.

Plain Language Summary We employ a wavelet phase coherence analysis to understand how
changes in cloud water and cloud droplet concentration are related to each other over time. By analyzing satellite
data and climate model output, we study when one variable leads or lags the other and how quickly they adjust to
one another. Our findings show that during the day cloud water and cloud droplet concentration often change in
the same direction, indicating cloud development and precipitation processes. This effect usually happens
within 1 hr. Sometimes cloud water and cloud droplet concentration can change in opposite directions. This is
due to clouds being more prone to evaporation at their tops when there is an increase in smaller droplets.
Typically this effect takes approximately 2—4 hr to occur. We also compared our observations with a climate
model, which shows a too rapid and overly strong negative cloud water response to the change in cloud droplet
concentration.

1. Introduction

Warm liquid clouds are known to respond to aerosols via changes in cloud droplet number concentration (V,) and
size (Twomey, 1974), as well as in cloud macroscopic properties such as liquid water path (LWP) or cloud
fraction (CF) (Albrecht, 1989; Gryspeerdt et al., 2019; Xue et al., 2008). These responses have a notable impact
on the Earth's energy budget; in fact, uncertainty in the current anthropogenic forcing of climate stems primarily
from the uncertainty associated with cloud responses to aerosol, as reported in the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (Forster et al., 2021). The uncertainty in cloud water adjustments
driven by aerosol perturbations is mainly the consequence of two competing effects: the suppression of pre-
cipitation (Albrecht, 1989) that increases cloud liquid water path (LWP), and evaporation-entrainment feedbacks
where the increase in Ny promotes increasing entrainment rates and evaporation efficiency, consequently
decreasing LWP (Ackerman et al., 2004; Bretherton et al., 2007; Wang et al., 2003).

A common approach to estimating cloud water adjustments to aerosol is to examine the statistical relationships
between LWP and an aerosol-proxy N4, in LWP-N, space (Gryspeerdt et al., 2019; Hoffmann et al., 2020; Zhou &

Feingold, 2023), and by computing the slope of their linear regression (L, = ‘lgl’éﬁf}g)’); Qiu et al., 2023; Zhang
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etal., 2022). Recently, Miilmenstidt et al. (2024) found that statistical LWP-N, correlation in unperturbed general
circulation models (GCMs) shows an opposite sign compared to the cloud water response in perturbed-aerosol
GCM simulations (Gryspeerdt et al., 2020), suggesting that these correlations may not be causally linked.

While causality is easier to establish in model experiments, it is challenging in observations (Christensen
et al., 2021; Milmenstidt et al., 2024), particularly those based on snapshots from polar-orbiting satellites. Fons
et al. (2023) built a physics-informed causal graph and computed LWP-N; correlation based on the graph path
rule to disentangle counteracting physical processes and remove confounding influences. However, this approach
is limited by its reliance on the initial assumptions made in constructing the causal graphs. Moreover, there is a
lack of thorough evaluation of aerosol-cloud interaction (ACI) adjustment timescales in GCMs, impeding further
improvements in the representation of ACI in GCMs for reliable assessment of aerosol indirect radiative forcing.
A recent study by Glassmeier et al. (2021) found that the timescale for negative cloud water adjustment due to the
evaporation-entrainment feedbacks is ~20hr in large eddy simulations—much longer compared to the very short
cloud brightening response (order 15 min) and the positive cloud water adjustment due to precipitation sup-
pression (~90 min; Dagan et al., 2018). An adequate assessment is imperative for a better understanding of
aerosol effects on climate.

In this study, we apply for the first time a wavelet phase coherence analysis (Kumar & Foufoula-Georgiou, 1997)
to identify the lead-lag causality between LWP and N4 by examining their phase difference in the periods when
the two variables are significantly coherent (Torrence & Webster, 1999). Wavelet analysis offers the benefit of
capturing both time and frequency (rate of oscillation) localization, making it particularly advantageous for
investigating variables that exhibit temporal fluctuations in frequency. A dominant adjustment timescale is
identified for each phase (lead-lag) scenario that corresponds to specific physical processes. We apply this
analysis to daytime satellite cloud retrievals derived from the Spinning Enhanced Visible and Infrared Imager
(SEVIRI) and Community Atmospheric Model, version 6 (CAM6) daytime clouds. Our study offers an inno-
vative approach to exploring the causality and adjustment timescales of ACI in observations and GCMs. In
addition to providing important insights into LWP adjustments, this method can help to discern the imprint of
microphysical parameterizations across different GCMs and facilitate GCM intercomparison studies.

2. Data and Methodology

We analyze 2 months (June-August 2018) of single-layer liquid phase low level (<3 km) cloud properties (LWP
and Ngy) over the North Atlantic Ocean (26°N 50°N; 45°W 15°W) using the National Aeronautics and Space
Administration (NASA) Langley Research Center (LaRC) cloud properties derived from SEVIRI on Meteosat-11
and from simulations performed using CAM6 (Bogenschutz et al., 2018; Gettelman et al., 2019)—the atmo-
spheric component of Version 2 of the Earth System Model (Danabasoglu et al., 2020). The 3-month data is
considered sufficient to reliably convey the result, as similar outcomes were observed with 1-month dataset
(figure not shown). The summer season is chosen because of the notable prevalence of boundary layer clouds
(Dong et al., 2014, 2023; Rémillard et al., 2012).

2.1. SEVIRI

SEVIRI cloud products are retrieved using the LaRC's ClOud and Radiation Property retrieval System (Sat-
CORPS) algorithms (e.g., Painemal et al., 2021; Qiu et al., 2024), with a spatial resolution of 3 km at nadir and a

4r,t
30’

15 min temporal resolution. LaRC's LWP is computed following Minnis et al. (2011) as LWP = where Q,,,

1

represents the drop extinction efficiency and is assumed equal to 2. Ny is calculated as a function of (%)

following Grosvenor et al., 2018, with the adiabatic fraction assumed to be 0.8 (Albrecht et al., 1990; Brenguier
etal., 2011; Wood & Taylor, 2001; Zuidema et al., 2012). LWP and N, are considered as nearly independent due
to the near-independent retrieving nature of 7 and r, retrievals (Nakajima & King, 1990), with LWP and N,
primarily covarying with = and r,, respectively. Note that given the retrieval reliance on visible/near-infrared
satellite channels, the cloud microphysical properties cannot be reliably estimated during nighttime. To minimize
uncertainties associated with bias in satellite cloud microphysics retrievals, we only select pixels with 7 >3, and
r, >3 pm. We recognize the potential scattering geometry biases (e.g., Varnai & Marshak, 2007). While Smalley
& Lebsock, 2023 (SL23) offer a lookup table for correcting LWP geometry, it is designed for nonprecipitating
conditions and is not tailored to the specific SEVIRI geometry and pixel resolution. Moreover, the correction in
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SL23 is not directly applicable to our dataset, because SatCORPS algorithms rely on different spectral channels
for the derivation of 7 and r, than those used in SL23. Given the uncertainties in the SL23 method we use the
uncorrected LWP but limit our analysis to pixels with a solar zenith angle (SZA) < 65° (Painemal, 2018; Painemal
et al., 2013; Qiu et al., 2023). Lastly, given that the instrument viewing zenith angle for the region of study is less
than 50°, we effectively minimize viewing geometry effects and remove severe pixel coarsening at the edge of the
scan (e.g., Maddux et al., 2010). Although LWP and N, are calculated based on different profiles of water content,
we view this as a minor concern compared to the uncertainties in actual cloud adiabaticity, cloud base temper-
ature, and pressure that are required for the retrieval of N,.

2.2. CAM6 Nudged-Wind Simulations

The CAMG6 simulations in this study are run with prescribed climatological forcing. A finite-volume dynamical
core of 0.9° longitude x 1.25° latitude resolution is used with 32 vertical levels and a model time step of 30 min.

We conduct CAM6 simulations using two different microphysics packages. C-MG2 refers to a simulation
conducted with the two-moment bulk microphysics scheme described in Gettelman and Morrison (2015). C-ML
refers to a simulation conducted with a bin-bulk microphysics scheme that employs a machine learning emulator
to efficiently replicate the results of a bin microphysics model with low computational cost (Gettelman
et al., 2021). To assess the model's performance over short periods, an additional C-MG2-dt5 is run with a model
time step of 5 min.

To facilitate model evaluation against satellite observations, CAM6 was run in a nudged configuration using the
NASA Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2; Molod
et al., 2015; Rienecker et al., 2011) horizontal winds with a relaxation time scale of 24 hr. Consistent with the
observational analysis, only daytime simulation data with SZA < 65° are used.

2.3. 1D Wavelet Analysis

We divide the domain (26°N 50°N; 45°W 15°W) into 25 scenes of 2° X 2° each in SEVIRI and 180 scenes in
CAMBG. Note that in SEVIRI, we only select the central 25 scenes within the domain, as these areas are minimally
affected by the distortion in the satellite images. Figure S1 in Supporting Information S1 shows the SEVIRI
domain and the 25 selected scenes. In each 2° X 2° scene, we apply a 1D wavelet analysis to the time series of
scene-average LWP and N, of the cloudy pixels in both SEVIRI and CAM6.

Taking advantage of the ability of wavelet analysis to capture both time and frequency localization, we apply a 1D
discrete wavelet transform as a band-pass filter bank in time to segregate the time series of LWP and N, into
fluctuations at different octave frequency bands (frequency bands where the upper frequency limit is equal to

twice the lower frequency limit), 2" x drx (272"

), where n is the number of the frequency band (n = 1, 2,
3...), and dft is the temporal resolution of the data. We refer to these octaves by the weighted averages of their
frequency ranges 2" X dr. For SEVIRI, with a temporal resolution of 15 min, LWP and N, are segregated into 5
octave bands: 30 min, 1 hr, 2 hr, 4 hr, and 8 hr. For C-MG and C-ML with a temporal resolution of 30 min, the
corresponding octave bands are 1, 2, 4, and 8 hr. For C-MG2-dt5 with a temporal resolution of 5 min, the octave
bands are 10, 20, 40, 80, 160, and 320 min. This decomposition allows us to analyze cloud water adjustment

slopes at different time scales.

To determine the phase difference between LWP and N4, we further allocate 12 smaller frequency intervals within
each octave frequency band (hereafter sub-octave bands). In each sub-octave band, we use the standard Morlet
wavelet, which is a Gaussian modulated sine wave of the form used by Torrence and Compo (1998), and apply the
wavelet coherence transform (WCT) to the normalized LWP and N, to locate the time, frequency, and phase
(lead-lag) where LWP and N, co-vary. The normalization is achieved by subtracting the 3 month mean, and
dividing by the standard deviation. In each frequency octave band, we select the periods when LWP and N, are
both significantly coherent (based on Monte Carlo simulations with a 95% confidence level) in at least one sub-
octave band and exceed five time steps in duration. These periods are defined as coherent periods at a specific
frequency octave. To ensure that the coherent periods reflect the local cloud evolution rather than clouds advected
from outside of the scene, we remove from the analysis those scenes with a daily mean horizontal wind speed
greater than 6 m s~ . The phase difference (0-360°) between LWP and N, for each coherent period is determined
based on an average of phase differences across all sub-octave bands. The phase difference represents the angular
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Figure 1. Frequency of occurrence of daytime (SZA < 65°) cloud properties in the LWP- N, space for (a) SEVIRI, (b) C-MG2, and (c) C-ML. (d)—(f) are for
stratocumulus clouds (CF > 0.6). The black dashed lines correspond to an adiabatic volume-mean droplet radius at cloud top of 14 um (adiabatic condensation rate of
2.14 x 10° kg m™) following Glassmeier et al. (2019). The LWP and N, bin sizes are 35 g m~= and 15 cm™> respectively.

offset in the wavelet transform between LWP and N, illustrating the extent to which one signal leads or lags the
other.

The coherent periods are grouped into four scenarios based on phase difference values:

Scenario I (LWP * N,;): LWP positively leads N, defined as when LWP leads N, by less than 90°. This scenario
can occur due to cloud development or dissipation when cloud development leads to more activation of cloud
droplets and vice versa. Additionally, precipitation washout of cloud water and droplets can lead to Scenario I in
which case the decrease in LWP and N, occurs as a consequence of precipitation reaching the surface.

Scenario II (LWP™N_): LWP negatively leads N4, defined as when LWP leads N, by more than 90° but less than
180°. This scenario describes an increasing LWP from vertical cloud development leading to a reduced Ny
through the collision-coalescence process or rain removal of N, (precipitation scavenging).

Scenario I (N,;"LWP): N4 positively leads LWP, defined as when LWP lags N, by less than 90°. This scenario
may arise from an increase in LWP due to the suppression of collision-coalescence and precipitation in response
to increasing Nj.

Scenario IV (N, LWP):N,4 negatively leads LWP, defined as when LWP lags N4 by more than 90° but less than
180°. This scenario reflects entrainment drying driven by N, as a result of the evaporation-entrainment feedbacks.

3. Results
3.1. Cloud Properties From SEVIRI and CAMG6

Figures la—1c show the 2d histograms of LWP and N, for SEVIRI, C-MG2, and C-ML during the daytime (SZA
< 65°). Clouds are observed most frequently at LWP ~70 g m™2 and Ny~20 cm™>, and are mostly precipitating
(r, > 14 pm; left of the r, = 14 pm isoline). Clouds in C-MG?2 are too thin compared to SEVIRI; they are improved
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in C-ML, although N, in C-ML is larger and more scattered. The LWP-N,; distribution of C-MG2-dt5 closely
resembles that of C-MG2 (not shown).

Figures 1d—1f show the 2d histograms for stratocumulus clouds, which we define as clouds with cloud fraction
(CF) greater than 0.6 (60%). In the rest of the paper, unless stated otherwise, we will focus on stratocumulus
clouds. The observed stratocumulus clouds occur most frequently at LWP ~100 g m ™2 and N, ~ 30 cm™ and are
likely drizzling. The cloud distribution in the LWP-N, space closely resembles that shown in Qiu et al. (2023)
who used 4 years of SEVIRI retrievals for the month of July over the Eastern North Atlantic, supporting the
representativeness of our 3 month data. We observe a discernible increase in Ny for thinner clouds where drizzle is
likely inhibited (i.e., negative correlation between LWP and N,). Both C-MG2 and C-ML tend to underestimate
stratocumulus LWP while overestimating N4, although C-ML exhibits a slight improvement. This result indicates
a higher occurrence of non-precipitating clouds in CAM6 compared to SEVIRIL

3.2. Linear Regression Slopes Between LWP and N, in SEVIRI and CAM6

Computing the linear regression slope L, = dln (LWP)/dIn (N,;) from the LWP-Nj distribution illustrated in
Figure 1 yields —0.12, —0.35, —0.45, and —0.29 for SEVIRI, C-MG2-dt5, C-MG2 and C-ML. This result in-
dicates a much stronger decrease in LWP with an increase in Ny in CAM6 compared to observations.

Among the three simulations, C-ML L, more closely aligns with that of SEVIRI whereas L, in C-MG2 is much
more negative. When the model time step is reduced to 5 min (C-MG2-dt5), L, slightly increases and better
matches that of SEVIRI. This underscores the importance of high temporal resolution in improving the repre-
sentation of cloud-aerosol interactions.

The L, values computed from the LWP-N; distribution are commonly considered as a proxy for cloud water
adjustment to aerosol, yet they only reflect correlation and do not prove causality. To gain insights into causality
and to identify the timescales and Lys caused by specific physical processes, we now examine the coherent periods
of LWP and N, and their corresponding phase difference in Sections 3.3 and 3.4.

3.3. The Occurrence of Phase Scenarios Between LWP and N,

In total, there are 1,139, 1,352, 573, and 832 coherent periods respectively for SEVIRI, C-MG2-dt5, C-MG2, and
C-ML. We divide the coherent periods of LWP and N, into the four phase scenarios based on the phase rela-
tionship between LWP and N, (Section 2): LWP positively and negatively leads N4 (I and II); Ny positively and
negatively leads LWP (III and IV). Examples of the four scenarios are included in Figure S2 in Supporting
Information S1.

We first examine the occurrence of coherent periods of LWP and N, for each phase scenario across different
octave frequency bands (colored bars in Figure 2, left y-axis). For a better comparison between SEVIRI and
CAMS6, we only show their shared octave frequency bands of 1, 2, 4, and 8 hr. For C-MG2-dt5, we present the 40,
80, 160, and 320 min octave bands instead computed from its 5 min temporal resolution (Section 2.3). Results
from SEVIRI show that positive scenarios consistently exhibit a higher occurrence than negative scenarios across
octaves. The positive scenarios occur more frequently at shorter octaves, while the negative scenarios do not
exhibit significant occurrence until the 2 hr octave. This suggests that negative scenarios typically take longer to
occur compared to positive scenarios. The negative scenarios are associated with processes like evaporation-
entrainment feedbacks and precipitation scavenging (as discussed in Section 2.3), both of which take time to
impart their influence on the boundary layer compared to the cloud development and collision-coalescence
suppression processes linked to the positive scenarios.

Consistent with SEVIRI, positive scenarios in CAM6 simulations generally occur more frequently than negative
scenarios, and their occurrence decreases at longer frequency octaves. However, in all three CAM6 simulations,
negative scenarios are equally or more frequent at octaves shorter than 2 hr than at longer octaves, suggesting that
negative scenarios tend to occur too rapidly in CAMS6. This is particularly notable in the scenario of N4 negatively
leading LWP (scenario IV), characterized by the presence of evaporation-entrainment feedbacks (Section 2). We
hypothesize that this bias is related to the long-standing issue in the representation of parameterizations of tur-
bulence and microphysics, irrespective of microphysics scheme and model timestep. That being said, reducing the
model time step (C-MG2-dt5) tends to increase the occurrence of coherent periods, especially positive scenarios.
The bin-bulk microphysics scheme (C-ML) also tends to show a higher occurrence of positive coherent periods
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Figure 2. The total counts (lines; right y-axis) and the frequency of occurrence (colored bars; left y-axis) of coherent periods
of LWP and N, for daytime (SZA <65°) stratocumulus clouds (CF > 0.6) for scenarios I-IV at octave frequency bands of
1 hr, 2 hr, 4 hr, and 8 hr in SEVIRI, C-MG2, and C-ML, and at octave frequency bands of 40 min, 80 min, 160 min, and
320 min in C-MG2-dt5. For better visualization, the total counts of C-MG2-dt5 are plotted at the same octave bands as
SEVIRIL

compared to the bulk microphysics scheme (C-MG2). A higher occurrence of positive coherent periods in C-
MG2-dt5 and C-ML could help to mitigate the overly strong negative statistics-based L, shown in Section 3.2.

Figure 2 also shows the corresponding frequency of occurrence of coherent periods of LWP and N, across octave
bands for each scenario for SEVIRI and CAM6 simulations (black and gray lines; right y-axis). Here we define the
dominant adjustment timescale (z,4;) of each scenario as the octave band of the highest frequency of occurrence.
For SEVIRI, this translates to 7,4 values of <1, 2, <1, and 24 hr for scenarios I-IV. Note that the 7,,; of the
positive scenarios may be shorter than 1 hr if one considers shorter octaves. Compared to SEVIRI, CAM6
simulations show consistent 7,4 for positive scenarios, but there is a noticeable bias in the 7,4 of negative
scenarios, especially the scenario where N, negatively leads LWP (scenario IV), where CAM 6 suggests a much
shorter 7,4; (<1 hr), implying that the entrainment-evaporation feedbacks occur too rapidly in CAM6. Another
notable aspect is that although CAM6 simulations show a typical 7,5 of 1 hr or less for the scenario of Ny
positively leading LWP (Scenario III), this timescale is less dominant compared to SEVIRI, suggesting that the
precipitation suppression in CAM6 does not occur fast enough, irrespective of model timestep and microphysics
scheme. This is consistent with scenario II (LWP negatively leads N,), where both C-ML and C-MG2 show a
noticeable frequency of occurrence at 4 and 8 hr octave bands, implying a delayed precipitation scavenging
process. The fast negative and slow positive scenarios in CAM6 could also contribute to the more negative
statistics-based L in CAM6 discussed in Section 3.2.

3.4. Regression Slopes Between LWP and Nd for the Four Phase Scenarios

We now calculate the regression slopes (L,) between LWP and N, for each scenario. To establish a stronger
connection of L, with physical processes, here we calculate L, at the dominant adjustment timescales for each
scenario (L, y )(.e., 1,2, 1, and 2—4 hr for scenarios I-IV) for SEVIRI and CAMG6 runs. er,, provides direct insight

into the process-driven LWP and N, adjustments. For scenario I (LWP *N,), L, _signifies the positive adjustment

Tadj
of cloud droplet number concentration to cloud water changes via cloud development or precipitation washout of
LWP and Ny. For scenario II (LWP™N,), L, depicts the reduction in cloud droplet number concentration in
response to cloud water increase through precipitation scavenging. For scenario IIT (N,*LWP), L, describes the

increase in cloud water resulting from elevated aerosol levels due to precipitation suppression. For scenario IV
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Figure 3. The adjustment slopes at the dominant adjustment timescale L, , for daytime (SZA < 65°) stratocumulus clouds
(CF > 0.6) for scenarios I-IV. In SEVIRI, C-MG2, and C-ML, the dominant adjustment timescales are 1 hr, 2 hr, 1 hr, and 2—
4 hr for Scenarios I-IV In C-MG2-dt5, they are calculated at 160 min, 40 min, 40 min, and 80 min.

(Ng LWP), L., represents negative cloud water adjustment to aerosols due to evaporation-entrainment feed-
backs. We refer readers to Section 2.3 for the details on the links between scenarios and physical meanings. As
shown in Figure 3, the median L, , for SEVIRI are 0.4, —1.4, 0.04, —0.6, for scenarios I-IV. The sign of L,
generally aligns with the scenarios (i.e., negative scenarios exhibit negative L., and vice versa). Negative sce-
narios (i.e., scenarios II and IV), which take longer to occur, tend to have more significant magnitude than positive

scenarios (i.e., scenarios I and III). The scenario-based L, = of negative scenarios (i.e., —1.4 for scenario II and

Tadj
—0.6 for scenario IV) show more pronounced slopes, compared to the statistic-based L, value of —0.12 (as
implied by the correlation slope in the LWP-N space in Figure 1 and quantified in Section 3.2), likely because the

statistic-based L, dilutes signals of opposing signs.

The adjustment slopes in CAM6 diverge from SEVIRI in several aspects: the bulk microphysics scheme is
associated with overly weak positive responses of Ny and LWP, suggesting the inefficiency in precipitation
suppression (Scenario III N,*LWP) and precipitation washout of LWP and N, (Scenario I LWP * N,)), as well as
cloud development in C-MG2, thereby contributing to a more negative statistic-based L,. This bias is noticeably
improved with the bin-bulk microphysics scheme or with a shorter model timestep. On the other hand, the bin-
bulk microphysics scheme appears to underperform when it comes to the negative responses related to precip-
itation scavenging and entrainment-evaporation feedbacks, resulting in overly negative responses. Figures S3 and
S4 in Supporting Information S1 show our findings after adjusting for LWP using the lookup table from SL23.
The results closely resemble those presented in Figures 2 and 3.

4. Discussion and Conclusion

In this study, we apply a one-dimensional wavelet phase coherence analysis to analyze local temporal evolution of
daytime cloud liquid water path (LWP) and cloud droplet number concentration (N), considered as a proxy for
the aerosol embedded in the cloud field, based on SEVIRI retrievals and CAM6 simulations. We study the
dominant adjustment timescale (z,4;) governing the coherent period between LWP and N, from SEVIRI in four
lead-lag phase scenarios, defined based on the phase difference between LWP and N,. This approach effectively
disentangles LWP adjustments due to the counteracting physical processes of precipitation suppression and
entrainment-evaporation feedbacks on fast and slow timescales respectively.

SEVIRI features a more prevalent positive correlation between daytime LWP and N, with less occurrence of
negative correlation, in both lead-lag instances where LWP leads or lags N,4. In the context of aerosol-cloud
interaction, we focus on Ny-led scenarios (N;"LWP and N,”LWP). The positive cloud water response due to
collision-coalescence suppression (N,* LWP) is found to be more rapid (within 1 hr) than the negative cloud water
response resulting from entrainment drying (N,” LWP) which usually takes 2—4 hr (Figure 2). Although less
frequent, the negative cloud water response features a greater adjustment magnitude (Figure 3), contributing to an
overall negative correlation between LWP and Ny (Figure 1).

Compared to SEVIRI, CAM6 simulations show a more negative correlation between LWP and N, for their
daytime clouds (Figure 1). Our wavelet analysis suggests that this might result from excessively rapid negative
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responses along with overly strong negative cloud water adjustments and insufficient positive adjustments in
CAMG (Figures 2 and 3). Overall the bin-bulk microphysics scheme performs better than the bulk microphysics
scheme in terms of statistical correlations between LWP and N4 and positive cloud water adjustment, but the
evaporation-entrainment feedbacks (N,” LWP) is stronger than that inferred from SEVIRI, highlighting the need
for improvements in the parameterizations of turbulence and microphysics. The bulk microphysics scheme
presents insufficient positive scenarios related to precipitation suppression and the corresponding cloud water
adjustment is too weak, indicating the scheme's deficiency in representing precipitation. This is notably improved
with a shorter model timestep, which shows a more similar LWP-N, distribution compared to SEVIRI (Figure 1).
This suggests that a shorter model timestep can, to some extent, overcome the precipitation parameterization
deficiency. We thereby recommend using short model timesteps for addressing aerosol-cloud interaction prob-
lems. Nonetheless, CAM6 shows agreement with SEVIRI in several aspects, including a higher prevalence of
positive scenarios and comparable z,4; for positive scenarios. Nighttime clouds in CAM6 show comparable z,4; to
daytime values (Figure S5 in Supporting Information S1). We defer comprehensive analysis of nighttime clouds
to future studies due to a lack of nighttime observations.

With its easy application to satellite and GCM model output, the wavelet phase coherence analysis has the potential
not only to provide insights into 7,4 in geostationary satellite-based observations, but also to identify biases in 7,
and the slope of aerosol-cloud interactions between GCMs resulting from different treatments of complex
microphysical, turbulence, and radiation parameterizations and their coupling. As such it presents another op-
portunity for assessing GCMs using geostationary satellite-based measurements as areference. Although this study
focuses on the Eulerian framework, the method can also be applied to the Lagrangian, flow-following framework.
More broadly, this method can be applied to any two collocated variables to study their causal relationship.

Data Availability Statement

The processed data for all the figures are stored in the following NOAA data archive: https://csl.noaa.gov/groups/
csl9/datasets/.
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