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Recent studies have shown that the presence of cirrus clouds in the Amazon is higher than in other tropical
regions, but also that convective activity in the region is decreasing, which could mean a decrease in high clouds.
We used data from 2009 to 2016 from Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), aboard

(S:A;Iiglp distribution Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), to study cirrus over the Amazon.
TIr’en ds Here we report on an analysis of the frequency of occurrence, base and top altitude, geometric thickness, and

optical depth for the whole Amazon, as well as their spatial distribution and medium-term trends. A total of
1,473,863 vertical profiles were analyzed containing 728,123 cirrus layers, being 37.0% in the wet and 21.2% in
the dry season. They are evenly distributed throughout the region during the wet season and concentrated in the
northwest of the Amazon during the dry season. In terms of cloud optical depth (COD), most cirrus were optically
thin (0.03<COD<0.3), with a relative frequency of 43.9%, while subvisual (COD<0.03) and thick (COD>0.3)
corresponded to 22.0 and 34.1%, respectively. The results indicate a significant reduction in the frequency of
cirrus occurrence of 1.3 £+ 0.3% per year in the wet season, accompanied by a reduction of the geometric
thickness of the thickest cirrus by 57 + 18 m. This corroborates previous reports of a reduction of convective

activity and high cloud fraction in the region.

1. Introduction

Clouds cover about 70% of the planet’s surface (Lohmann et al.,
2016) and are key elements of the climate system. They can participate
in both the terrestrial albedo and the re-emission of thermal radiation,
depending on their macro and microphysical properties (Liou, 2002;
Trenberth, 2022). However, they manifest enormous spatial and tem-
poral variability, which makes their representation in computational
models difficult. In fact, the greatest uncertainties in forecasts for the
future climate are related to uncertainties in the distribution and prop-
erties of clouds and aerosols, as well as the interactions between them
(Solomon et al., 2007), a reality that has persisted in recent decades
(Stocker et al., 2013; Arias et al., 2021).

Among the different types of clouds are cirrus, which are high clouds
made entirely of ice crystals, with a cloud base above 8 km, and a cloud
top temperature below —37° (e.g., Seifert et al., 2007; Campbell et al.,
2015). In the tropics, these clouds are commonly formed from deep
convection through the detachment and dispersion of the anvils (Liou,
2002; Larsgard, 2008; Gouveia, 2018). They remain for hours or days in
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the atmosphere and have a net warming effect (Liou, 2002; Lee et al.,
2009; Berry et al., 2019). Given the high incidence of solar radiation and
the warm temperatures, tropical cirrus have an important radiative ef-
fect in both the short and long wavelengths (Gouveia, 2018). Hence,
changes in their properties could aggravate or ameliorate global
warming (Zhu, 2011). Hence, understanding cirrus properties and how
they might be changing, particularly in the tropics is of utmost
importance.

Over the Amazon, Gouveia et al. (2017) performed the character-
ization of optical and geometric properties of cirrus near the city of
Manaus, using one year of data from a ground-based lidar system. They
found higher frequencies of occurrence than those reported for other
tropical regions, with values above 50% in the dry season and reaching
up to 88% during the wet season. Sena et al. (2018) used data from
International Satellite Cloud Climatology Project (D1 product) and Geo-
stationary Operational Environmental Satellites (GOES)-6,-7,-8 and —12, to
investigate the variability in the seasonal cycle of convection in the
Amazon basin. They noted a significant reduction in cloud cover over
the past few decades, with a maximum rate of reduction of about 6% per
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year at 1200 UTC (0800 LT) in central and eastern Amazon. They also
found that the drop in the high cloud cover fraction is the main factor
contributing to this reduction in the overall cloud cover in this region.

The present study aimed to characterize cirrus clouds over the
Amazon and assess whether there are significant trends in their prop-
erties. We used data from the Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP), aboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) for the entire Amazon and the
period 2006-2019, as described in Section 2. We present a cirrus
climatology including frequency of occurrence and optical and geo-
metric properties for the entire region and period studied. We then
evaluate their spatial distribution and estimate possible future trends in
these properties (Section 3), finally leading to the discussions and con-
clusions set out in Section 4.

2. Materials and methods
2.1. CALIOP observations

Launched in 2006, CALIPSO has provided a detailed description of
the atmosphere (Winker et al., 2010). CALIOP, its main instrument, is a
dual-wavelength lidar acquiring vertical elastic backscatter profiles at
532 and 1064 nm. The observation angle is close to nadir, about 0.3°
from launch until November 2007 and 3.0° thereafter. It also measures
the volume depolarization ratio at 532 nm that, combined with the
attenuated backscatter coefficients, is used for the discrimination be-
tween water and ice phases in clouds, as well as to identify non-spherical
aerosol particles (Hu et al., 2009; Avery et al., 2020). Its sampling res-
olution (both horizontal and vertical) varies with altitude, with samples
being averaged according to the height in which they are identified
(Vaughan et al., 2009, 2023).

The latest major release of CALIPSO data set is version 4.00 from
April 2014, which was later updated to 4.10 in November 2016, and
4.20 in October 2018 NASA (2022). Improvements in the calibration for
the V4 relative to the V3 datasets are described by Getzewich et al.
(2018) and Kar et al. (2018). In the present work, cloud layer data
products (hereafter “CLay” product), level 2, version 4.20, with hori-
zontal resolution of 5 km are used (NASA/LARC/SD/ASDC, 2018). This
product includes layers detected at 5, 20, and 80 km horizontal reso-
lution, which corresponds to averaging over 15, 60, and 240 single
profiles, respectively. We select the CALIPSO satellite tracks within
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coordinates 12.5°S - 2.5°N and 50°W - 74°W, from June 2006 to
December 2019. Fig. 1 shows the set of tracks covering the selected area,
which we take as representative of the Amazon biome (indicated in
green).

Occasional failures in the operation of the CALIOP can affect mea-
surements globally, reducing data availability in the study region. From
2006 to 2019, the number of Clay profiles available every month was
17,671 + 2909, or about 89% of the average expected amount of
19,846. The large standard deviation means that some months have as
little as 50% of the expected data, which will have to be considered in
our statistical analysis.

Another important factor is the reduction in the pulse energy due to a
problem with the laser in CALIOP, which affected data in 2008 and after
September 2016. Lower laser pulse energy means a reduced signal-to-
noise ratio, which compromises signal quality. This effect occurs most
frequently in the South Atlantic Magnetic Anomaly (SAA) region, which
extends mainly over the southeast of South America but also reaches
into the Amazon domain (see Fig. 16 by Hunt et al., 2009). The greater
flux of cosmic radiation over the SAA also affects the photomultipliers,
enhancing the measurement noise and posing challenges to the cali-
bration and retrievals (Noel et al., 2014). However, these were mini-
mized in CALIOP’s algorithm version 4, which uses an adaptive spike
filter to remove outliers and reduce the difference in the nightime
calibration coefficients over the SAA and non-SAA regions (see details in
Kar et al., 2018). Moreover, a multi-orbit averaging scheme is now used
to suppress the influence of the elevated noise-levels on the daytime data
processing (Getzewich et al., 2018). Here, we follow the recommenda-
tion from the CALIPSO technical advisory team and discard those pro-
files with minimum laser energy at 532 nm less than 80 mJ (NASA,
2018). Hereafter, these are called “bad” profiles, while those with
minimum laser energy equal or above 80 mJ are “good” profiles.

Fig. 2a shows the percentage of “bad” profiles within our study re-
gion, separated between day and night. The plot shows a significant
increase from the second half of 2016 onward. A similar problem had
already occurred around 2007 and 2008, which was resolved by
switching the spare laser on. Fig. 2b shows the spatial distribution of the
fraction of profiles affected by the reduction in laser energy, averaged
over the affected years only. There is a higher concentration of unusable
data in the southeastern part of the Amazon, which imposes further
challenges to the analysis.

Therefore, we consider the 7-year period between Jun-2009 and
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Fig. 1. Area covered by the tracks (in violet) of CALIPSO in the chosen region. The area in green represents the Amazon biome, and the star indicates the location of
the ground-based lidar used by Gouveia et al. (2017), near the city of Manaus. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. (a) Percentage of profiles in the Amazon region with 532 nm laser energy below 80 mJ, divided into day and night. (b) Mean percentage of profiles with laser
energy below 80 mJ calculated over months with a non-negligible percentage of profiles considered “bad” (from 11-2006 to 02-2009 and from 07-2016

to 12-2019).

May-2016 for our scientific analysis. Our aim is to describe the general
properties of the cirrus clouds in the Amazon rainforest, hence we focus
on the longest continuous period without low energy profiles, so that
data coverage is uniform spatially and temporally.

2.2. Identification of cirrus layers

The CLay product reports on atmospheric layers classified by the
Scene Classification Algorithm (SCA). The SCA discriminates between
aerosol and clouds using the layer-mean attenuated backscatter at 532
nm and the attenuated colour ratio (Liu et al., 2005). For the cloud
layers, the SCA distinguishes between the different cloud phases based
on the layer-mean volume depolarization ratio and the layer-integrated
attenuated backscatter at 532 nm (Hu et al., 2009; Avery et al., 2020).
The cloud sub-typing uses the cloud top pressure, cloud fraction, and
transparency. According to Liu et al. (2005), cirrus are transparent
clouds with top pressure below 440 mb. Opaque cirrus are included in a
broad category that includes cumulus nimbus, altostratus, and nimbo-
stratus, all opaque clouds with high tops that are indistinguishable from
CALIOP’s perspective because of the apparent bottom altitude.

For our analysis, we consider cirrus to be cloud layers (feature type
= 2), classified as cirrus-transparent (sub-type = 6), and composed of ice
or oriented ice (phase = 1 or 3). We further require they have a base
altitude above 8 km and a top temperature below —37 °C, following
similar thresholds used in previous studies (e.g., Seifert et al., 2007;
Campbell et al., 2015; Gouveia et al., 2017), which helps selecting cloud
layers composed of ice crystals only. Moreover, to ensure the quality of
the classification and the optical retrievals, we combine different quality
flags. We restrict the analysis to layers with a high confidence in their
feature classification (Feature QA = 3), which corresponds to a Cloud-
Aerosol Discrimination score above 70%, and a high confidence in the
phase classification (Phase QA = 3). In addition, we used the Extinction
Quality Check to guarantee the quality of the optical retrieval for the
individual layers, i.e., of the retrieved extinction and backscattering
coefficients. We follow the CALIPSO Quality Summary recommendation
and selected layers with an Extinction QC flag of either 0 or 1 (NASA,
2023).

2.3. Pre-processing profiles and cirrus layers

We process the CLay data files twice. The first pre-processing routine
generates a table of profiles. Each table entry has the basic information
from each CLay profile as well as derived information to help our
analysis. The basic information includes: Year, month, and day of
detection; Day or night orbit; Latitude and longitude; Tropopause

height; and laser pulse energy. We calculate: Month numbering (since
June-2006); Profile number (from the first measured); Position (i,j) in a
regular grid; and Presence or not of cirrus layers according to our
criteria. Creating a regular grid allows to group the along-track data in
bins of latitude and longitude for spatial analysis. The position and
spacing of the cells, 1.5° latitude by 3° longitude, are chosen so that the
number of profiles in each cell is approximately the same.

The second pre-processing routine generates a table of cirrus layers.
For each cirrus layer, we save the basic and derived information from the
CLay profile (same as above), together with the information from the
cirrus layer: Base and top altitude; Base and top temperature; and Op-
tical depth and its uncertainty. In addition, we check for vertical overlap
when multiple layers are reported in the same profile. The CLay product
relies on a nested multi-grid feature finding algorithm that searches for
layer boundaries at multiple averaging resolutions (Vaughan et al.,
2005). As a result, different parts of the same cloud layer might be re-
ported as independent layers detected at different resolutions (5, 20, or
80 km), which might overlap or be very close together. Here we follow
Thorsen et al. (2013) and merge the boundaries of neighbouring layers
that are closer than 1 km. The merged layer’s top altitude and temper-
ature are taken from the layer on top, while bottom altitude and tem-
perature are taken from the layer beneath. The CODs are added, and the
CODs uncertainties are propagated.

2.4. Statistical analysis

The analysis is performed separately for the different seasons: wet
(January to April), dry (June to September), and transition (May and
October to December). The analysis is also segregated in terms of the
cloud optical depth (COD), and results are presented for subvisual (SVC)
(COD < 0.03), thin (0.03 < COD < 0.3), and thick (COD > 0.3) layers.
These are the same thresholds proposed by Sassen and Cho (1992), with
a caveat: we use the term “thick” in distinction from “opaque”. As
explained in the previous session, our analysis considers transparent
layers only; hence we avoid the “opaque” terminology as these thick
layers do not fully attenuate the CALIOP’s signal.

The general statistical characterization of cirrus clouds, i.e. the cirrus
climatology, includes the mean and standard deviation of cloud base and
top altitudes, cloud geometric thickness, and cloud optical depth, as well
as the frequency of occurrence. The frequency of occurrence refers to the
fraction of the observation period in which cirrus clouds are observed
over the Amazon. For a particular time (month, season, or year) and
location (a cell or the whole region), this is the ratio of the number of
profiles with at least one cirrus layer divided by the number of “good”
profiles, i.e.,
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The analysis of the spatial distribution of the optical and geometric
properties is carried out with maps where each cell shows the median (or
a different percentile) of the corresponding property in a given season.
In each cell, the statistic is calculated from all the data for a particular
time (month, season, or year).

2.5. Trends and uncertainties

To analyze the possible trends in the cirrus optical and geometrical
properties, we perform a linear regression on the annual percentiles time
series considering their uncertainty, thereby obtaining the slope and the
associated error. The statistical significance of the slope, i.e., whether
there is a trend or not, is verified with a Student’s t-test (Wilks, 2006)
considering a significance level of 95%. The uncertainties associated
with the percentiles are estimated using the bootstrap technique (Efron,
1982). Data for a given year is randomly resampled N = 100 times,
allowing for repetition. The percentile is calculated for each new sample,
yielding a set of N percentiles. Finally, the uncertainty in the percentile
is estimated by the standard deviation of this set. The process is repeated
for data from subsequent years. This same technique is applied to
determine the uncertainties of the frequency of occurrence. The trends
are calculated for the domain-averaged time series or for the time series
in individual cells, in which case the spatial distribution of the trends
can be analyzed.

3. Results and discussion
3.1. Climatology: wet x dry seasons

To build the climatology, 1.4 million CLay profiles with 5 km reso-
lution were analyzed from 1-Jun-2009 to 31-May-2016, and cirrus
clouds were observed in about 49.4% of these. Table 1 summarizes the
vertical profile statistics. There is a marked seasonal cycle in the fre-
quency of occurrence, with a minimum of 24.6% in August, and a
maximum of 66.5% in December. In terms of seasons, the frequency of
occurrence is minimum during the dry (June to September, mean
31.1%) and maximum during the wet season (January to April, mean
59.2%). The seasonality in total cirrus optical depth is much lower.
Varying from 0.44 in the wet to 0.38 in the dry season, or about 16%.
Similarly, the number of cirrus layers in each cloudy profile varies only
between 1.14 in the wet (16.7% cloudy profiles are multi-layer) to 1.08
in the dry (9.6% are multi-layer) season, or about 5%.

Considering all profiles analyzed, a total of 819,805 layers of cirrus

Table 1

Summary of integrated statistics on cirrus profiles for wet, dry, transition sea-
sons and full year, from 2009 to 2016. Standard deviations are shown in
parentheses.

Total Wet Transition Dry
No. of profiles 1,473,863 455,898 520,636 497,329
No. of profs. w/ cirrus 728,123 270,022 303,653 154,448
Frequency of occurrence 49.4 59.2 58.3 31.1

(%)

Total cirrus optical 0.42 (0.6) 0.44 0.43 (0.61) 0.38

depth’? 0.61) (0.58)
Number of cirrus layers” 1.13 1.14 1.14 1.08
Profs. w/ 1 cirrus layer 85.1 83.3 84.2 90.4

(%)

Profs. w/ 2 cirrus layers 14.2 16.0 15.1 9.4

(%)

Profs. w/ 3 cirrus layers 0.6 0.7 0.7 0.2

(%)

! Sum of the COD from the cirrus layers in the same profile.
2 Average over profiles with cirrus.
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clouds were detected over the Amazon. Table 2 presents the statistics for
all registered layers. The mean base altitude of cirrus clouds is 13.2 +
2.1 km, while the mean top is 15.4 + 1.8 km, resulting in a mean geo-
metric thickness of 2.16 + 1.47 km. Both the base and the top are higher
in the wet season than in the dry season, by about 6%, because of the
change in the tropopause altitude. The geometric thickness, however,
shows a larger variation throughout the year, varying from 1.9 km (dry)
to 2.22 km (wet). Another notable difference between the wet and dry
seasons is the fraction of cirrus tops above the tropopause (30.8 and
20.0%, respectively). The mean optical depth is 0.38 + 0.57, and the
relative frequency of thin cirrus (43.9%) is much higher than thick
(34.1%) and subvisual cirrus (22.0%) on average, with little seasonal
changes.

Over the Amazon, the observed seasonality in the frequency of
occurrence and other cirrus properties are linked mainly to the changes
in precipitation rates throughout the year, but also to changes in cir-
culation and temperature near the top of the troposphere (Gouveia et al.,
2017). Fig. 3a and b show the precipitation in the wet and dry seasons
from 2009 to 2016. They help explain the spatial distributions of cirrus,
which are shown in Fig. 3c and d. During the wet season, there is a
relatively uniform distribution of clouds, with a frequency around 60%
and a slight concentration in the southeastern region. This uniformity
follows the expanse of areas intensely covered by precipitation during
the wet season, as seen in Fig. 3a.

In the dry season, the frequency of occurrence decreases signifi-
cantly, falling to values of 30% or less in the southeastern portion. There
is a greater concentration of clouds in the northwest of the Amazon,
close to Colombia and Venezuela, where the highest precipitation rates

Table 2

Summary statistics on cirrus layers for the wet (Jan-Apr), dry (Jun-Sep), tran-
sition (May, Oct-Dec) seasons and full year, over the period 2009 to 2016.
Standard deviations are shown in parentheses. Occurrence of thick, thin, and
SVC cirrus is given as relative frequencies.

Total Wet Transition Dry
All layers
No. of cirrus layers 819,805 308,524 344,783 166,498
Base altitude (km) 13.2(2.1) 13.4 (2.2) 13.3(2.1) 12.7 (1.9)
Top altitude (km) 15.4 (1.8) 15.6 (1.8) 15.5 (1.8) 14.6 (1.6)
Geometric Thickness 2.16 2.22 2.25(1.5) 1.9 (1.25)
(km) (1.47) (1.52)
Layer optical depth 0.38 0.38 0.38 (0.58) 0.35
(0.57) (0.58) (0.56)
Thick cirrus (%) 34.1 34.9 34.8 31.3
Thin cirrus (%) 43.9 42.8 441 45.8
SVC (%) 22.0 22.4 21.1 23.0
Base > tropop. (%) 1.5 1.7 1.7 0.8
Top > tropop. (%) 29.0 30.8 31.8 20.0
Thick layers
No. of cirrus layers 279,509 107,569 119,888 52,052
Base altitude (km) 11.6 (1.7) 11.7 (1.7) 11.6 (1.7) 11.1 (1.5)
Top altitude (km) 14.8 (1.9) 15.0 (1.9) 15.0 (1.9) 14.0 (1.6)
Geometric Thickness 3.24 3.31 3.34 (1.65) 2.86
(km) (1.64) (1.69) (1.43)
Thin layers
No. of cirrus layers 360,285 131,960 152,147 76,178
Base altitude (km) 13.6 (1.7) 13.8 (1.7) 13.7 (1.6) 13.0 (1.5)
Top altitude (km) 15.4 (1.7) 15.7 (1.8) 15.6 (1.7) 14.7 (1.6)
Geometric Thickness 1.88 1.92 1.94 (1.06) 1.69 (0.9)
(km) (1.04) (1.07)
SVC layers
No. of cirrus layers 180,011 68,995 72,748 38,268
Base altitude (km) 15.0 (1.5) 15.3(1.5) 15.1 (1.4) 14.2 (1.3)
Top altitude (km) 16.0 (1.5) 16.4 (1.5) 16.2 (1.4) 15.3 (1.4)
Geometric Thickness 1.07 1.08 1.08(0.58)  1.03(0.5)
(km) (0.56) (0.58)
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Fig. 3. Top: Maps of the average for precipitation (in mm/day) over the Amazon region, during (a) the wet season and (b) the dry season. The red rectangle
corresponds to the analysis area. Data from the Global Precipitation Climatology Project (Adler et al., 2003). Bottom: Maps of cirrus frequency of occurrence during
the wet season (c) and dry season (d). The star indicates the location of Manaus. Averages were calculated between Jun-2009 and May-2016. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

are found. Over tropical forests, higher precipitation rates follow intense
convective activity (Machado et al., 2002), which in turn means more
detrainment of ice in the anvils and greater formation of cirrus clouds
(Gouveia et al., 2017). This was first shown by Sassen et al. (2009), with
maps of the global distribution of both deep convection (from CloudSat)
and cirrus clouds (from CALIPSO). For the months of June to August, the
authors found a greater presence of both types of cloud over Colombia
and Venezuela.

Next, we look at the spatial patterns of the seasonal differences in the
cirrus properties. Fig. 4 shows maps of base and top altitudes, geometric
thickness, and optical depth, separated into wet and dry seasons. The
right column shows the normalized histograms of these properties for
the entire region. In the base and top altitude maps (panels a,b,d,e), it is
noted that the values are spatially uniform during the wet season, while
in the dry season, the altitudes are lower in the southeastern portion.
During the wet season, the tropopause is higher, thus allowing the cirrus
to reach higher altitudes, which is shown clearly by the histograms
(panels c,f). Moreover, there is a larger population of clouds with tops
above the tropopause during the wet season. The peaks observed in the
base and top altitude distributions appear to occur in cirrus in general
over the tropics, as reported by Nazaryan et al. (2008).

The geometric thickness maps show similar behavior. The wet season
is spatially uniform, while a gradient pattern is found during the dry
season, with thicker clouds toward Colombia and Venezuela and thinner
clouds in the southeast. That is, geometric thicker cirrus layers close to
the convective centers and thinner ones far away. We noticed, however,
a sharp drop in the count of layers with geometric thicknesses below
500 m (Fig. 4i), which has not been observed by ground-based lidars.
The distribution of geometric thicknesses presented by Gouveia et al.
(2017), for instance, is similar to ours except for the smaller size bin
(geometric thickness < 500 m). The striking different remains even if we

restrict the comparison to the satellite overpass times in the same 1-year
period and location analyzed by Gouveia and coauthors (analysis not
shown). This result indicates that CALIOP’s algorithm has difficulty
detecting such thin layers, likely due to a combination of small back-
scatter coefficients inside the cloud and low signal-to-noise ratio around
the cloud (Gouveia, 2018). In principle, using newly developed algo-
rithms could improve the detection of these thin layers (Vaillant De
Guélis et al., 2021; Gouveia et al., 2017).

Regarding the COD, the maps in Figs. 4j,k show a similar picture. A
visual inspection of the maps j-k and g-h shows higher COD values where
higher geometric thickness is found. The exception is in the southeastern
corner during the dry season. However, there are very few cirrus layers
there (frequency < 10% and all grid-boxes have about the same number
of profiles), hence the values are more easily affected by outliers.
Finally, from the histogram in Fig. 4i, the larger difference is the relative
higher fraction of thin cirrus during the wet season, and higher fraction
of thick cirrus during the dry season.

3.2. Climatology: thick x thin x SVC

We also analyzed the cirrus properties segregated according to the
type of cirrus cloud: sub-visual (COD <0.03), thin (0.03 < COD < 0.3),
and thick (COD >0.3). Results are shown in Fig. 5 and Table 2. It is
important to keep in mind that CALIOP’s signal becomes totally atten-
uated at an optical depth of about 3.55, and that the minimum detect-
able optical depth is about 0.002 (See tables S1 and S2 in the
supplement).

There is a clear difference in base altitudes between the subvisual,
thin, and thick cirrus. Subvisual cirrus layers have higher base altitudes
(15 £ 1.5 km) than thin cirrus (13.6 + 1.7 km), which are higher than
thick ones (11.6 + 1.7 km). Although all cirrus are limited in altitude by
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the tropopause, cloud tops are higher for subvisual (16.0 & 1.5) and thin
(15.4 £ 1.7 km) cirrus than for thick cirrus (14.8 & 1.9 km). Moreover,
there is a greater fraction of SVC cirrus at higher altitudes and exceeding
the tropopause altitude. Finally, subvisual cirrus layers are considerably
geometrically thinner (1.07 + 0.56 km) than thin (1.88 + 1.04 km) and
thick (3.24 + 1.64 km) cirrus layers, as expected given COD generally
scales with the geometric thickness.

Fig. 5 also shows the spatial distribution of cirrus properties for the
SVC and thick cirrus layers. There is a small spatial variability of about
5% in base and top altitudes, estimated as the difference between the
maximum and minimum values in the maps. Spatial differences in
geometric thickness are much greater, of about 20%. Thick layers are
geometrically thicker along the northwest-southeast direction, and SVC

layers are thicker in the northwest, in line with the annual mean dis-
tribution of precipitation (see Fig. S1).

These results agree with our understanding of cirrus production and
dissipation, where anvils detach from convective towers, dispersing and
becoming geometrically and optically thinner with time (Ackerman
et al., 1988; Seifert et al., 2007; Sassen et al., 2009; Gouveia et al., 2017).

3.3. Temporal trends

Given the climatic relevance of cirrus clouds, it is important to assess
whether the cirrus properties in the Amazon region show significant
temporal trends. Fig. 6 shows the frequency of occurrence of cirrus in the
Amazon as a function of years, and there is a clear decrease from 2009 to
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2016. In the wet season, the average rate of decrease was 1.32 &+ 0.32%
per year. During the dry season, despite the greater variability in the
interannual scale, the rate of decrease was similar, of about 1.08 &
0.62% per year. However, only the wet season trends is statistically

significant at the 95% confidence level. These trends are larger than
those of Sena et al. (2018), who found a reduction of about 0.6% per
year in high cloud cover over central and eastern Amazon using geo-
stationary satellites. With CALIOP, however, we can observe that this
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change stems from a decrease in the frequency of thin and thick layers
(Fig. S2).

For the cirrus properties, we analyzed the temporal trends of five
percentiles: 5, 25, 50, 75, and 95-th. In the wet and dry seasons, both the
base and top altitudes show no discernible trends (Fig. S3). The median
base altitude increased about 1 + 22 m per year, which is negligible and
not statistically significant, while the median top altitude also didn’t
show a substantial trend in the wet or dry season.

This contrasts with what is observed for the time series of geometric
thickness, where we can see a distinct trend for the 95-th percentile
(Fig. 7a,b). However, the trends are significant only during the wet
season, of about —57 + 18 m per year. The reduction is more evident for
the optically thick layers (50, 75, 95-th), but also visible for the thin (75
and 95-th) and SVC (95-th) layers (see Fig. S4). Finally, we noticed no
changes for the lowest percentiles, but this is likely because CALIOP does
not detect very thin layers (< 500 m).

Surprisingly, there are no changes in COD corresponding to the
changes observed in geometric thickness, as can be seen in Fig. 7c,d. For
all percentiles, the calculated trends are not statistically significant. We
speculate this is due to the upper and lower bounds of the COD for the
transparent cirrus layers, 3.55 and 0.002 respectively (Tables S1 and
S2). There are cirrus with COD >3.55, but these are opaque and were
hence not included in our analysis. Also, there are cirrus with COD
below 0.002, but these are undetected by CALIOP’s algorithm. Hence, as
cirrus become optically thinner, the distribution of COD values from
detected transparent cirrus still lies within the same range.

Given the large expanse of the Amazon forest, stretching north and
south of the equator, temporal trends in the cirrus properties might be
occurring on a smaller spatial scale than the global analysis just pre-
sented. Hence, we investigated the spatial distribution of the optical and
geometric properties trends. However, we only present the maps for the
variables and percentiles where a spatially consistent trend was found.
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Results are in Figs. 8 and 9, where the hatched areas indicate the cells
with a trend classified as statistically significant.

The maps for the frequency of occurrence trends show a clear
decreasing pattern over most of the Amazon. During the wet season, the
frequency decreases more intensely on the edges of the area where the
precipitation rate is more intense (compare with Fig. 3a). The pattern is
similar during the dry season, but the frequency decreases less intensely.
The geometric thickness trend maps (Fig. 9a,b) show a general reduction
trend in the 95-th percentile, but mixed with localized increase trends,
without a clear spatial pattern. The domain-averaged trend (Fig. 7a,b)
seems to arise from specific points in the Amazon where the decrease is
more expressive. The optical depth trend maps for the 5-th percentile
(Fig. 9c-d) show a similar pattern, with positive and negative trends
intertwined and a smaller area where the trends have significance.

Veglio and Maestri (2011) showed that geometric thickness is the
main parameter that affects the shape of the backscatter and extinction
profiles in semi-transparent clouds measured by CALIOP, which is
closely linked with the reflectance properties of clouds, and therefore
changes in cirrus geometric thickness can significantly impact their
reflectance. Zhao et al. (2020) have already identified a pattern of
decline in cirrus reflectance across the entire planet, which may be
linked to a possible reduction in the geometric thicknesses of these
clouds.

4. Conclusions

We investigated the distribution of cirrus clouds in the Amazon using
7 years of CALIOP data (Jun-2009 to Apr-2016). A total of 1,473,863
vertical profiles containing 728,123 cirrus layers were analyzed. Our
climatology expanded the one presented by Gouveia (2018), with a
surface lidar, and by earlier studies based on CALIOP (e.g., Massie et al.,
2010; Dupont et al., 2010; Hoareau et al., 2013). The frequency of
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occurrence showed a marked seasonal cycle, varying from 59.2% in the
wet season to 31.1% in the dry season. The cloud cover was relatively
uniform over the Amazon region during the wet season, and concen-
trated in the northwest during the dry season, in agreement with pre-
vious studies that showed that cirrus there are produced from deep
convection anvils. These clouds had a base at 13.2 £ 2.1 km in altitude,
atop at 15.4 + 1.8 km, a geometric thickness of 2.16 4+ 1.47 km, and an
optical depth of approximately 0.38 + 0.57. Base and top altitudes
varied with the seasons because of the change in the tropopause posi-
tion. The separation between the optical depth bands showed that most
of the cirrus in the Amazon are optically thin (about 43.9%), while the
subvisual and thick clouds correspond to 22.0 and 34.1% of the total,
respectively, with no significant seasonality. Subvisual clouds were
narrower (1.07 km) and mostly concentrated between 15 and 17.5 km

altitude, with a higher fraction above the tropopause, while thin and
thick clouds were geometrically thicker (1.88 and 3.24 km) and had a
wider vertical distribution, mostly between 13 and 16 km and 10-16 km
respectively.

Despite the importance of cirrus clouds to global climate, few studies
used CALIOP to assess temporal trends. From our analysis, none of the
percentiles (5, 25, 50, 75, and 95-th) of the distributions of cirrus base
and top altitudes, for the dry and wet seasons, showed noticeable tem-
poral trends. Similarly for the COD. However, the geometric thickness
showed a consistent reduction for 50, 75, and 95-th percentiles. For the
thickest percentile, the reduction was of about 60 + 47 m per year in the
dry season, and 57 + 18 m per year during the wet season. We did not
detect a trend for the lowest percentile, but this could be associated with
the low sensitivity of CALIOP’s algorithm to layers thinner than 500 m.
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The most significant change was the reduction in the frequency of
occurrence of cirrus in general over the Amazon region, one of the places
where they are most abundant on the planet. There is a consistent year-
round reduction of 1.3 + 0.3% per year during the wet season and a
decrease of 1.1 + 0.6 per year during the dry season. During the wet
season, this change is associated with the reduction of thin and thick
cirrus, possibly due to changes in the hydrological cycle in the region.
The caveat with this initial assessment is the length of the usable CALIOP
data over the Amazon region.

Nonetheless, our findings corroborate the observations of Sena et al.
(2018) using geostationary satellites, who found a reduction of about
0.6% per year in cloud cover over central and eastern Amazon, mainly
due to changes in high clouds. However, we also observed a significant
reduction in the northwest portion of the basin, where the observations
used by Sena and coauthors seem to be problematic. These gradual
changes in geometric thickness and frequency could lead to significant
changes in cirrus reflectance and coverage in a few decades, and
consequently in their impact on the radiation balance. More studies are
needed to further investigate these trends, to quantify the global impact
of the reduction of cirrus cover, and more importantly to investigate the
reason for the reduction in convective activity over the Amazon. Finally,
it is of utmost importance that future satellite missions are planned and
executed in a timely manner to allow building a long-term and contin-
uous dataset of cirrus properties that would help us better understand
our changing climate.
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