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Abstract Low clouds effectively cool the Earth by reflecting incoming solar radiation. Detecting low‐level
clouds with passive satellite sensors can be ambiguous, whereas active remote sensing instruments directly
measure cloud‐top height. Here, we analyze 14 years of spaceborne lidar observations to assess trends in the
occurrence of low‐level clouds and their cloud‐top height. We find that spatial trend patterns in low‐level cloud
cover and low‐level cloud top height are negatively correlated, that is, regions with a decrease in low‐cloud
cover tend to show an increase in cloud‐top height. We find that spatial trend patterns can be well explained by
sea‐surface temperature (SST) and estimated inversion strength. Low‐level clouds in climatological
stratocumulus regions are particularly sensitive to changes in SST (− 3.4 to − 3.7% K− 1 in cloud cover and
50m K− 1 in cloud‐top height) and estimated inversion strength (3.3% K− 1 in cloud cover and − 69m K− 1 in
cloud‐top height).

Plain Language Summary Low‐level clouds play an important role in the Earth's energy budget
because of their capability to reflect large amounts of incoming sunlight. However, the detection of low‐level
clouds in satellite observations is not always straightforward. Only active remote sensing with spaceborne lidar
or radar can provide direct measurements of cloud‐top height and thus lead to the unambiguous detection of low‐
level clouds. Here, we have analyzed 14 years of spaceborne lidar observations for trends in the occurrence of
low‐level clouds and their cloud‐top height. We find that spatial trend patterns in low‐level cloud cover and low‐
level cloud top height are negatively correlated, that is, regions with a decrease in cloud cover tend to show an
increase in cloud‐top height. We find that spatial trend patterns can be well explained by SST and estimated
inversion strength. These parameters are particularly important for the occurrence and top height of low‐level
clouds in climatological stratocumulus regions.

1. Introduction
Low clouds play an important role in the Earth's energy budget by modulating planetary albedo. They have a
strong cooling effect as they reflect large amounts of incoming solar radiation and prevent the absorption of
energy by the Earth's surface. Even small changes in the spatial extent or brightness of low clouds can therefore
produce a radiative effect on the order of that related to a doubled concentration of carbon dioxide in the at-
mosphere (Slingo, 1990).

In recent years, observations have revealed a gradual decrease in planetary albedo (Goode et al., 2021) that
contributes to the increase in Earth's energy imbalance (Mauritsen et al., 2025). The albedo decrease and the
resulting global temperature increase have been attributed to a decrease in low‐level cloud cover (LCC),
particularly over the northern hemispheric oceans, the south Atlantic, and continental regions with deep con-
vection (Ceppi et al., 2026; Goessling et al., 2025; Loeb et al., 2018; Zelinka et al., 2026). The most abundant type
of low cloud is stratocumulus, which is prevalent over the subtropical eastern oceans under conditions of strong
lower‐tropospheric stability, subsidence in the free troposphere, and an ample supply of surface moisture (Klein
& Hartmann, 1993; Wood, 2012). Over the ocean, increased sea‐surface temperature (SST) can lead to a positive
feedback, that is, further SST increase due to a decrease in LCC (Eastman et al., 2011). But LCC also depends on
the structure of the marine boundary layer, entrainment at cloud top, larger‐scale meteorological conditions in the
free troposphere, changes in aerosol concentration, and cloud feedbacks (Andersen et al., 2017; Christensen
et al., 2020; Goren et al., 2022; Jia et al., 2024; Klein & Hartmann, 1993; Myers et al., 2021; Naud et al., 2023;
Scott et al., 2020; Wood, 2012). Studies that consider a variety of cloud‐controlling factors generally conclude
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that SST and estimated inversion strength (EIS) are among the most influential for LCC (Andersen et al., 2022;
Cao et al., 2024; Ceppi et al., 2026; McCoy et al., 2017; Qu et al., 2015; Scott et al., 2020).

Trends in LCC have been shown to be associated with changes in cloud vertical structure (Cesana et al., 2019; Liu
et al., 2024), which can in turn affect both longwave and shortwave radiative effects (Choudhury & Goren, 2024;
Denby, 2020). However, most studies investigating trends in LCC rely on observations from passive sensors
(Ceppi et al., 2026; Geiss &Marchand, 2019; Marchand, 2013; Zelinka et al., 2026), which tend to underestimate
cloud‐top height, particularly for thin clouds (Huo et al., 2020; Mitra et al., 2021), and are therefore not well suited
to detecting changes in cloud‐top height. Cesana et al. (2019) and Liu et al. (2024) use observations from the
Cloud‐Aerosol Lidar with Orthogonal Polarization (CALIOP) lidar aboard the Cloud‐Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) satellite (Winker et al., 2009) to assess changes in cloud vertical
structure in response to changes in surface temperature and lower‐tropospheric stability. They find that increasing
SST and decreasing EIS lead to a decrease in LCC and an increase in cloud‐top height for marine stratocumulus.
However, a comprehensive quantification of the sensitivity of low‐cloud top height (Ztop) to changes in SST or
EIS (or lower‐tropospheric stability) is still lacking. In another demonstration of the potential for deriving long‐
term trends from CALIOP measurements, Chepfer et al. (2025) find a decrease in cloud cover and a rise in cloud
altitude for opaque clouds based on nighttime data.

Global climate models (GCMs) generally predict a decrease in LCC and an increase in Ztop in a warmer climate
(e.g., Forster et al., 2021). The accurate description and prediction of how the properties of low‐level clouds might
change in a warming world are essential for reliable climate predictions. The relationship between albedo, LCC,
and SST is found to be an important factor in the latest generation of GCMs (Zelinka et al., 2020). Comparisons
between observations and GCM simulations can be used to constrain model representations of low‐cloud–related
albedo changes and to identify models that are more likely to reliably simulate future behavior (Cesana
et al., 2019; McCoy et al., 2017; Myers & Norris, 2016).

Here, we use a 14‐year CALIOP data set to identify the presence of low‐level clouds and their Ztop, and whether or
not those co‐occur with clouds higher up. The resulting data set is used to investigate trends in LCC and Ztop and to
quantify their sensitivity to changes in SST and EIS. We focus specifically on unobscured low clouds to account
for variation in higher level clouds, and because changes in their occurrence have a strong and direct impact on
planetary albedo. Section 2 describes the data and methods used. The results are presented in Section 3. The study
concludes with a summary and discussion in Section 4.

2. Data and Methods
The spaceborne CALIPSO lidar CALIOP (Winker et al., 2009) has collected three‐dimensional information on
the positions of aerosol and cloud layers during the period from July 2006 to June 2023. The CALIPSO Level‐2
Cloud Profile product (05 kmCPro, v4.20, v4.21 from 2020, NASA/LARC/SD/ASDC (2018)) provides a variety
of parameters related to clouds with a horizontal resolution of 5 km along the CALIPSO ground track and a
vertical resolution of 30 m below 8.2 km height and 60 m between 8.2 and 20.2 km height. The related cloud
profiles were found to agree well with cloud observations of the lidar on the International Space Station (Tesche &
Noel, 2022). Following Tesche et al. (2021) and Tesche and Noel (2022), we use the Vertical Feature Mask (Liu
et al., 2009) to obtain information on the extent and type of tropospheric clouds. The extracted parameters include
time, latitude, longitude, the day–night flag, and the number of height bins related to the occurrence of the eight
cloud types in the cloud mask: (a) low overcast, transparent; (b) low overcast, opaque; (c) transition stratocu-
mulus; (d) low, broken cumulus; (e) altocumulus (transparent); (f) altostratus (opaque); (g) cirrus (transparent);
and (h) deep convective (opaque). The four low‐cloud types are defined as having a cloud‐top height below
680 hPa and the height of the uppermost cloud bin in any of those types (if available in a profile) is considered as
Ztop in our analysis. CALIPSO left its orbit within the A‐Train in October 2018. From thereon, its overpass time
started to drift to about 105 min in 2023 but the lowering of the orbit had no effect on the height of detected
features (Chepfer et al., 2025). As a consequence and similar to Liu et al. (2024), we therefore limit our inves-
tigation to data until June 2020, when the temporal drift did not yet exceed 30 min and diurnal variation in
cloudiness is unlikely to assert an effect on the obtained statistics.

Based on this information, each cloud profile is categorized as cloud‐free (no cloud is detected at any height),
cloudy (any cloud type is detected at any height), or low‐level clouds only (any low cloud type is detected). The
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occurrence of these three categories, as well as the cloud‐top height, is then gridded to monthly maps with a
resolution of 2.5° longitude by 1.25° latitude. Analogous to Scott et al. (2020) and as recommended in Zelinka
et al. (2025), we account for the obscuration of LCC by defining LCC as

LCC =
CClow

CCall‐sky − (CCcloudy − CClow)
. (1)

Here, CCall ‐ sky refers to the total number of (cloud‐free and cloudy) profiles in a grid box, while CCcloudy and
CClow separate cloudy and low‐level cloud only profiles, respectively. The analysis is performed considering all
observations, as well as for data collected only during day and night, respectively.

CALIPSO does not capture the full diurnal cycle of LCC and Ztop as its overpasses occur at fixed local times of
0130 and 1330. Lidar measurements based on the International Space Station, whose orbit is not sun‐
synchronous, indicate that CALIPSO LCC is close to the daily extremes of LCC over ocean (maximum dur-
ing night, minimum during day) and is more representative of daily averages over land (Noel et al., 2018). In any
case, the deviation from the diurnal mean over the ocean is generally below 5% and further minimized in our
analysis by averaging observations during day and night.

We use multiple data sets for SST and EIS as cloud‐controlling factors. This is because trends in reanalysis data
sets can be uncertain, especially in the case of EIS (Ceppi et al., 2026; Zelinka et al., 2026). Specifically, we
consider global monthly‐mean SST and EIS (Wood & Bretherton, 2006) fields over the CALIOP time period.
Data are taken from the European Center for Medium‐Range Weather Forecasts (ECMWF) reanalysis, version 5
(ERA5; Copernicus Climate Change Service, 2023a, 2023b; Hersbach et al., 2020), the Atmospheric Infrared
Sounder (AIRS) satellite product, version 7 (AIRS project, 2019; Aumann et al., 2003), and the National Oceanic
and Atmospheric Administration (NOAA) Optimum Interpolation (OI) SST product, version 2 (Huang
et al., 2021; Reynolds et al., 2002). For the AIRS‐based EIS, we use the 700‐hPa temperature from AIRS in
combination with 1000‐hPa temperature from ERA5 as in Ceppi et al. (2026). All parameters are re‐gridded to
match the resolution of the CALIOP data set.

Monthly LCC and Ztop over the time period from July 2006 to June 2020 are investigated for linear trends. We
estimate the sensitivities of LCC and Ztop to SST and EIS by separately regressing local detrended low‐cloud
anomalies onto local detrended anomalies of SST and EIS. Strictly referring to the low‐level clouds within
those regions, we aggregate the sensitivities by large‐scale climatological cloud regimes of stratocumulus (Sc),
trade cumulus (Tc), tropical ascending (Ta), and mid‐latitude (Ml) following Scott et al. (2020) and Andersen
et al. (2023). Cloud regime regions are defined by threshold values of climatological EIS and vertical velocity at
700 hPa, as summarized in Figure 4a. We extend these cloud regimes by a regime of polar low clouds, defined as
occurring at latitudes greater than 67°. For reference to findings in the literature, we furthermore provide sen-
sitivities for the classic stratocumulus regions of Klein and Hartmann (1993), that is, Peruvian, Namibian,
Californian, Australian, Canarian stratocumulus.

Figure 1. Mean unobscured low‐level cloud cover (a) and low‐cloud top height (b) above sea level as derived from CALIPSO
lidar observations between July 2006 and June 2020. The dotted line marks the SAA. Boxes show the classic stratocumulus
regions of Klein and Hartmann (1993).
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From 2016 onward, CALIOP experienced problems with low‐energy laser pulses in the region of the South
Atlantic Anomaly (SAA, Chepfer et al., 2025; Tackett et al., 2025). This leads to an artificial reduction in general
cloudiness and LCC as defined in Equation 1 over the affected region. As a consequence, the region of the SAA is
excluded from the trend analysis presented here.

3. Results and Discussion
Figure 1 presents the 14‐year means of LCC and Ztop from CALIOP observations. Regions of persistent LCC
larger than 50% are found over the cold subtropical eastern oceans (Wood, 2012). In addition, similarly large LCC
is found over the Arctic Ocean, the Southern Ocean, and the tropical east Pacific around the equator. Note that
LCC as defined here is low over the Maritime Continent, as low clouds in this region are frequently obscured by
higher‐level clouds. This is presented more directly in the geographical distribution of CALIOP profiles that
contain only low‐level clouds in Figure S1 of Supporting Information S1. The overall distribution of LCC is very
similar to the fraction of water clouds in Figure 2d of Seo et al. (2025), which used passive remote sensing. In
contrast, the use of the CALIOP observations allows for an unambiguous retrieval of cloud‐top height and, thus,
cloud cover related to low‐level clouds. In fact, the map of mean Ztop in Figure 1b illustrates some variation even
when considering only low‐level clouds, with generally higher elevated cloud tops over land related to orographic
features. Over the ocean, we find the characteristic increase in Ztop as stratocumulus in shallow boundary layers
transition to cumulus in deeper boundary layers further away from the continents (Goren et al., 2025). The
climatological patterns of Ztop as derived from our CALIOP data set are in good qualitative agreement with known
patterns of marine boundary layer height (Possner et al., 2020) and Ztop (Zuidema et al., 2009).

The data shown in Figure 1 are used for the trend analysis presented in Figure 2. Note that the trend patterns are
somewhat noisy, as expected for a sensor with sparse spatiotemporal sampling (Kotarba, 2022). Nevertheless, the
analysis reveals regions with spatially coherent trends. Negative trends in LCC are found over the European
Arctic Ocean, the northeast Pacific, and some regions of the Southern Ocean, though the trend is not significant
for all grid cells (p‐value <0.05). The p‐value relates to the trend of the time series from an ordinary least‐squares
linear regression and is based on a Student's t‐test. Positive trends are found over the tropical oceans, some regions
of the eastern Pacific, over the southern mid‐latitudinal Pacific, the American Arctic Ocean, and eastern China
and the South China Sea. Unfortunately, the exclusion of data within the SAA inhibits direct trend estimates for
Peruvian and Namibian stratocumulus.

The LCC trend pattern in Figure 2a differs from those obtained from passive remote sensing (Seo et al., 2025) or
reanalysis (Goessling et al., 2025) in some regions. Differences can be expected, as different data sets do not
represent identical cloud populations, and are influenced by, for example, orbit characteristics, sensor charac-
teristics, and retrieval details (Foster et al., 2023; Marchand, 2013). We find consensus for the decrease in the
northeast Pacific (Andersen et al., 2022), and a slight increase in LCC over the tropical south Pacific and around
Australia when compared to cloud cover related to water clouds in passive satellite observations (Seo et al., 2025).
However, there are large differences over the Southern Ocean, the north Pacific, the Indian Ocean, and the north

Figure 2. Trends in unobscured low‐level cloud cover (a) and low‐cloud top height (b) as derived from CALIOP observations
between July 2006 and June 2020. Significant trends (p‐value <0.05) are highlighted with a marker. Regions with excluded
data are marked gray (see Methods section). Lines and boxes as in Figure 1.
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Atlantic. When compared to ERA5 low cloud cover trends presented in
Goessling et al. (2025), our analysis also finds an increase in LCC over the
tropical eastern Pacific and a decrease over the north Atlantic (note that their
color scale is inverted from ours). However, our data do not reproduce the
strong decrease in LCC over the tropical western Pacific and the maritime
continent found in the reanalysis data. We attribute this to the fact that those
regions feature high upper‐level cloud cover that frequently obscure lower‐
level clouds. Figure S2 in Supporting Information S1 shows the low cloud
cover trend in the ERA5 reanalysis for the time period of our CALIOP data
set. This analysis illustrates a similar inconsistency in regions of tropical deep
convection where the occurrence of unobstructed low clouds is negligible.
Consequently, the quantification of low‐level cloud trends is less relevant in
regions where low‐level clouds are frequently obscured by upper‐level clouds
because they have little direct effect on top‐of‐atmosphere reflected solar
radiation and albedo (Pan et al., 2025). Changes in cloud overlap, or trends in
high‐cloud occurrence, can therefore influence the radiative balance by
exposing trends in low‐level clouds (Zelinka et al., 2025).

The trends in Ztop in Figure 2b seem to behave exactly opposite to those for
LCC, at least for parts of the world such as the Arctic Ocean, the tropical
eastern Pacific, and the Southern Ocean. Specifically, there is a widespread
decrease in Ztop over the north Atlantic and the northeastern Pacific that is
consistent with trend patterns derived from passive observations (Seo
et al., 2025). The Pearson correlation between global trends in LCC and Ztop is
− 0.22 based on grid cells with significant trends (p‐value <0.05) in at least
one variable. The correlation increases to − 0.56 when repeating the analysis
for grid cells in which both variables feature significant trends. Decadal
changes in Ztop can exceed 100 m. Note that this is more than double the
CALIOP height‐resolution of 30 m in the altitude range of low‐level clouds.

We repeated the analysis shown in Figure 2 separately for daytime and
nighttime CALIOP observations (see Figure S3 in Supporting Informa-
tion S1). While the overall conclusions remain consistent across daytime and
nighttime observations, LCC trends over the eastern North Pacific are more
pronounced during daytime. This means that earlier dissipation of existing
low clouds has to be the cause of the LCC decrease here, rather than a
reduction of their nighttime formation. This region includes the Californian
stratocumulus deck for which the reduction in LCC during daytime has been

found to be caused by the decrease in EIS and the increase by SST—via an increase in the moisture difference
between the marine boundary layer and the free troposphere—suggesting cloud dissipation due to dry‐air
entrainment as the physical mechanism responsible for the LCC decrease (Andersen et al., 2022).

We explore how trends in LCC and Ztop over ocean relate to trends in SST and EIS, which are known to exert a
strong control over low‐level marine clouds (Andersen et al., 2022; Qu et al., 2015). This three‐dimensional trend
space is presented in Figure 3. We find that trends in SST and EIS are strongly inversely correlated, that is,
increasing SST coincides with decreasing EIS and vice versa. This is expected, as near‐surface temperature is
used for calculating EIS (Wood & Bretherton, 2006). The combination of the two trends furthermore aligns with
the observed trends in LCC and Ztop. Specifically, regions with the combination of increasing SST and decreasing
EIS are associated with decreasing LCC and increasing Ztop. In other words, a weaker inversion and a warmer sea
surface are clearly connected to a decrease in the occurrence and an increase in the top height of low‐level clouds.
This co‐variability suggests that the anti‐correlation between LCC and Ztop trends reflects a coherent response of
low clouds to changes in large‐scale meteorological controls rather than a direct causal relationship between LCC
and Ztop. In addition to the gridded data, Figure 3 also contains regional averages for five well‐studied strato-
cumulus regions (Klein & Hartmann, 1993). The findings for these regions generally align well with the behavior
described above, even though the Canarian region does not show the increase in LCC suggested by the scatter

Figure 3. Connection between trends in LCC (top) and Ztop (bottom) with
respect to EIS and sea‐surface temperature (SST) over ocean between July
2006 and June 2020. Points refer to grid boxes that feature significant trends
(p‐value <0.05) in LCC and Ztop with the colors representing the magnitude
of that trend. Symbols mark regional mean trends for the stratocumulus boxes
shown in Figures 1 and 2. Symbols for Namibian and Peruvian stratocumulus
are filled gray due to the absence of reliable CALIPSO observation over the
SAA. EIS and SST are based on observations (AIRS and NOAA OI SST).
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cloud. While we do not have CALIOP‐based trends for Namibian and Peruvian stratocumulus, we can expect a
decrease in LCC and an increase in Ztop from the observed trends in SST and EIS for those regions as well.

Figure 3 is compiled using observational information on SST and EIS and an analysis based on ERA5 (trend maps
Figure S4 in Supporting Information S1) gives similar results (not shown). As for the investigation of trends in
Figure 2, we have repeated the analysis of Figure 3 for observations during daytime and nighttime. These results
are presented in Figure S5 of Supporting Information S1. Daytime observations show little difference compared
to Figure 3. However, nighttime observations of LCC show a weaker connection to trends in SST and EIS
compared to the daytime observations as discussed above. The trends for Ztop are robust independent of the time
of observation.

Figure 4; Table S1 in Supporting Information S1 summarize the mean of the local sensitivities of LCC and Ztop to
SST and EIS and their respective uncertainties for different cloud regimes. The inferred sensitivities are consistent
for the observational and reanalysis SST and EIS data sets. A warmer sea surface is associated with a decrease in
low‐level cloudiness in all climatological cloud regime regions with the largest sensitivity of around − 3.8 % K− 1

for the stratocumulus regions. For comparison, values in the range from − 2.0 to − 5.8 % K− 1 are found in Cesana
et al. (2019), depending on the considered data set, while Klein and Hartmann (1993) provide a value of
− 5.0 % K− 1. Cesana et al. (2019) provide sensitivities of − 0.6 to − 3.5 % K− 1 for trade cumulus compared to our
finding of − 1.5 % K− 1. The observed differences in these comparisons can arise from different sources related to
LCC. The sparsity of the CALIOP observations can lead to a representativeness error, introducing small‐scale
variability in LCC that is statistically independent of large‐scale SST/EIS fields. This reduces the signal‐to‐
noise ratio and leads to the attenuation of the estimated sensitivity toward zero. Ambiguities in the LCC
derived from passive sensors and not accounting for obscuration by higher‐level clouds are further factors that are

Figure 4. Geographical distribution (a) of stratocumulus (Sc, dark blue), trade cumulus (Tc, light blue), tropical ascending
(Ta, green), mid‐latitude (Ml, purple), and polar (Po, cyan) cloud regimes. Land areas are marked in gray. Panels (b–e) show
mean grid‐cell sensitivities with error bars representing the 95 % confidence interval of LCC (top) and Ztop (bottom) to sea‐
surface temperature (left) and EIS (right) based on reanalysis (blue bars) and observational data (orange bars) from July 2006 to
June 2020 and separated according to the climatological cloud regimes in (a). The rightmost columns summarize the findings for
non‐polar clouds. Symbols in (b, c) refer to findings provided in Klein and Hartmann (1993), Wood and Bretherton (2006), and
Cesana et al. (2019).
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likely to contribute to differences in estimated LCC sensitivity to SST and EIS. Also, the relatively short time
periods of the various satellite records (typically <25 years) are major contributors to uncertainties of sensitivity
estimates (Klein et al., 2017). Low‐level clouds in the tropical ascending and mid‐latitudinal cloud regimes show
LCC‐SST sensitivities between those for trade cumulus and stratocumulus, and on the order of − 2.0 % K− 1 for
non‐polar clouds. Polar low‐level clouds show an almost negligible sensitivity of LCC to SST. In contrast to SST,
we find a more or less similar increase in LCC of around 2.5 % K− 1 across cloud regimes (except for polar clouds
that show a small negative sensitivity) with increasing EIS (Figure 4c). Our estimates for LCC sensitivity to EIS
for stratocumulus is smaller than those of about 6.0 % K− 1 presented in Klein and Hartmann (1993) and Wood
and Bretherton (2006).

To our knowledge, this study is the first to report global, regime‐resolved estimates of the sensitivity of Ztop to
SST and EIS as shown in Figures 4d and 4e, respectively. We find that Ztop is particularly sensitive to SST for
low‐level clouds in the stratocumulus regime with around 50m K− 1 compared to around 10m K− 1 for those in
the trade cumulus, mid‐latitude, and polar low‐level cloud regimes, and between − 15 and − 20m K− 1 for low‐
level clouds in the tropical ascending regime. This is consistent with other observational studies that find
decreasing cloud fraction and increasing Ztop with SST in stratocumulus regions (Cesana et al., 2019), but a
weaker cloud‐fraction response in trade‐cumulus regions (Ceppi et al., 2024; Cesana & Del Genio, 2021; Cesana
et al., 2019; Myers et al., 2021). Since reproducing the observed vertical structure of the low‐cloud response is
important for realistic modeling of LCC–SST sensitivities (Cesana et al., 2019), the Ztop sensitivities derived here
may provide an effective observational constraint on modeled low‐level clouds and the boundary‐layer response.
The pronounced stratocumulus sensitivity to SST is physically consistent with the strong coupling between SST,
boundary‐layer depth, and cloud regime in subtropical stratocumulus regions. Increased SSTs can enhance
surface turbulent fluxes, promote cloud‐layer decoupling, and strengthen entrainment of warm and dry free‐
tropospheric air, thereby favoring a deeper marine boundary layer and a transition from extensive stratocu-
mulus to more broken cumulus with higher cloud‐tops (Bretherton &Wyant, 1997; Liu et al., 2024). This regime‐
transition perspective also helps to explain the negative correlation between LCC and Ztop trends: conditions that
reduce LCC, such as warmer SST and weaker inversion strength, can simultaneously raise cloud tops by favoring
deeper, more weakly capped boundary layers. Conversely, cooler SST or stronger EIS suppress boundary‐layer
deepening, maintain shallower cloud tops, and favor more extensive stratiform LCC. Changes in low cloud or-
ganization (Denby, 2020), as well as alterations in the stratocumulus‐to‐cumulus transition that coincide with
changes in Ztop (Choudhury & Goren, 2024; Goren et al., 2025), have been shown to affect both longwave and
shortwave radiative effects. This suggests that trends in LCC influence not only shortwave radiation through
changes in cloud cover, but also other components of the radiative effect.

The negative sensitivity of Ztop to EIS is more pronounced than the positive one related to SST. Large values of
around − 70m K− 1 for Stratocumulus, around − 55m K− 1 for mid‐latitude low‐level clouds, and around
− 40m K− 1 for trade cumulus lead to a near‐global estimate (excluding the polar regions) of around 50m K− 1.

4. Summary and Conclusions
In contrast to passive remote sensing from space, spaceborne lidar is capable of unambiguously detecting the
height at which a cloud layer occurs. We have used this advantage here to investigate potential trends in the
occurrence and top height of low‐level clouds based on 14 years of CALIPSO lidar observations. Profile‐based
information on LCC and Ztop obtained from the CALIPSO vertical feature mask is aggregated to gridded monthly
means which are applied for trend analysis in combination with meteorological data based on observations and
ERA5 reanalysis. Specifically, we relate trends in the occurrence and top height of low‐level clouds to coinciding
trends in surface temperature and atmospheric stability. Because of instrumental constraints (Chepfer
et al., 2025), we have to exclude observations within the SAA from the analysis. To our knowledge, this is the first
global, regime‐resolved quantification of the sensitivity of low‐level cloud‐top height to SST and EIS using active
satellite observations.

Our analysis shows pronounced trends in LCC and Ztop over the eastern Pacific and the north Atlantic. Identified
trends of LCC and Ztop are anti‐correlated, and strongly related to trends in surface temperature and EIS, sug-
gesting that both quantities respond coherently to changing large‐scale meteorological controls. We find a
consistent negative (positive) sensitivity of low clouds in different regimes to changes in SST (EIS) that is in line
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with earlier work. In contrast to earlier studies, we base our LCC on active remote‐sensing observations that are
very sensitive to cloud‐top height and allow for an unambiguous identification of low‐level clouds.

In addition to LCC, we provide a first global, regime‐resolved quantification of the sensitivity of Ztop to changes
in SST and EIS. Cloud‐top height sensitivity to SST changes is most pronounced for stratocumulus with an
increase of about 50mK− 1. This is consistent with warmer SST favoring deeper boundary layers, enhanced
entrainment and decoupling, and, in stratocumulus regions, a transition toward cumulus with higher cloud tops
(Wyant et al., 1997). Sensitivities are small but positive for low‐level clouds in other cloud regimes except for the
tropical ascending regime in which a decrease in Ztop of about 20mK− 1 is found. As one might expect, our
analysis shows that cloud‐top height decreases with increasing EIS, that is, as the atmosphere becomes more
stably stratified. This is particularly pronounced for stratocumulus and mid‐latitude low‐level clouds for which
the sensitivity exceeds − 50mK− 1. While the relatively short CALIPSO record, sparse lidar sampling, and
necessary exclusion of the SAA limit the robustness of regional trend estimates, the results improve our un-
derstanding of low‐cloud responses to changing large‐scale meteorological conditions and provide a baseline for
evaluating and constraining numerical model simulations.
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