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Abstract. This study analyzes a 20-year dataset (2003–2022) to understand long-term trends in radiative effects
and optical properties of cirrus clouds. The research was conducted at NASA’s Goddard Space Flight Center in
Greenbelt, Maryland, USA, the primary location of the Micropulse Lidar Network (MPLNET) project. Analysis
of net cloud radiative effects (CREs) at both the top-of-the-atmosphere (TOA) and surface (SFC) reveals de-
creases in radiative flux by −0.019 and−0.037 W m−2 yr−1 and−0.031 and−0.068 W m−2 yr−1, respectively,
based on constrained solutions for lidar-derived 523/527/532 nm extinction coefficient (m−1) solved for lidar ra-
tios bounded by 20 and 30 sr. Currently, key cloud properties such as boundary temperature and altitude, as well
as integrated optical depth, remained stable with only minor seasonal changes. This study also uncovers a persis-
tent decline in surface albedo, with a derived trend of −0.00036 yr−1. We further find that the interrelationship
between CRE and surface albedo variation intensifies notably during winter months. This leads to speculation
that a decrease in the number of days of snow and ice is the main driver of the decrease in surface albedo. The
observed trends show a complex relationship between albedo, radiative flux, and climate, highlighting the need
for continued monitoring due to their significant impact on future climate and weather patterns. We further quan-
tify trend uncertainty with block-bootstrapped 95 % confidence intervals and evaluate sensitivity to solar zenith
angle (SZA), finding that TOA trend magnitudes are partially explained by increasing SZA while surface trends
remain robust.

1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) was
founded in 1988 by the World Meteorological Organization
(WMO) with the support of the United Nations Environment
Program. Its purpose is to examine scientific, technological,
and socioeconomic data relevant to understanding climate
change. More than three decades have passed since the first
meeting in 1990, and the importance of clouds and aerosols

in Earth’s climate system remains a focal point in both the
fifth and sixth assessment reports (AR5 and AR6; Stocker,
2014; Landi et al., 2021). These reports highlight that clouds
and aerosols significantly influence the regulation of Earth’s
temperature and energy balance by reflecting and absorbing
sunlight. The reports also discuss the challenges associated
with accurately representing the behavior and interconnec-
tion of clouds and aerosols in climate models, as these pro-
cesses can vary greatly depending on factors such as location
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and atmospheric conditions. The report emphasizes the need
for a deeper understanding of the roles of clouds and aerosols
in the climate system to improve the accuracy of climate
predictions. It stresses the importance of further research on
the relationships among clouds, aerosols, and climate vari-
ations. AR6 also points out the importance of variations in
cloud cover, as clouds are vital for controlling the global ex-
change of energy. Alterations in cloud patterns, whether due
to interactions with aerosols or feedback mechanisms within
clouds, can greatly influence how energy is distributed in the
climate system. Accurate representation of cirrus occurrence
and optical properties is essential for both daily numerical
weather prediction and long-term climate projections. Im-
proved cirrus parameterizations reduce shortwave flux bi-
ases at the surface and TOA, benefiting synoptic-scale fore-
casts and decadal climate simulations alike. Although nu-
merous studies have evaluated short-term or geographically
limited radiative impacts of cirrus clouds (Campbell et al.,
2016; Lolli et al., 2017a; Campbell et al., 2021), a compre-
hensive long-term evaluation spanning multiple decades at
a single site has not yet been systematically carried out. To
bridge this gap, this study presents the first detailed analy-
sis of the two-decade-long record (2003–2022) at the NASA
Micropulse Lidar Network (MPLNET) observational site in
Greenbelt, Maryland, USA. MPLNET complements NASA’s
Earth Observing System (EOS) satellites by providing con-
tinuous, vertically resolved cloud information for algorithm
validation and process studies at high temporal resolution.

The uniqueness and novelty of this analysis reside in the
use of a continuous and homogeneous dataset in conjunc-
tion with rigorous statistical methodologies (Mann-Kendall
and Sen slope analyses) to identify statistically significant
temporal trends in the radiative effects of cirrus clouds at
both the top of the atmosphere (TOA) and the surface (SFC).
This broad temporal span not only enables the detection of
subtle climatic patterns that emerge from intrinsic variabil-
ity (Weatherhead et al., 1998a), but also provides an essen-
tial understanding of feedback processes specific to certain
regions and their repercussions on global climate behavior.
An essential part of understanding changes within a highly
dynamic system such as the Earth’s atmosphere involves a
quantitative evaluation of trend significance, which is deter-
mined in relation to the precision of the fundamental mea-
surements (Weatherhead et al., 1998a). Consequently, care-
ful consideration must be given to the duration and quality
of the observations necessary to capture atmospheric trends
of varying magnitudes (Weatherhead et al., 2002). Despite
the importance of attributing changing conditions to the ef-
fects of climate variability, it can unfortunately be insuf-
ficient to simply establish long-term remote sensing plat-
forms in the absence of a practical understanding of the
challenges in identifying significant trends amid complex
datasets (Weatherhead et al., 2018). Regarding the radiative
and macrophysical characteristics of clouds, the advance-
ment of satellite technology, combined with the emergence

of reliable ground-based profiling instruments, has led to the
collection of more than two decades of lidar measurements to
evaluate the effects of climate change (Cermak et al., 2006).
This study aims to evaluate the long-term trends and vari-
ability of the radiative effects of cirrus clouds as well as
their macrophysical properties. We focus on daytime condi-
tions, since cirrus clouds can exert a net cooling or warm-
ing effect depending on a host of internal and external fac-
tors (Stephens and Webster, 1981). Three previous studies
by the same group provide snapshots of equivalent forcing
and macrophysical properties at a series of different latitudes:
Singapore (equatorial, Lolli et al., 2017a), Greenbelt, Mary-
land, USA (mid-latitude; Campbell et al., 2016) and Fair-
banks, Alaska, USA (polar; Campbell et al., 2021). Therein,
they describe how the daytime forcing of cirrus clouds ex-
hibits a meridional gradient from warming near the equa-
tor to neutral or slight cooling near the poles. The relative
contribution of radiative effects of cirrus clouds is in direct
contrast to the net cooling contribution overall (that is, day
and night) of all clouds to the climate (near −20 W m−2, for
example, in Ramanathan et al., 1989; Yi et al., 2017). An
enhanced understanding of the radiative properties of cirrus
clouds and the subsequent refinement of their parameteriza-
tion is essential to improve the precision of numerical mod-
els. Cirrus clouds significantly influence Earth’s energy bal-
ance by modulating energy flux exchanges. Therefore, a bet-
ter representation of the model is crucial for both short-term,
day-to-day weather modeling (Berry and Mace, 2013) and
long-term climate forecasting (Kärcher et al., 2006).

Nadir-pointing lidars have been routinely profiling the
microphysical, optical, and geometric properties of cirrus
clouds at different sites around the world for over 40 years
(see, e.g., Platt et al., 1987; Imasu and Iwasaka, 1991; Sassen
et al., 2001; Sassen and Campbell, 2001). These active opti-
cal remote sensing instruments, whose prevalence increased
following the invention of lasers (Ciofini et al., 2003), are
well suited to investigate aerosols, clouds, and light precipi-
tation (Lolli et al., 2017b; Lolli, 2021) due to their high spa-
tial and temporal resolution, as well as their distinct spectral
sensitivity. Cirrus clouds, with irregular particle sizes and
shapes, have proven ideal targets for polarized lidar profil-
ing (Sassen, 2005). Still, their early deployment and appli-
cation was sporadic and widely distributed given their nov-
elty, their highly-specialized technical nature, and the haz-
ards of operating with an active laser source. The develop-
ment and emergence of the eye-safe Micropulse Lidar sys-
tem (Spinhirne, 1993) initiated the transition of lidar tech-
nology from an episodic remote sensing tool to continuous
full-time measurements. At the beginning of the 21st century,
NASA instituted the Micropulse Lidar Network (MPLNET;
Welton et al., 2001; Campbell et al., 2002; Welton et al.,
2018) as an integral component of its Earth Observing Sys-
tem (EOS) program (Wielicki et al., 1995), designed to pro-
vide ongoing and consistent observations of Earth’s sys-
tem for advancing climate research. MPLNET contributes to
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the EOS mission by providing high-resolution, ground-based
data on cloud and aerosol vertical structure, which are cru-
cial for validating and complementing the observations from
EOS satellites. Currently, over 25 years since its constitu-
tion, MPLNET holds the most extensive continuous record
of ground-based cirrus cloud observations. The MPLNET
database allows for a unique assessment of the long-term
time evolution of cirrus cloud presence, their optical prop-
erties, and, through radiative transfer modeling, their radia-
tive effects. This research aims to identify temporal trends re-
lated to global climate forcing. This study presents the most
extensive long-term analysis of daytime cirrus cloud radia-
tive effects using a continuous 20-year dataset from NASA
MPLNET at GSFC, Maryland. Unlike previous studies that
focused on shorter temporal scales or limited geographic re-
gions, this research utilizes a unique combination of high-
resolution ground-based lidar measurements and radiative
transfer modeling to detect statistically significant trends in
cirrus cloud radiative effects at both the top of the atmosphere
(TOA) and the surface (SFC). The study also provides new
information on the interplay between cirrus clouds, surface
albedo, and climate feedback mechanisms, revealing a per-
sistent decline in radiative fluxes suggesting an evolving at-
mospheric energy balance. Using advanced statistical tech-
niques, including the Mann-Kendall test and the Sen slope
estimator, this work ensures robust trend detection despite
natural variability. The findings have direct implications for
improving climate models, as they highlight the importance
of continued ground-based lidar monitoring for assessing
long-term changes in cloud-radiation interactions. Twenty
years (2003–2022) of lidar measurements were collected at
the NASA Goddard Space Flight Center (GSFC) in Green-
belt, Maryland, USA (38.99° N, 76.85° W). The data record
is normalized, when necessary, to avoid breaks in observa-
tions due to instrument failures and unrepresented months
caused by adverse operating conditions (e.g., strong presence
of fog and/or rain and / or water clouds). The significance
of the temporal trends derived herein are characterized us-
ing both the non-parametric seasonal Mann-Kendall test in
conjunction with the slope calculated using Sen’s. Moreover,
the significance of temporal trends is determined by employ-
ing statistical methods that account for natural variability and
measurement uncertainties (Weatherhead et al., 1998a). Our
goal is to understand changes in cirrus clouds over the two-
decade record collected at GSFC. However, we also want to
understand the nature of the MPLNET record with respect
to the significance of the trends derived therein. Our objec-
tive is to comprehensively assess the scope of the MPLNET
archive for climatological research and to establish a foun-
dational framework for the collection of lidar datasets that
facilitate studies based on trend analysis.

2 Methodology

We start by describing the instruments and datasets used
in the analysis. All input products are available through
the MPLNET online data portal https://mplnet.gsfc.nasa.gov
(last access: 29 November 2025). The data used in this study
are publicly available and can be accessed through the NASA
MPLNET data portal (https://mplnet.gsfc.nasa.gov, last ac-
cess: 29 November 2025).

2.1 Instruments

2.1.1 The NASA MPLNET lidar network

The NASA MPLNET network has been operational since
1999 and consists of a collection of commercially avail-
able micropulse lidar (MPL) systems produced by LEICA
Geosystems, Lanham, MD, USA (formerly SigmaSpace)
(Welton et al., 2001). These MPL instruments (Spinhirne
et al., 1995) are single-wavelength elastic lidars and are glob-
ally deployed to support the NASA Earth Observing System
(EOS) program (Wielicki et al., 1995). MPLNET continu-
ously monitors the atmosphere every 60 s from the surface
up to 30 km. The adjustable vertical resolution of the profile
software can be set in the range of 0.030 to 0.075 km, de-
pending on the station. The network operates under any me-
teorological conditions. A minimum Signal-to-Noise Ratio
of 3 is generally required for meaningful aerosol retrievals.
The signal is considered fully attenuated when it drops to
the background noise level, which typically occurs in opti-
cally thick clouds (Cloud Optical Depth > 3.0), preventing
retrievals beyond this point. This threshold helps to ensure
that noise does not significantly distort the derived profiles
of extinction and backscatter (Campbell et al., 2002). Tem-
porary and permanent observation sites are operational in
various regions, such as the polar, mid-latitude, tropical, and
equatorial regions, to collect information on the optical and
geometric properties of aerosols and clouds. Each lidar in-
strument is usually co-located with NASA Aerosol Robotic
Network (AERONET; Holben et al., 1998) sunphotometers
to constrain the lidar ratio in the lidar inversion and reduce
uncertainties in the retrieved optical properties. This is be-
cause AERONET provides an independent and highly accu-
rate measurement of the column optical depth (OD), which
helps to more accurately separate the aerosol and cloud com-
ponents of the lidar signal during the inversion process, lead-
ing to a more precise calculation of the cloud extinction pro-
file. The MPLNET products, publicly available on the web-
site https://mplnet.gsfc.nasa.gov/ (last access: 29 November
2025), follow the modified EOS convention, which has three
levels: Level 1 and Level L1.5 data are available in near-real
time (NRT). Level 2 data is available upon request. The pri-
mary difference between L2 and L1/15 files is that L2 may
have additional post-calibrations applied as well as correc-
tions to instrument temperatures. The only difference be-
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tween the L1 and L1.5 products is that the data that do not
meet the L1.5 Quality Assurance (QA) criteria are screened
and replaced with a Not-a-Number (NaN) value in the files.

2.1.2 Measurement Site

Twenty years of lidar-derived cirrus cloud optical property
profiles were obtained from the MPLNET GSFC perma-
nent observation site. The station is located in Greenbelt,
MD, USA (38.99° N and 76.84° W) at an altitude of 50 m
above sea level. The site is classified as urban, being part of
the Washington-Baltimore metropolitan area. CALIPSO re-
gional cloud fraction is used to compute diurnal scaling fac-
tors in the CRE aggregation (Sect. 2.3).

2.2 Data Processing

This study presents for the first time the findings derived
from analyzing such an extensive data set for TOA cloud ra-
diative effect (CRE) from ground-based measurements. The
instantaneous TOA CRE was standardized by multiplying its
values by the daytime fraction of cirrus cloud occurrence,
which was derived from the 15-year record of the Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) in-
strument onboard the CALIPSO satellite that operated from
2006–2023 (Vaughan et al., 2009; Winker et al., 2009). This
normalization accounts for the fact that cirrus clouds are not
always present during the daytime. A single ground-based li-
dar provides measurements only directly overhead and there-
fore cannot produce a climatologically representative cloud
fraction for a region. CALIPSO provides a long-term and
spatially broader dataset for the fraction of cirrus clouds over
the Greenbelt area, which is necessary to scale the instanta-
neous CRE values into a diurnally and regionally representa-
tive radiative effect. Although we acknowledge the limitation
that CALIPSO measurements are not perfectly co-located in
time and space with MPLNET observations, using a long-
term (15-year) regional average is the most robust avail-
able method for this scaling. The methodology previously re-
ported in Campbell et al. (2016), Lolli et al. (2017a), Camp-
bell et al. (2021) was used to retrieve the cirrus cloud extinc-
tion profile and cloud optical depth (COD). In those previ-
ous studies, lidar observations were used to assess a yearly
and biannual analysis of CRE at three different observational
sites deployed at three different latitudes: GSFC, MD, USA
(Campbell et al., 2016), Singapore (Lolli et al., 2017a) and
Fairbanks, AK, USA (Campbell et al., 2021). These yearly
analyses put into evidence that the daytime TOA net CRE
shows latitudinal variability (South-North direction in the bo-
real hemisphere, North-South direction in the austral hemi-
sphere) due to the different average solar zenith angles at the
three different sites. The TOA net CRE is positive for equato-
rial and tropical regions, almost neutral at mid-latitudes, and
slightly negative for polar regions.

2.3 Retrieval methods

2.3.1 Cirrus cloud extinction and optical depth

Cirrus cloud retrievals and calculations of extinction and
COD are done using the same procedure from previ-
ous MPLNET CRE studies (Campbell et al., 2016; Lolli
et al., 2017a; Campbell et al., 2021; Dolinar et al., 2024).
Profiles containing single-layer cirrus clouds (that is, no
aerosols, other cloud forms, or precipitation) are selected
from MPLNET cloud detections (Campbell et al., 2008;
Lewis et al., 2016, 2020) at GSFC. The analysis workflow
first selects for profiles containing only single-layer cirrus
clouds. This is achieved by screening profiles to exclude
any cases with multiple cloud layers, low-level water clouds,
or significant aerosol layers detected below the cirrus layer
by the MPLNET algorithms. Then, using “bookend” effec-
tive lidar ratios of 20 and 30 sr, unconstrained retrievals
of the cloud extinction coefficient are performed. The term
“bookend” signifies that these two values represent well-
established lower and upper bounds for cirrus cloud lidar ra-
tios based on extensive literature (Yorks et al., 2011; Sassen
and Comstock, 2001; Lewis et al., 2016), thereby providing
a range for the retrieved optical properties that accounts for
the inherent variability and uncertainty of the true lidar ra-
tio. The profile of the extinction coefficient is integrated with
respect to altitude to provide lower (20 sr) and upper (30 sr)
limits of the COD. The effective lidar ratios are chosen based
on reported literature (Yorks et al., 2011; Sassen and Com-
stock, 2001; Lewis et al., 2016) and account for the effects of
multiple scattering. Multiple scattering, which is the process
by which a photon is scattered multiple times before being
detected by the lidar, is expected to be minimal due to the
small field of view of the MPL (100 µrad) (Comstock et al.,
2002). However, its residual effect is implicitly included in
the empirically derived effective lidar ratios, which account
for the slight enhancement of the backscatter signal due to
multiple scattering within cirrus. The cloud layer height re-
trievals are carried out using the uncertainty-based cloud de-
tection method (UCDM), as fully explained by Campbell
et al. (2008), Lewis et al. (2016). In short, the UCDM identi-
fies cloud layers by setting a detection threshold based on the
statistical uncertainty of the lidar signal. This uncertainty is
quantified as the standard deviation of the signal in a region
of the atmosphere known to be free of clouds and aerosols
(typically the upper troposphere). This uncertainty is then
used to set a threshold for cloud detection, where a signal
is identified as a cloud layer if it is significantly higher than
background noise. A signal return from a potential cloud
layer must exceed this background noise level by a statis-
tically significant margin to be identified as a cloud, thereby
minimizing false detections. Cirrus clouds are classified us-
ing the cloud top temperature threshold below −37 °C sug-
gested by Campbell et al. (2015) and cloud base tempera-
ture below −25 °C. Non-cirrus clouds, cirrus clouds with a
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Cloud Optical Depth (COD) of less than 0.005 or greater than
3.0, and all clouds identified using the gradient-based cloud
detection method (GCDM; Lewis et al., 2016) are removed
from this study. The GCDM is a complementary cloud de-
tection algorithm that identifies clouds boundaries based on
detecting strong gradients in the lidar signal, while the COD
is a dimensionless measure of the total attenuation of light by
a cloud. The meteorological profiles required for the identifi-
cation and radiative transfer of cirrus, including temperature,
specific humidity, and ozone, are derived from the Goddard
Earth Observing System Model version 5 (GEOS-5) Forward
Processing for Instrument Teams (FP-IT) atmospheric gen-
eral circulation model (Rienecker et al., 2008; Molod et al.,
2012).

2.3.2 Cirrus cloud radiative effect

The Fu-Liou-Gu Radiative Transfer Model

The Fu-Liou-Gu (FLG) radiative transfer model was specif-
ically chosen for this study because of its established ac-
curacy and flexibility in simulating radiative processes in-
volving clouds and aerosols. Compared to simpler single-
scattering or two-stream models, the FLG model effectively
accounts for multiple scattering events and spectral varia-
tion of cloud and atmospheric constituents by employing
the discrete-ordinate approach. This method significantly im-
proves the representation of radiative interactions within op-
tically thin cirrus clouds, a critical factor given their complex
optical characteristics. Moreover, previous validation studies
have demonstrated that the FLG model reliably captures both
direct and diffuse radiative components, which is essential
for accurately quantifying the subtle radiative effects of cir-
rus clouds (Fu and Liou, 1992; Gu et al., 2003). These advan-
tages make the FLG model particularly suitable for examin-
ing long-term trends in cloud radiative effects and assessing
their implications for climate studies, thus motivating its se-
lection for this analysis. FLG model is a widely used tool for
simulating the transport of broadband solar and infrared ra-
diation through the atmosphere. It was developed by Fu and
Liou (1992, 1993), and subsequently extended by Gu et al.
(2003). The FLG model solves the radiative transfer equation
using a discrete ordinate approach to represent the angular
distribution of incoming and outgoing radiation. This method
allows for both direct sun irradiance and diffuse sky radia-
tion to be considered. In addition, scattering between differ-
ent levels in the atmosphere can be considered, which greatly
improves the accuracy of simulations compared to other sim-
pler single-scattering models. The FLG model works by as-
suming that incoming solar radiation is divided into 18 total
spectral bands (6 in the solar (0.2–4 µm) and 12 in the in-
frared (4.5–1000 µm)) and the outgoing terrestrial radiation
is divided into four flux streams (visible, short-wave infrared,
long-wave infrared, and total reflected solar radiation). These
fluxes are then calculated on the basis of their reflectivity

or absorptivity depending on the properties of different lay-
ers within the atmosphere such as aerosols, clouds, or other
components like water vapor or ozone. To accurately simu-
late atmospheric processes, the FLG model requires detailed
knowledge of atmospheric properties such as temperature,
humidity, and ozone profiles, aerosol concentrations, and op-
tical thicknesses in each layer of air. These parameters are
then used to compute various quantities such as transmittance
across each layer, extinction coefficients due to scattering or
absorption by aerosols and cloud droplets/ice crystals, sur-
face reflectance, etc., all necessary components that influence
how solar energy is partitioned within an atmosphere (Fu and
Liou, 1992, 1993; Gu et al., 2003). The FLG model has been
successfully applied in numerous studies to assess the radia-
tive effect of clouds and aerosols (Tosca et al., 2017; Lolli
et al., 2019; Landi et al., 2021; Dolinar et al., 2024). In all
of those cases, instantaneous radiative effects are computed
by directly injecting the 1 min aerosol/cloud profiles at 1 min
temporal resolution and 0.075 km spatial resolution into the
FLG model. FLG then outputs the instantaneous upward and
downward solar and infrared fluxes from which the radiative
effects can be calculated at the TOA and surface.

The absolute daytime net CRE is calculated as a weighted
average that integrates radiative effects on the observed dis-
tribution of cloud optical depths, normalized by cloud and
daytime fractions. The calculation for the TOA is shown in
Eq. (1), and an analogous equation is used for the SFC.

Absolute daytime TOA net CRE (Wm−2)

=

∑
i

COD_RFi ×CRFi ×CF×DF (1)

where the summation is over all Cloud Optical Depth (COD)
bins i from 0 to 3:

– COD_RFi – Relative frequency of occurrence for cirrus
clouds in a specific COD bin i.

– CRFi – The average cloud radiative forcing (clear-sky
flux minus cloudy-sky flux) for all clouds within that
same COD bin i.

– CF – The regional cirrus cloud fraction, derived from
the 15-year CALIPSO record.

– DF – The daytime fraction (i.e., fraction of a 24 h period
that is daylight).

Similarly, the daytime surface cirrus CRE is

CRESFC
=

N∑
i=1

wi CRFSFC
i ·DFi, (2)

with identical notation to the TOA definition. For monthly
means, we average instantaneous 1 min values within calen-
dar months before aggregation. To avoid ambiguity, we re-
serve CRE for aggregated quantities and CRFi for COD-bin-
resolved forcing.

https://doi.org/10.5194/acp-26-411-2026 Atmos. Chem. Phys., 26, 411–426, 2026



416 S. Lolli et al.: Twenty years of Micropulse Lidar Network measurements

Here wi = COD_RFi ×CF is the COD-bin weight, and
DFi is the daytime fraction; CRFsfc

i = wi ×DFi denotes the
bin-mean surface CRE (W m−2) used in Eq. (2).

2.4 Long-Term Trend Analysis

The optimal method for identifying temporal trends is a non-
parametric, rank-based approach, well suited for managing
missing data, negative values, and values below detection
limits without relying on a specific statistical distribution. In
this study, we employ the Mann-Kendall (MK) test to un-
cover long-term monotonic trends, either upward or down-
ward, and use the Sen’s slope estimator to determine the
slope and its 95 % confidence limits from the median of
slopes calculated from all possible data pairs. Due to dis-
tinct seasonal patterns in many time series, the modified sea-
sonal MK test (Hirsch et al., 1982) is consistently used to
assess trends over a 12-month period. The MK test is suit-
able for small samples that are often found in environmental
studies. Furthermore, it is robust against heteroskedasticity,
which refers to the condition in which the variance of errors,
or the variability of a variable, is unequal across the range
of values of a second variable that predicts it and lacks the
assumption of normality (Mann, 1945; Kendall, 1948). Orig-
inally proposed as an extension of the Spearman rank cor-
relation test, it can identify both linear and non-linear time-
based changes unlike Spearman’s rho, which only detects lin-
ear relationships (Yue et al., 2002). Although the MK test
has greater statistical power than other trend tests, it is sen-
sitive to autocorrelation, which can increase the probability
of false positives by incorrectly rejecting the null hypothesis
of no trend (Collaud Coen et al., 2020). Because monthly se-
ries exhibit modest autocorrelation (e.g., Table 4), we did not
pre-whiten the data; instead, we quantify uncertainty using
a moving-block bootstrap that preserves serial dependence
(Sect. 2.4.1).

2.4.1 Trend estimation and uncertainty

We estimate monotonic trends using the Theil–Sen estima-
tor and assess significance with the (seasonal) Mann–Kendall
test. 95 % confidence intervals (CI) for Sen slopes are com-
puted using a moving block bootstrap (12 month blocks;
B = 2000) to preserve serial correlation. For comparison, we
report ordinary least squares (OLS) slopes with Newey–West
95 % CI. The Newey-West 95 % CI refers to confidence inter-
vals adjusted for heteroskedasticity and autocorrelation using
the Newey-West estimator.

2.5 SZA sensitivity and instrument check

We estimate an SZA-adjusted trend from CREt = β0+β1t+

β2SZAt + εt (reporting β1 with Newey–West 95 % CI), and
we repeat the Sen slopes for 2003–2009 vs. 2010–2022 to

test for an instrument-related slope change (time× post-2010
interaction).

The surface CRE trends remain significantly negative,
while the TOA trends weaken and are not statistically
significant. For SFC 20 sr, the SZA-adjusted trend is
β1 =−0.025 W m−2 yr−1 (95 % CI [−0.046, −0.003]),
and for SFC 30 sr β1 =−0.052 W m−2 yr−1 (95 % CI
[−0.098, −0.006]); both exclude zero. In con-
trast, TOA 20 sr and TOA 30 sr are β1 =−0.006
(95 % CI [−0.017, 0.004]) and β1 =−0.019 (95 % CI
[−0.044, 0.006]) W m−2 yr−1, respectively, which in-
clude zero. Theil-Sen split period slopes are consis-
tently negative in sign but imprecise within each sub-
period. SFC 20 sr: −0.025 [−0.27, 0.21] (2003–2009)
vs. −0.0010 [−0.057, 0.033] (2010–2022); SFC 30 sr:
−0.035 [−0.44, 0.40] vs. −0.015 [−0.120, 0.058];
TOA 20 sr: −0.046 [−0.242, 0.120] vs. −0.0090
[−0.046, 0.029]; TOA 30 sr: −0.048 [−0.41, 0.27]
vs. −0.015 [−0.080, 0.047]W m−2 yr−1. Taken together,
these diagnostics indicate that negative SFC trends are
robust to SZA variability, while SZA-adjusted TOA trends
are negative in sign (−0.019 to −0.0060 W m−2 yr−1), but
their confidence intervals 95 % include zero; therefore, we
treat them as suggestive but not statistically robust at the
level 95 %.

2.5.1 Minimum Detectable Trend

We estimate the minimum detectable trend at the level 95 %
(MDT95) by Monte Carlo simulation of AR(1) surrogates
that preserve monthly seasonality, series length and lag-
1 autocorrelation. For each series, we compute the Theil-
Sen slopes on 2000 null realizations and define MDT95 as
the 95th percentile of |β̂Sen|. This approach aligns with the
Weatherhead framework while accounting for serial depen-
dence and seasonal structure. See Table 4 for the values of φ,
σ , and MDT95.

1. Calculation of Lag-1 autocorrelation (φ). This mea-
sures the correlation of the time series with a one-month
delay, indicating the persistence of the signal over time.

2. Standard Deviation of Residuals (σ ). The residuals
were calculated by subtracting the mean from each data
point, and the standard deviation of these residuals was
calculated. This provides an estimate of the variability
of the data around its mean.

3. Number of Data Points (n). The total number of obser-
vations was counted, which in this dataset is 212, rep-
resenting monthly measurements over approximately
17.67 years.

4. Time Span (T ). The total time span of the data, calcu-
lated by dividing the number of data points by 12, gives
the duration of the dataset in years.
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Table 1. SZA–adjusted trends (β1 with Newey–West HAC(12) 95 % CI) and split-period Theil–Sen slopes (95 % CI). Units: W m−2 yr−1.

Series β1 (95 % CI) Sen 2003–2009 (95 % CI) Sen 2010–2022 (95 % CI)

SFC 20 sr −0.025 [−0.046, −0.0030] −0.025 [−0.27, 0.21] −0.001 [−0.057, 0.033]
SFC 30 sr −0.052 [−0.098, −0.0060] −0.035 [−0.44, 0.40] −0.015 [−0.12, 0.058]
TOA 20 sr −0.006 [−0.017, 0.0040] −0.046 [−0.24, 0.12] −0.0090 [−0.046, 0.029]
TOA 30 sr −0.019 [−0.044, 0.0060] −0.048 [−0.41, 0.27] −0.015 [−0.080, 0.047]

β1 from CREt = β0 +β1t +β2SZAt + εt with HAC(12) 95 % CI. Sen slopes use a 12-month moving-block bootstrap for 95 % CI.

5. Minimum Detectable Trend (MDT95). Using the for-
mula:

MDT95 =
σ
√

1+φ
√
n× T

(3)

where σ is the standard deviation, φ is the lag-1 autocor-
relation, n is the number of data points and T is the time
interval in which the minimum detectable trend was
calculated. This metric denotes the minimal detectable
trend within the provided dataset, considering its intrin-
sic variability and autocorrelation (Weatherhead et al.,
1998a).

Table 1 summarizes the SZA-adjusted trends and split-
period Theil–Sen slopes for the TOA and surface daytime
cirrus CRE series.

3 Results

3.1 Daytime cirrus cloud dataset statistical analysis

The optical properties of the daytime cirrus clouds (for exam-
ple, the vertical extinction coefficient and the optical depth)
were obtained from the MPLNET cloud product version 3
(CLD; Lewis et al., 2016). Consistently with Campbell et al.
(2016), we define daytime clouds as those when the incom-
ing solar flux is greater than the total (solar+ IR) outgo-
ing clear-sky flux at the TOA. Moreover, we conduct a vi-
sual inspection to ensure a consistent database with balanced
monthly data, checking for potential interruptions due to ini-
tial data collection errors, changes in measurement methods,
or equipment failures. The CRE cannot be considered a con-
tinuous variable such as temperature because it depends on
the presence of cirrus clouds. In this study, we apply the
seasonal Mann-Kendall nonparametric test along with Sen’s
slope to the monthly averaged daytime cirrus CRE and opti-
cal depth from 2003 to 2022. Figure 1 shows that the incon-
sistent occurrence of cirrus clouds results in minimal auto-
correlation.

Cirrus clouds are identified using a cloud top temperature
threshold of −37 °C, based on NASA GEOS-5 meteorolog-
ical data (Campbell et al., 2015), along with the retrievals
of unconstrained extinction coefficients using lidar ratios of
20 and 30 sr. The COD is computed as the product of the

Figure 1. Autocorrelation of the monthly averaged Cloud Radiative
Effect (CRE), showing no significant autocorrelation in the data.

Figure 2. Histogram of the number of valid 1 min cirrus cloud pro-
files used for analysis each month. 85 % of months have an average
of at least 1000 cloud samples, ensuring robust monthly statistics.

lidar spatial resolution and the atmospheric extinction pro-
file. If corresponding to a daytime cirrus cloud, the extinc-
tion profile is then input into FLG to compute the TOA and
SFC CREs. Figure 2 illustrates that, in 85 % of months, the
monthly averages are derived from at least 1000 valid 1-min
profiles.
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Figure 3. Seasonal distributions of cloud top temperature, altitude, and depth, estimated using a 30 sr lidar ratio, over a 20-year period.
Cloud top temperature peaks around −55 °C, cloud top altitude around 13–14 km, and cloud depth is predominantly less than 2 km, showing
minimal seasonal variations across all metrics. Histogram colors represent different ranges of cloud optical depth:blue indicates optically thin
cirrus (COD < 0.03), yellow represents semi-transparent cirrus (0.03< COD< 0.3), and red denotes optically thick cirrus (COD > 0.3).

Figure 3 illustrates a comprehensive statistical analysis of
three key cloud-related parameters, cloud top temperature,
cloud top altitude, and cloud geometric depth averaged over
different temporal windows for the 20-year database esti-
mated from the 30 sr solution. The histograms display the rel-
ative frequency distributions of these parameters for the an-
nual average and for each season: DJF (December, January,
February), MAM (March, April, May), JJA (June, July, Au-
gust), and SON (September, October, November). The first
row of histograms shows the distribution of cloud top temper-
ature, which ranges from approximately−80 to−30 °C. The
distribution is roughly Gaussian in shape, with a peak around
−55 °C. There are subtle variations across seasons, indicat-
ing that while cloud top temperatures are relatively stable on
an annual basis, there are minor seasonal fluctuations. The
second row represents the distribution of the cloud top al-
titude, spanning from around 6 to 18 km. These histograms
also follow a Gaussian-like distribution, reaching a peak at
approximately 13–14 km. Similarly to temperature, seasonal
differences in altitude are minimal, suggesting a consistent
vertical structure of clouds throughout the year. The third row
focuses on the depth of the cloud, showing a different distri-
bution compared with the other parameters. The distribution
of cloud depth is skewed towards lower values, with a rapid
decline in frequency as depth increases from 0 to 7 km. This
indicates that shallow clouds dominate the dataset. Although

the proportion of shallow versus deep clouds shows slight
seasonal variation, the overall pattern remains consistent. In
summary, the data suggest that cloud characteristics such as
top temperature and altitude are relatively stable across dif-
ferent temporal windows, with only minor seasonal varia-
tions, whereas cloud depth exhibits a skewed distribution that
consistently favors shallower clouds throughout the 20-year
period.

3.2 Surface albedo

The albedo is a measure of surface brightness, and its signif-
icance in radiative transfer models stems from the fact that
it influences how much incoming solar radiation is reflected
by the surface. Albedo is defined as the percentage of incom-
ing solar energy reflected by the Earth’s surface (Ineichen
et al., 1990). The quantity of energy absorbed by a medium
is determined by its albedo; for example, surfaces with higher
albedo, such as snow-covered areas, absorb less energy than
surfaces with lower albedo, such as darker soils. The FLG
radiative transfer model requires surface albedo as input to
compute cloud heating rates and radiative effects. Changes
in surface albedo produce significant effects on the Earth-
atmosphere radiative budget. In this study, for broadband so-
lar reflection, the monthly mean gridded surface albedo (with
1°× 1° resolution) of the Clouds and Earth Radiant Energy
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System (Wielicki et al., 1995) SYN1deg, version 4 product
is used. The surface IR emissivity is set at 0.98 and is con-
sidered constant. The observed negative trends, particularly
pronounced during the winter and summer months, indicate
an evolving atmospheric energy balance that could contribute
to regional warming through positive feedback mechanisms.
Concurrently, a significant decline in surface albedo, driven
likely by reductions in snow and ice coverage, further ampli-
fies these implications, underscoring the climatological sig-
nificance of the observed radiative trends. Detailed statistical
findings from the Mann-Kendall trend test and Sen slope val-
ues are described in the following subsections.

3.3 Cirrus cloud atmospheric radiative effects

In this section, we perform a long-term trend analysis of
the atmospheric radiative effects of cirrus clouds during the
day (see, e.g., Fig. 4). A positive (negative) TOA CRE in-
dicates warming (cooling) of the Earth-atmosphere system.
The seasonal MK test is performed on monthly-averaged
daytime CRE observations, which are calculated by aver-
aging all instantaneous 1 min CRE values (derived for each
valid cirrus profile) within a given calendar month. We con-
sider trends statistically significant at the 95 % confidence
level (p < 0.05). Over 2003–2022, Theil–Sen slopes (95 %
CI) are: TOA 30 sr −0.037Wm−2 yr−1 [−0.076,−0.012];
TOA 20 sr −0.019 [−0.039,−0.005]; SFC 30 sr −0.068
[−0.139,−0.021]; SFC 20 sr −0.031 [−0.066,−0.005].
The summary of results is presented in Table 3 and pro-
vides a comprehensive summary of the temporal trends of
various atmospheric and surface parameters using the Mann-
Kendall trend test. SZA increases by +0.24° yr−1 (95 % CI
[+0.016,+0.462]). Adjusting for SZA reduces the magni-
tudes of the TOA trend and removes 95 % significance (TOA
20 sr: −0.0063 [−0.017,+0.0040]; TOA 30 sr: −0.019
[−0.044,+0.0060] W m−2 yr−1). Surface trends remain sig-
nificantly negative after adjustment (SFC 20 sr: −0.025
[−0.046,−0.0030]; SFC 30 sr:−0.052 [−0.098,−0.0060]).

The variables analyzed include TOA and SFC net CREs
and COD estimated from 20 and 30 sr lidar ratios. The re-
sults of the Mann-Kendall trend analysis indicate a statisti-
cally significant decreasing trend over 20 years in TOA20sr,
TOA30sr, SFC20sr and SFC30sr (p < 0.05), confirming the
presence of a negative trend in these radiation components.
This implies that the net radiative effect during the day, both
at the TOA and surface, is decreasing over time, which could
have implications for changes in atmospheric and surface
energy balances. The associated Sen slopes are then nega-
tive, indicating the annual rate of reduction. For example, the
TOA30sr exhibits a Sen slope of −0.031 W m−2 yr−1.

3.4 Other cloud-related parameters

Parameters such as cloud top temperature (CTT), cloud base
temperature (CBT), cloud top height (CTH), and cloud base

height (CBH) do not show statistically significant trends, as
evidenced by p values that exceed the threshold of 0.05. This
suggests the absence of notable alterations in cloud charac-
teristics, including both temperature and altitude. However,
SZA and cloud occurrence (i.e., count) show an increasing
trend with a Mann-Kendall p value of 0.021 and 0.048, re-
spectively. The observed increasing trend in SZA, character-
ized by a Sen’s slope of 0.23 yr−1, may indicate, together
with the count data, a significant improvement in the MPL
cloud detection capabilities. In particular, in 2010, the instru-
ment was upgraded to a newer version that incorporated an
enhanced signal-to-noise ratio. The larger SZA generally re-
duces the solar background at the detector, but it also changes
illumination geometry and atmospheric path length; to iso-
late this effect, we estimated SZA-adjusted trends (Sect. 2.5).

Segmented trends indicate weaker slopes after 2010: TOA
30 sr −0.048 (2003–2009) vs. −0.015 (2010–2022) and
TOA 20 sr −0.046 vs. −0.0096 W m−2 yr−1. An OLS in-
teraction test (time × after 2010) finds no significant slope
change (p = 0.19–0.97).

Overall, the decreasing trends in shortwave radiation com-
ponents suggest changes in atmospheric transparency or
cloud cover that might affect Earth’s radiative balance. The
unchanged optical properties of the clouds together with their
altitude suggest that these factors may not be the primary
drivers of the observed radiative trends.

These trends exceed their detectability thresholds as quan-
tified by MDT95; see Table 2. For all four CRE series, |β̂|
exceeds MDT95 by 16 % to 49 %, confirming that trends are
detectable at the level of 95 %.

3.5 Cirrus cloud optical depth

We performed the seasonal MK test with Sen’s slope estima-
tion to assess long-term trends in cloud optical depth at both
20 and 30 sr (not shown). The results show that no discernible
long-term monotonic global trend could be identified with
confidence 95 %, as evidenced by the p values of 0.22 and
0.19, respectively. This implies that the optical properties of
the cirrus clouds remained relatively constant throughout the
20-year period.

3.6 Long-term surface albedo trend

Analysis of monthly mean CERES surface albedos in GSFC
showed a 20-year global negative trend at a confidence level
95 %. The results of the global trend are shown in Fig. 5. Sur-
face albedo directly influences the daytime radiative trans-
fer calculations, where a decreasing albedo translates into
more absorbed radiation by the surface, reducing the re-
flected shortwave flux at both the surface and at the TOA.
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Figure 4. Temporal trends in CRE at the SFC (left) and TOA (right) from 2003 to 2022 using (blue) 20 sr and (red) 30 sr. Each point is the
monthly average value with the Sen’s slope overlaid. Confidence intervals are represented as shadows, and values reported in the legend.

Table 2. Trend detectability (Sen slope with 95 % CI), minimum detectable trend (MDT95), and ratio R = |β̂| /MDT95. Units for slopes
and MDT95: W m−2 yr−1.

Series Sen slope 95 % CI MDT95 R Detectable

SFC 20 sr −0.031 [−0.064, −0.003] 0.022 1.41 yes
SFC 30 sr −0.068 [−0.135, −0.018] 0.046 1.49 yes
TOA 20 sr −0.019 [−0.039, −0.005] 0.017 1.16 yes
TOA 30 sr −0.037 [−0.076, −0.012] 0.030 1.24 yes

Figure 5. Surface albedo 20-years trend analysis is statistically sig-
nificant with a negative Sen’s slope of −0.00036 yr−1.

3.7 Climatological significance of the trends

We evaluated the minimum detectable trend for statistically
significant MK trends. Comparing the observed trend mag-
nitudes (Sen’s slope from Table 3) with the calculated Min-
imum Detectable Trends (MDT95, Table 2) confirms the ro-
bustness of our findings. For example, the Sen slope for

TOA30sr was −0.035 W m−2 yr−1, which is substantially
higher than its MDT95 of 0.0063 W m−2 yr−1. Likewise, the
observed albedo trend of−0.00036 yr−1 is three times larger
than its detection limit of 0.00012 yr−1. This comparison
demonstrates that the key trends identified in this study are
statistically robust signals and not artifacts of intrinsic noise
or length.

3.8 Seasonal Analysis

The variability of statistically significant temporal trends
over 20 years of measurements is also analyzed by sea-
son. The complete database is divided into four main
seasons, December–January–February (DJF), March–April–
May (MAM), June–July–August (JJA), and September–
October–November (SON).

Seasonal analyses at both the SFC and TOA (Ta-
ble 5) indicate consistent negative trends throughout all
seasons, suggesting a reduction in radiative flux over the
years. For SFC variables, during the winter months (DJF),
SFC20sr shows a decreasing trend with a Sen slope of
−0.053 W m−2 yr−1, while SFC30sr exhibits a stronger
decline with a Sen’s slope of −0.12 W m−2 yr−1, indi-
cating a more pronounced reduction. In spring (MAM),
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Table 3. Mann-Kendall (MK) and Sen slope results for 20-year trends across variables. Bold means that Sen’s slope is statistically significant,
while italic means that it is no trend.

Variable MK Trend MK p value Sen’s slope MK Z MK S

TOA20sr decreasing 0.012 −0.017 W m−2 yr−1
−2.44 −118

TOA30sr decreasing 0.020 −0.035 W m−2 yr−1
−2.31 −111

SFC20sr decreasing 0.031 −0.027 W m−2 yr−1
−2.15 −104

SFC30sr decreasing 0.042 −0.048 W m−2 yr−1
−2.05 −99

COD20sr no trend 0.22 n/a −1.24 −60
COD30sr no trend 0.19 n/a −1.31 −63
albedo decreasing 0.035 −0.00036 yr−1

−2.15 −104
CTT no trend 0.55 n/a 0.61 29
CBT no trend 0.35 n/a −0.94 −45
CTH no trend 0.43 n/a 0.80 38
CBH no trend 0.39 n/a 0.86 41
SZA increasing 0.021 +0.24 yr−1 2.26 109
Counts increasing 0.048 +30.56 yr−1 1.90 92

MK S: Kendall’s S statistic (sum over all pairwise sign comparisons). MK Z: standardized S (approximately
standard normal under the no-trend null). Sen’s slope: median of all pairwise slopes; robust to outliers. Units
for CRE: W m−2 yr−1. n/a= not applicable.

Table 4. Lag-1 autocorrelation (φ), standard deviation (σ ), and minimum detectable trend (MDT95) for the selected parameters.

Parameter Lag-1 φ Std. dev. σ MDT95

TOA20sr 0.57 0.85 W m−2 0.0041 W m−2 yr−1

TOA30sr 0.49 1.32 W m−2 0.0063 W m−2 yr−1

SFC20sr 0.21 0.92 W m−2 0.0039 W m−2 yr−1

SFC30sr 0.22 1.89 W m−2 0.0081 W m−2 yr−1

albedo 0.25 0.01 (dimensionless) 0.00012 yr−1

SZA 0.70 9.27° 0.05° yr−1

Count 0.49 802.77 counts 3.80 counts yr−1

φ: lag-1 autocorrelation estimated on monthly anomalies (monthly climatology removed). σ :
standard deviation of the same anomalies (units as shown). MDT95: 95th percentile of |β̂Sen|
from AR(1) null simulations that preserve monthly seasonality and series length.

SFC20sr shows a slight negative trend with a Sen slope of
−0.018 W m−2 yr−1, while SFC30sr has a more substan-
tial decrease of −0.056 W m−2 yr−1. The summer season
(JJA) shows a moderate negative trend for SFC20sr with a
Sen slope of −0.035 W m−2 yr−1, while SFC30sr continues
to demonstrate a stronger decline of −0.0630 W m−2 yr−1.
In the fall months (SON), SFC20sr exhibits a small neg-
ative trend with a Sen slope of −0.0169 W m−2 yr−1, and
SFC30sr has a comparable downward trend with a slope
of −0.0360 W m−2 yr−1. For the TOA variables, during
DJF, TOA20sr shows a negative trend with a Sen slope of
−0.0276 W m−2 yr−1, while TOA30sr exhibits a steeper de-
cline with a slope of −0.1054 W m−2 yr−1.

In MAM, both TOA20sr and TOA30sr show sim-
ilar decreasing trends with slopes of −0.0435 and
−0.053 W m−2 yr−1, respectively. Summer (JJA) shows neg-
ative trends with TOA20sr at −0.0365 W m−2 yr−1 and
TOA30sr at −0.0645 W m−2 yr−1. In SON, the trends con-
tinue with TOA20sr at −0.0354 W m−2 yr−1 and TOA30sr

at −0.047 W m−2 yr−1. The observed decreasing trends in
daytime net radiative fluxes at both the TOA and the sur-
face emphasize potential shifts in regional climate dynam-
ics, particularly during the winter and summer seasons. The
pronounced decrease in surface albedo, especially during the
winter months, suggests a decrease in snow cover, likely
driven by regional warming, which could amplify surface
warming through positive feedback mechanisms. The signif-
icant decrease in surface albedo, especially during the winter
months, further underscores potential shifts in local climate
systems, possibly accelerating snow and ice melt and influ-
encing broader environmental conditions. Overall, the anal-
ysis indicates that both surface and TOA cirrus CREs are
decreasing consistently across all seasons, with the reduc-
tions generally being more pronounced at 30 sr compared
with the 20 sr solution. The SFC variables generally show
stronger seasonal trends than the TOA, especially in winter
(DJF), where the slope of SFC30sr is much steeper than the
slope of TOA30sr. This could indicate a greater variability
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or sensitivity in surface radiative flux compared to the TOA
flux in the winter season. In other seasons like MAM and
SON, the trends for both SFC and TOA variables are more
aligned in magnitude, suggesting more uniform changes in
radiative fluxes across different atmospheric layers. Overall,
while both SFC and TOA show consistent negative trends,
the magnitude of these trends is more variable at the surface
level, particularly for the SFC30sr variable, which shows the
steepest seasonal declines across the board.

Seasonal analyses of surface albedo and SFC/TOA cir-
rus CREs reveal similarities and differences in their trends
between seasons. albedo shows a consistent negative trend
in all seasons, indicating a decrease in reflectivity over
time. This aligns with the general reduction in the sur-
face and TOA radiative fluxes. In winter (DJF), albedo
has a negative trend of −0.00064 yr−1, which corresponds
to significant reductions in SFC20sr and SFC30sr (−0.05
and−0.12 W m−2 yr−1, respectively) and substantial decline
in TOA30sr (−0.07 W m−2 yr−1). This suggests that a de-
crease in reflectivity could be contributing to the reduc-
tion in radiative flux at both surface and atmospheric lev-
els. In spring (MAM), the albedo trend is less steep at
−0.00025 yr−1, while SFC and TOA also show less pro-
nounced decreases, with SFC20sr and SFC30sr at−0.02 and
−0.06 W m−2 yr−1, respectively, and TOA20sr and TOA30sr
at −0.01 and −0.03 W m−2 yr−1. This partial agreement in-
dicates a weaker correlation between changes in albedo and
radiative flux during spring. In summer (JJA), the albedo
trend remains negative at−0.00040 yr−1, with SFC and TOA
showing similar decreasing trends, particularly for SFC30sr
and TOA30sr (−0.06 and −0.05 W m−2 yr−1, respectively),
suggesting a more direct relationship between reduced re-
flectivity and declining radiative fluxes. Finally, in autumn
(SON), the trend of albedo is −0.00036 yr−1, which is con-
sistent with milder decreases in the SFC20sr and SFC30sr
variables (−0.02 and −0.04 W m−2 yr−1) and the TOA vari-
ables (−0.01 and −0.02 W m−2 yr−1).

Summarizing, the surface albedo declines by −3.00×
10−4 yr−1 (Sen; 95 % CI [−5.18×10−4,−1.65×10−4

]) and
−4.24× 10−4 yr−1 (OLS; 95 % CI [−6.26× 10−4,−2.23×
10−4
]).

This indicates a more coherent trend among all variables
during the fall. In general, while there is general agreement
between the albedo, SFC, and TOA trends in each season,
the strength of their correlation varies, with stronger align-
ment in winter and summer and partial agreement in spring
and fall. The solar zenith angle has a large influence on the ra-
diative effects of the cirrus cloud, so understanding how this
angle changes in reference to the long-term trend is crucial.
We mentioned previously that MPLNET instrument designs
changed in 2010, thus improving the signal-to-noise ratio and
increasing cloud detection. Table 5 supports this technical
advancement, where the seasonal trends in the SZA are all in-
creasing. We would be remiss to not mention that the increas-
ing trends in SZA may also be due to a systematic behavior

change in cloud presence over the diurnal cycle. Quantifying
this distinction is beyond the scope of this study. Trends in
SZA are largest during the summer months (JJA) when there
are more available daylight hours and the sun is higher in the
sky.

3.9 Discussion

Seasonal analyses of surface albedo and cirrus cloud ra-
diative effects (CRE) at the surface (SFC) and top-of-
atmosphere (TOA) reveal consistent negative trends across
all variables, suggesting a general reduction in net radiative
flux over the last 20 years. albedo, which represents Earth’s
surface reflectivity, shows a persistent decrease across all
seasons, with the most significant reductions observed dur-
ing winter (DJF) and summer (JJA). This declining trend
in albedo indicates that less solar radiation is being re-
flected back into the atmosphere, leading to increased ab-
sorption by the surface and contributing to the observed de-
creases in cirrus CRE at both the SFC and TOA. During win-
ter, the reduction in albedo, particularly at −0.00064 yr−1,
is accompanied by substantial decreases in SFC and TOA
CRE. The SFC20sr and SFC30sr variables show decreases
of −0.05 and −0.12 W m−2 yr−1, respectively, while the
TOA20sr and TOA30sr variables show reductions of −0.03
and −0.07 W m−2 yr−1. This alignment of trends suggests
that the decreased reflectivity, likely due to less snow and
ice cover (a trend supported by regional climate studies, e.g.,
Dyer and Mote, 2006), plays a significant role in the observed
radiative flux changes. As snow and ice are highly reflective,
their reduction in winter decreases albedo, allowing more so-
lar energy to be absorbed by the surface, subsequently low-
ering the outgoing radiative flux at both SFC and TOA. The
drop in the radiative effect at the surface and TOA has impor-
tant implications for weather and climate alike. A decrease in
albedo and subsequent reduction in radiative flux can lead to
surface warming, which may accelerate snow and ice melt,
creating a feedback loop that further reduces albedo and in-
creases surface temperatures. This process can alter local
and regional weather patterns, potentially leading to warmer
winters with less snow cover and more variability in tem-
perature and precipitation. Furthermore, changes in radiative
flux at the TOA can influence large-scale atmospheric cir-
culation patterns, potentially impacting weather systems and
contributing to more extreme weather events. The identified
trends underscore the intrinsic link between albedo, radiative
flux, and climate dynamics, highlighting the importance of
attentive observation of these alterations due to their signifi-
cant impact on future climate and weather systems. Although
our findings provide robust evidence for statistically signif-
icant radiative trends, the analysis is constrained by certain
methodological limitations. Specifically, a key limitation is
the instrument upgrade that occurred in 2010. This upgrade
improved the signal-to-noise ratio, likely enhancing the de-
tection of optically thinner cirrus, particularly at higher solar
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Table 5. Mann-Kendall Test and Sen’s Slope Results for 20-Year seasonal trends Across CRE at TOA and SFC.

Season
SFC20sr SFC30sr TOA20sr TOA30sr SZA albedo

[W m−2 yr−1] [W m−2 yr−1] [W m−2 yr−1] [W m−2 yr−1] [° yr−1] [yr−1]

DJF −0.053 −0.120 −0.033 −0.065 0.049 −0.00064
MAM −0.018 −0.056 −0.012 −0.026 0.155 −0.00024
JJA −0.035 −0.063 −0.023 −0.047 0.260 −0.00040
SON −0.017 −0.036 −0.013 −0.022 0.210 −0.00035

zenith angles. This may have introduced an artificial posi-
tive trend in cloud counts and a potential bias in the CRE
trends. While the stable trend in COD suggests this effect
may be small, a more rigorous segmented trend analysis (pre-
and post-2010) would be required to quantify this potential
bias. Similarly, while an increasing trend in SZA was iden-
tified, a sensitivity study to quantify its impact on the CRE
trends was not performed. While this study uses p values to
establish statistical significance, we also acknowledge that
confidence intervals for the Sen’s slope estimator were not
calculated, which would provide a quantitative measure of
uncertainty in the trend magnitudes. Specifically, this study
uses observations from a single site in Greenbelt, Maryland,
which may not fully represent broader global trends or vari-
ability. To mitigate these limitations, future research should
incorporate additional MPLNET sites in varying geographic
and climatic regions and employ multilayer cloud radiative
transfer models to better capture the complexity of cloud-
radiation interactions. To further address the methodological
limitations identified in this analysis, future studies should
analyze data from additional MPLNET sites that cover di-
verse geographical and climatic regions. This broader spatial
perspective would provide a clearer picture of global vari-
ability and trends in radiative effects of the cirrus cloud.
Moreover, incorporating multilayer cloud and aerosol radia-
tive transfer modeling could significantly enhance the accu-
racy and realism of cloud-radiation interactions in climato-
logical assessments. Finally, targeted in situ measurements
and remote sensing studies that better characterize the mi-
crophysical properties of cirrus clouds, particularly ice crys-
tal shape and size distributions, would improve the reliability
of radiative forcing estimates and further refine their repre-
sentation in climate models.

Figure 4 shows the monthly daytime CRE time series at
the surface and TOA for lidar ratios of 20 and 30 sr together
with the corresponding Sen’s slopes.

4 Conclusions and future perspectives

In this paper, the results of a 20-year trend analysis for the
radiative effects and optical properties of daytime optically
thin cirrus clouds were reported. This analysis provides ro-
bust evidence of significant declining trends in daytime cir-
rus cloud radiative effects and surface albedo over a 20-year

observational period, underscoring an evolving atmospheric
energy balance with substantial climatological implications.
The persistent decrease in radiative flux at both the top of at-
mosphere (TOA) and surface (SFC), coupled with the signif-
icant reduction in surface albedo, likely driven by decreas-
ing snow and ice coverage, suggests the presence of posi-
tive climate feedback mechanisms, potentially intensifying
regional warming and altering atmospheric circulation pat-
terns. These findings highlight the crucial role of continu-
ous ground-based lidar observations, such as those provided
by MPLNET, in the accurate monitoring and quantification
of long-term atmospheric changes. In addition, the insights
gained through this analysis underline the importance of im-
proving cloud representation in climate models, emphasiz-
ing the need for improved observational constraints to en-
hance future climate projections and inform climate adapta-
tion strategies. The results discussed in this study are based
on the longest record of ground-based cirrus cloud measure-
ments, from 2003 to 2022, taken from the NASA Micropulse
Lidar Network at Goddard Space Flight Center, Greenbelt,
MD, USA. Herein, cirrus clouds are defined with a cloud top
temperature threshold (<−37 °C), an optical depth thresh-
old (< 3.0), and lidar-derived extinction coefficients are con-
strained using 20 and 30 sr lidar ratios. Each 1 min aver-
age single layer daytime cirrus cloud extinction coefficient
profile was injected into the Fu-Liou-Gu radiative transfer
model to compute its cloud radiative effect (CRE, W m−2)
both at the top of the atmosphere (TOA) and at the surface
(SFC). The instantaneous radiative effects were then nor-
malized by the daytime fraction and cloud fraction obtained
from the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) instrument onboard of Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) satel-
lite observations. To perform a long-term trend analysis and
reduce noise, the instantaneous CRE values were averaged
monthly, from which the seasonal Mann-Kendall statistical
test with Sen’s slope were performed. The trends in CRE are
statistically significant at the confidence level 95 % in both
TOA and SFC and at 20 and 30 sr. At the TOA there is a net
decrease of flux of−0.017 (20 sr) and−0.035 (30 sr) W m−2

per year and −0.027 (20 sr) and −0.048 (30 sr) W m−2 per
year at the SFC. Moreover, the surface albedo exhibits a
statistically significant seasonal Mann-Kendall test over the
two decades. The surface albedo decreased at a rate of
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−0.00036 yr−1. Lower albedo values increase the absorbed
energy of the surface, which translates to reduced reflected
shortwave radiative at both TOA and SFC. Although crucial
for assessing a climatologically significant trend in the net
radiative effect of cirrus clouds during the day, this study
shows some limitations due to the proposed methodology.
Our quantitative results are specific to a single, long-duration
MPLNET site and reflect local sampling, instrument char-
acteristics, and regional meteorology. While the qualitative
satellite context indicates that our site-based trends are con-
sistent in sign with co-located regional satellite products, we
refrain from generalizing the magnitudes beyond the site. A
multi-site MPLNET synthesis and a systematic comparison
with satellite CRE and albedo across diverse regimes are nat-
ural next steps.

For one, the radiative effects of aerosols (and other clouds)
are not taken into account. The Fu-Liou-Gu radiative trans-
fer model computations are instantaneous and only run on
single-layer cirrus clouds, which, of course, limits the accu-
racy in assessing their true radiative effects within the en-
tire climate system. Furthermore, there are many unknowns
regarding the microphysical and optical properties of cirrus
clouds, such as the size and shape of ice crystals, which can
influence their radiative behavior (see, e.g., Dolinar et al.,
2024). Cirrus clouds are the only cloud type that, during the
daytime, might cool or warm the Earth atmosphere system
depending on their location, optical thickness, and underly-
ing surface properties. For this reason, the scientific commu-
nity recommends further research and continued monitoring
to better understand the role of cirrus clouds in the broader
context of climate change and to reduce uncertainty in our
understanding of their impact. Our results align closely with
the themes highlighted in recent IPCC assessment reports,
highlighting the intricate interplay between clouds, aerosols,
and radiative forcing. These reports underscore the need for
improved clouds representation in weather and climate mod-
els due to their substantial influence on the global energy bal-
ance. Given this, ongoing investment in long-term observa-
tional networks such as MPLNET remains critical, providing
essential datasets to validate and improve weather forecasts
and climate predictions. Continued efforts to refine cloud pa-
rameterization and sustained observational efforts are vital
to improving our understanding and predictions of climate
change and guiding effective policy interventions.
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