
1 
 

Optical and Geometrical Properties of Cirrus Clouds in 1 

Amazonia Derived From 1-year of Ground-based Lidar 2 

Measurements 3 

 4 

Diego A. Gouveia
1
, Boris Barja

1,2
, Henrique M. J. Barbosa

1
, Theotônio Pauliquevis

3
, 5 

and Paulo Artaxo
1
.  6 

1Applied Physics Department. Institute of Physics, University of São Paulo (USP), São Paulo, SP, Brazil. 7 

2Atmospheric Optics Group of Camagüey. Meteorological Institute of Cuba, Cuba. 8 

3Department of Natural and Earth Sciences, Federal University of São Paulo, Diadema, SP, Brazil. 9 

 10 

Correspondence to: Boris Barja Gonzalez (bbarja@gmail.com) 11 

Abstract. For one year, from July 2011 to June 2012, a ground-based raman lidar provided atmospheric 12 

observations north of Manaus, Brazil, at an experimental site (2.89°S and 59.97°W) for long-term aerosol 13 

and cloud measurements. Upper tropospheric cirrus clouds were observed more frequently than previous 14 

reports in tropical regions. The frequency of occurrence was found to be as high as 82 % during the wet 15 

season and not lower than 55 % during the dry season. The diurnal cycle shows a minimum around local 16 

noon and maximum during late afternoon, associated with the diurnal cycle precipitation. Optical and 17 

geometrical characteristics of these cirrus clouds were derived. The mean values were 14.4 ± 2.0 km 18 

(top), 12.7 ± 2.3 km (base), 1.7 ± 1.5 km (thickness), and 0.36 ± 1.20 (cloud optical depth). Cirrus clouds 19 

were found at temperatures down to −90 °C and 7 % were above the tropopause base. The vertical 20 

distribution was not uniform and two cloud types were identified: (1) cloud base > 14 km and optical 21 

depth ~0.02, and (2) cloud base < 14 km and optical depth ~0.2. A third type, not previously reported, 22 

was identified during the wet season, between 16 and 18 km with optical depth ~0.005. The mean lidar 23 

ratio was 20.2 ± 7.0 sr, indicating a mixture of thick plates and long columns. However, the clouds above 24 

14 km have a bimodal distribution during the dry season with a secondary peak at about 40 sr suggesting 25 

that thin plates are a major habit. A dependence of the lidar ratio with cloud temperature (altitude) was 26 

not found, thus indicating they are well mixed in the vertical. Cirrus clouds classified as subvisible (τ < 27 

0.03) were 40 %, whilst 37.7 % were thin cirrus (0.03 < τ < 0.3) and 22.3 % opaque cirrus (τ > 0.3). 28 

Hence, not only does the central Amazon have a high frequency of cirrus clouds, but a large fraction of 29 

subvisible cirrus clouds as well. This high frequency of subvisible cirrus clouds may contaminate aerosol 30 

optical depth measured by sun-photometers and satellite sensors to an unknown extent. 31 

1. Introduction 32 

Cirrus clouds cover on average more than 30% of the Earth´s atmosphere, with higher fractions occurring 33 

in the Tropics, hence, are important to understanding current climate and predicting future climate (Wylie 34 
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et al. 2005, Stubenrauch et al. 2006; Nazaryan et al., 2008). Several studies emphasize the important role 35 

that cirrus clouds play in the Earth’s radiation budget (i.e. Liou 1986; Lynch et al. 2002; Yang et al. 36 

2010a).  Their role is twofold. Firstly, cirrus clouds may increase warming by trapping a portion of 37 

infrared radiation emitted by the Earth/atmosphere system. Secondly, cirrus clouds could cool the 38 

atmosphere by reflecting part of the incoming solar radiation back into space. The contribution of each 39 

effect and the net effect on the radiative forcing depends strongly on cirrus cloud optical properties, 40 

altitude, vertical and horizontal coverage (Liou 1986). Therefore, understanding their properties is critical 41 

to determining their effect on the albedo and greenhouse effects (Barja and Antuña, 2011, Boucher et al., 42 

2013). Also, the tropical cirrus clouds could influence the vertical distribution of radiative heating in the 43 

tropical tropopause layer (e.g., Yang et al., 2010b; Lin et al., 2013). Noticeably, it has been shown that an 44 

accurate representation of the cirrus vertical structure in cloud radiative studies improved the results of 45 

these calculations (Khvorostyanov and Sassen, 2002; Hogan and Kew, 2005; Barja and Antuña, 2011). 46 

Recent research also shows that an increase in stratospheric water vapor are linked mainly with the 47 

occurrence of cirrus clouds in the tropical tropopause layer (TTL) (Randel and Jensen, 2013). Finally, 48 

measurements of the properties of cirrus clouds at different geographical locations are of utmost 49 

importance, potentially allowing for improvements in numerical models parameterizations and, thus, 50 

reducing the uncertainties in climatic studies. 51 

Ground-based lidars are an indispensable tool for monitoring cirrus clouds, particularly identifying 52 

optically thin and subvisible cirrus clouds (SVC) with very low optical depth, which are undetectable by 53 

cloud radars (Comstock et al., 2002) or by passive instruments (e.g., Ackerman et al., 2008). For this 54 

reason, several studies with ground-based lidars have reported the characteristics of cirrus clouds around 55 

the globe during the last decade. There are some long-term studies reporting climatologies from 56 

midlatitude (eg. Sassen and Campbell, 2001; Goldfarb et al., 2001; Giannakaki et al., 2007; Hoareau et 57 

al., 2013) and tropical regions (eg. Comstock et al., 2002; Cadet et al., 2003; Antuña and Barja, 2006; 58 

Thorsen et al., 2011; Pandit et al., 2015). Table 1 shows an overview of these studies with different values 59 

for cirrus clouds characteristics in diverse geographical regions.  There are also some short-term reports 60 

on cirrus clouds characteristics during measurement campaigns in midlatitude (e.g. Immler and Schrems, 61 

2002a) and tropical latitudes (Immler and Schrems, 2002b, Pace et al., 2003 and references therein). 62 

Additionally, satellite-based measurements have been used to investigate the global distribution of cirrus 63 

characteristics (eg. Nazaryan et al., 2008; Sassen et al., 2009; Sassen et al., 2009; Wang and Dessler 2012, 64 

Jian et al., 2015). Characteristics of tropical and subtropical cirrus clouds have similar geometrical values 65 

and these values are higher than those in midlatitudes. The frequencies of occurrence of cirrus cloud types 66 

differ significantly between different locations. 67 

Cirrus clouds measurements reports over tropical rain forests are scarce. Very few global studies with 68 

satellites instruments include these regions. Some studies focused on deep convection in the Amazonia 69 

reported cirrus clouds (eg. Machado et al., 2002; Hong et al., 2005, Wendisch et al., 2016), but no lidar 70 

measurements were used. Baars et al. (2012) focused on aerosol measurements with a ground-based 71 

Raman lidar, but report only one cirrus cloud case between 12 km and 16 km during September 11, 2008. 72 

Barbosa et al., (2014) describe a week of cirrus clouds measurements from 30 August to 6 September 73 

2011 during an intensive campaign for calibration of the water vapor channel of the UV Raman lidar was 74 
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conducted in the ACONVEX (Aerosols, Clouds, cONVection EXperiment) site. Cirrus clouds during this 75 

period were present in 60% of the measurements. Average base and top heights were 11.5 km and 76 

13.4 km, respectively, and average maximum backscatter occurred at 12.8 km. Most of the time, three 77 

layers of cirrus clouds were actually found.  78 

From the above discussion, the importance of continuous and long-term observations of tropical cirrus 79 

clouds is evident. In the present study, we use one year of ground-based lidar measurements (July 2011 to 80 

June 2012) at Manaus, Brazil to investigate the seasonal and diurnal variability of geometrical (cloud top 81 

and base altitude) and optical (cloud optical depth and lidar ratio) properties of cirrus over a tropical rain 82 

forest site. In section 2, a brief description of the Raman lidar system, dataset, processing algorithms and 83 

site are given. The results and discussion are presented in section 3. We close this paper with concluding 84 

remarks in section 4. 85 

2. Instrumentation, dataset and algorithms. 86 

2.1.  Site and instrument description 87 

The ACONVEX (Aerosols, Clouds, cONVection EXperiment) or T0e (nomenclature of the 88 

GoAmazon2014/15 experiment sites, Martin et al. 2016) site is located up-wind from Manaus-AM, 89 

Brazil, at 2.89°S and 59.97°W, in the center of the Amazon Forest. The atmospheric observations actually 90 

began in 2011 at this site, and the objective was to operate a combination of several instruments during 91 

the upcoming years for measuring atmospheric humidity, clouds and aerosols as well as processes which 92 

lead to convective precipitation (Barbosa et al., 2014). Figure 1 gives an overview of the location where 93 

the measurements in this study was done. As with most tropical continental sites, the diurnal cycle is 94 

strong with a late afternoon peak in precipitation (Adams et al., 2013).  The usual climatological seasons 95 

in Central Amazon are: the wet (December to April), dry (July and August), and the transitions wet-to-dry 96 

(May and June) and dry-to-wet (September to November) (Machado et al., 2004), however the definition 97 

may vary (e.g. Arraut et al., 2012, Tanaka et al., 2014). Deep convection is a characteristic of the region 98 

during both seasons, being more active during the wet season (Machado et al., 2002), when it is 99 

influenced by the intertropical convergence zone (ITCZ). As the ITCZ moves northward during the 100 

months of dry season, the convective activity decreases. Hence, it is to be expected that deep convection 101 

is the principal cirrus clouds formation mechanism in the region. 102 

The lidar system (LR-102-U-400/HP, manufactured by Raymetrics Advanced Lidar Systems) operates in 103 

the UV, at 355 nm and has also two Raman channels for nitrogen (387 nm) and water vapor (408 nm). 104 

The system is tilted from the zenith 5° to avoid specular reflection of horizontally oriented ice crystals. It 105 

is automatically operated 7 days a week, only being closed between 11 am and 2 pm local time (LT is 106 

−4 UTC) to avoid the sun crossing the field of view. Detailed information about the lidar system and its 107 

characterization are given by Barbosa et al. (2014). To retrieve the particle backscatter and extinction 108 

profiles from the lidar signal, the temperature and pressure profiles were obtained from the radio 109 

soundings launched at 0 and 12 UTC from the Ponta Pelada Airport, located 28.5 km to the South 110 

(3.14°S, 59.98°W) of the experimental site. 111 
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2.2. Datasets 112 

The lidar dataset used in the present study comprises measurements between July 2011 and June 2012. A 113 

total of 36,597 5-minute profiles were analyzed and only 20,752 had a signal to noise ratio (SNR) higher 114 

than 3 at the characteristic altitudes of the possible cirrus clouds occurrence (between 8 km and 20 km). 115 

Statistical tests (not shown) were conducted to obtain the lowest SNR value suitable to detect subvisible 116 

cirrus clouds, and the value 3 was selected as a threshold for obtaining a good SNR. The number of 5-min 117 

lidar profiles and number of profiles with good SNR during each month of the studied period were 118 

analyzed. July, August and September, the driest months (Figure 2) show the higher fraction of profiles 119 

with good SNR, while the wettest months have the lowest fraction of lidar profiles with good SNR (see 120 

figure S.1). The cloud fraction of low, optically thick clouds increases during this season, thereby 121 

attenuating the signal and reaching the cirrus clouds altitudes with a low SNR. The frequency was then 122 

defined as the ratio between the number of lidar profiles of 5 min with good SNR containing cirrus clouds 123 

and the total number of profiles with good SNR. This frequency does not count the number of individual 124 

clouds, but the time coverage of these clouds. Thus, the frequency of occurrence was the best estimate, 125 

for a ground-based lidar, of the fraction of time when the sky is covered with cirrus clouds of different 126 

geometric and optical characteristics.  127 

Temperature, pressure, geopotential height, humidity and winds for the study period were obtained from 128 

the ERA Interim reanalysis (Dee et al., 2011) of European Center for Midrange Weather Forecast 129 

(ECMWF) with spatial resolution of 0.75° and temporal resolution of 6 h. This dataset was used to obtain 130 

the mean high level winds, near to the cirrus clouds habits (200 hPa). Moreover, the tropopause altitudes 131 

were obtained from vertical profiles over the site using the methodology of the World Meteorological 132 

Organization (FCM-H3-1997). A precipitation dataset for the same period was acquired from TRMM 133 

(Tropical Rainfall Measuring Mission) version 7 product 3B42 (Huffman et al., 2007) with 0.25° and 3 h 134 

of spatial and temporal resolution, respectively.  135 

2.3. Cirrus cloud detection algorithm. 136 

We used an automatic algorithm for the detection of cloud base, top and maximum backscattering 137 

heights, based on Barja and Aroche (2001). This algorithm assumes a monotonically decreasing intensity 138 

of the lidar signal with altitude in a clear atmosphere and searches for significant abrupt changes. These 139 

abrupt changes are marked as a possible cloud base. Examining the signal noise and the change between 140 

the possible cloud base, a true cloud base is discriminated. Then, the lowest altitude above cloud base 141 

with signal lower than that at cloud base and corresponding to a molecular gaseous atmosphere is 142 

determined as the cloud top. When more than one cloud is present in the same profile, and their top and 143 

base are separated more than 400 m, they are considered as individual clouds.  Figure S.2 gives an 144 

example of the cloud detection algorithm. Barbosa et al. (2014) provide details on the fully automated 145 

algorithm, which includes discrimination of false alarm and distinguishing aerosols from thin cloud 146 

layers. After obtaining the base, top and maximum backscatter heights, the corresponding cloud 147 

temperatures is obtained from the nearest radiosonde. A detected high cloud is classified as a cirrus cloud 148 

if the layer has a temperature equal or below than −25°C. These temperatures are reached above 8 km in 149 

our experimental site almost all the time.  150 
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2.4. Cirrus Cloud Optical Depth, backscattering coefficient profile and lidar ratio 151 
determination. 152 

The attenuation of the lidar signal by cirrus clouds can be obtained using the ratio of the range corrected 153 

signal at the top and at the cloud base as in (Young, 1995): 154 

S(zt)

S(zb)
=

β(zt)

β(zb)
e

−2 ∫ αp(z′)dz′zt
zb e

−2 ∫ αm(z′)dz′zt
zb        (1) 155 

where zb and zt are the base and top of cirrus clouds heights, S(z) = P(z)z2 is the range corrected signal. 156 

β(z)  and α(z) are the volumetric backscattering and extinction coefficients, respectively, and each is the 157 

sum of a molecular (sub index m) and a particle (sub index p) contribution. Volumetric backscattering 158 

and extinction profiles from molecules were derived following Bucholtz (1995). Assuming a negligible 159 

aerosol contribution in the atmospheric layers just below and above the cirrus clouds (Young, 1995), we 160 

can express the transmittance factor of the lidar equation due to cirrus cloud, Tcirrus, as: 161 

Tcirrus = e
−2 ∫ αp(z′)dz′zt

zb =
S(zt)

S(zb)

β(zb)

β(zt)
e

2 ∫ αm(z′)dz′zt
zb       (2) 162 

And the cirrus optical depth (for an example, see Figure S.2), τcirrus, as: 163 

τcirrus = ∫ αp(z′)dz′zt

zb
= −

1

2
 ln (Tcirrus)       (3) 164 

The accuracy of this calculation depends mainly on the SNR at the cirrus cloud altitude. However, when 165 

the lidar signal is completely attenuated by the cirrus cloud, i.e. the transmission factor goes to zero, it is 166 

impossible to obtain the true values of the cirrus top altitude and optical depth. The retrievals, in these 167 

cases called apparent values, are necessarily underestimated. Tilting the system by about 5o from the 168 

zenith minimizes the effect of the specular reflection on the quasi-horizontal ice crystals.  169 

The backscattering coefficients of cirrus clouds were determined by the Fernald-Klett-Sasano method 170 

(Fernald et al., 1972; Klett, 1981; Sasano and Nakane, 1984) for each 5-min averaged profile that has 171 

large enough SNR above the cirrus cloud, thus allowing a molecular fit. For retrieving the extinction, 172 

however, the Klett method requires a predetermined value for the lidar ratio (LR), which is the ratio 173 

between the extinction and backscattering coefficients. Then, integrating the extinction coefficient from 174 

the cloud base to cloud top, the cirrus cloud optical depth is obtained (𝜏𝐾𝑙𝑒𝑡𝑡
𝑐𝑖𝑟𝑟𝑢𝑠

). Following Chen et al. 175 

(2002), we estimated the value of LR for every cloud by iterating over the values of LR and comparing 176 

the values of 𝜏𝐾𝑙𝑒𝑡𝑡
𝑐𝑖𝑟𝑟𝑢𝑠 with the independent value of the cirrus optical depth obtained from the 177 

transmittance method described above (𝜏𝑐𝑖𝑟𝑟𝑢𝑠
). The cirrus lidar ratio is the one that minimizes the 178 

residue: 𝑅(𝑆) = (𝜏𝐾𝑙𝑒𝑡𝑡
𝑐𝑖𝑟𝑟𝑢𝑠 − 𝜏𝑐𝑖𝑟𝑟𝑢𝑠)

2
.  179 

The Klett method assumes single scattering, but eventually the received photons could have been 180 

scattered by other particles several times before reaching the telescope. This effect named multiple 181 

scattering increases the laser transmittance and decreases the real extinction coefficient values. Thus, a 182 

correction is needed in our calculation of cirrus optical depth. As explained by Chen et al. (2002), for thin 183 

clouds it is possible to neglect the multiple scattering effect, nevertheless, we used their proposed 184 

correction for all cirrus clouds detected: 185 

η =
𝜏𝑐𝑖𝑟𝑟𝑢𝑠

𝑒𝜏𝑐𝑖𝑟𝑟𝑢𝑠
−1

;      𝜏𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝑐𝑖𝑟𝑟𝑢𝑠 =  

𝜏𝑐𝑖𝑟𝑟𝑢𝑠

𝜂
       (4) 186 
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3. Results and discussion. 187 

3.1.  Frequency of cirrus cloud occurrence.  188 

A total of 13,946 lidar profiles were measured with the presence of cirrus clouds, representing a 189 

frequency of occurrence of 67 % of the total number of profiles with good SNR. Figure 2 shows the 190 

monthly frequency of occurrence of cirrus clouds in central Amazônia from July 2011 to June 2012, blue 191 

solid line. There is a well-defined annual cycle, with maximum values during the months of November, 192 

December and March, reaching approximately 85 %, and minimum value in August during the dry 193 

season, but with frequencies no lower than a rather high 50 %. In tropical regions, the main mechanisms 194 

of cirrus clouds formation are deep convection, large-scale lifting of moist layers, orographic lifting over 195 

mountain slopes and “cold trapping” near the tropopause (Sassen et al, 2002). Deep convective clouds 196 

generate cirrus clouds while winds in the upper troposphere removes ice crystals of the top of the large 197 

convective column, generating the anvil cloud. This cloud remains even after the deep convection cloud 198 

dissipation and persist from 0.5 to 3 days (Seifert et al, 2007). Due to the huge amount of deep convection 199 

in the Amazon region (Machado et al., 2002; 2014), and the lack of the others formation mechanisms 200 

proposed in the literature (Sassen et al., 2002), e.g. baroclinic fronts and lows and orographic lifting, it is 201 

expected that cirrus clouds are basically formed by this mechanism. However, it should be noted that 202 

small local topographic effects around Manaus can influence the occurrence and intensity of deep 203 

convection (Fitzjarrald et al. 2008; Adams et al. 2015).  The frequency of deep convection during the 204 

rainy season is higher than the dry season, related with the seasonal change of the Intertropical 205 

Convergence Zone (ITCZ). The boxplot in Figure 2 show the variability of the daily frequency of 206 

occurrence for each month. There is a high dispersion of the daily frequencies, maximum dispersion in 207 

August and lowest in November. The monthly cirrus cloud frequency follows the same seasonal pattern 208 

as the accumulated precipitation (Figure 2, green line), maximums during the wet months and minimums 209 

during dry months. For that reason, we divided the study period in wet (January, February, March and 210 

April), dry (June, July, August and September) and transition (May, October, November and December) 211 

periods, based on the accumulated precipitation in each month.  The average monthly precipitation in 212 

each season during the observation period was 314 mm, 114 mm and 206 mm respectively.  213 

The mean wind field on the typical cirrus cloud occurrence altitude (200 hPa) and the precipitation spatial 214 

distribution during the dry and wet months from July 2011 to June 2012 are shown in the Figure 3. 215 

During wet months (Figure 3, lower panel), the site is inside the South American Monsoon region with 216 

great deep convection activity and associated rain ranging from 8 to 14 mm/day on average. Winds at 217 

200 hPa blow from the southeast with about 20 m/s thus allowing the advection of cirrus clouds produced 218 

over other parts of the South Atlantic Convergence Zone. As the tropical cirrus can be transported by 219 

advection thousands of kilometers (Fortuin et al., 2007), we speculate that during the wet period, the 220 

cirrus clouds observed in central Amazonia are a mixture of locally produced and clouds transported by 221 

advection from other regions. During the dry period, the convection activity moved to the north over 222 

Colombia and Venezuela and the 200 hPa circulation is reversed. Hence, we speculate based on the high 223 

level circulation and precipitation, that a great contribution to the cirrus clouds observed during the dry 224 

months is the advection from the other regions.  225 
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The diurnal cycle of the frequency of cirrus clouds is shown in the Figure 4 for the overall period and 226 

different seasons. All curves exhibit a similar pattern with minimum frequency occurrence values around 227 

10 and 14 LT hours. Maximum values are found between 17 and 18 LT, in late afternoon, when values 228 

are slightly higher than in the morning. This diurnal variation of cirrus cloud occurrence follows the 229 

diurnal cycle of convection and precipitation documented in the literature (e.g. Machado et al., 2002; 230 

Silva et al., 2011, Adams et al. 2013). Figure 4 shows also the diurnal cycle of precipitation for wet and 231 

dry months during the study period, averaged over an area of 2° x 2° centered on the experimental site. 232 

The maximum of the cycle occurs between 13 and 18 LT, both in dry and wet months, similar to Adams 233 

et al. (2013). The occurrence of the maximum precipitation in the afternoon coincides with the increase in 234 

the cirrus frequency in all seasons. 235 

A larger difference between the maximum and minimum values of the cirrus frequency for the dry 236 

months is visible in Figure 4. This can be understood by observing the maximum precipitation rates 237 

during this period, six times lower than those of the wet months, and the upper level circulation (Figure 4) 238 

that indicates the long range advection. When the frequency of deep convection is greater, close to the 239 

site, the cirrus clouds are long-lived and more evenly distributed during the day, which does not occur 240 

during the dry months.  241 

3.2. Geometrical, optical and microphysical properties of cirrus clouds. 242 

Table 2 shows the statistics of the properties of cirrus clouds during the study year and different seasons. 243 

The overall mean values for the cloud base altitude is 12.7 ± 2.3 km, cloud top is 14.4 ± 2.0 km and 244 

geometrical thickness is 1.7 ± 1.5 km. The mean value of the cloud maximum backscattering altitude is 245 

13.2 ± 2.3 km, where the mean temperature is −58 ± 17 °C. The differences between the mean values of 246 

the geometrical properties in different seasons are statistically significant. The frequency of occurrence of 247 

all cirrus clouds throughout the year was 67 % of the time measurements with good SNR. The seasonal 248 

behavior discussed previously is also evident, with higher values of frequency of occurrence during the 249 

wet months (82 %) and lower during dry months (55 %).  The mean values of the geometrical 250 

characteristics are similar, only the thickness is slightly different with 1.9 km (1.6 km) for wet (dry) 251 

months. Mean COD values are 0.46 and 0.27 for the wet and dry months, respectively. Although the 252 

similarities between the mean values of the characteristics of all cirrus clouds during both seasons there 253 

are statistically significant differences between the mean values of the geometrical properties in the 254 

different seasons. 255 

Our mean values are similar to those reported by Seifert et al. (2007) in the Maldives (4.1 °N, 73.3 °E): 256 

11.9 ± 1.6 km (base), 13.7 ± 1.4 km (top), 1.8 ± 1.0 km (thickness), 12.8 ± 1.4 km (max. backscatter) and 257 

−58 ± 11 °C (temperature at max. backscatter). Reports from subtropical regions also show similar 258 

values. Cadet et al. (2003) report for the Reunion Island (21°S, 55°E) cirrus cloud base and top altitudes 259 

of 11 km and 14 km, respectively. Antuña and Barja (2006) report to subtropical experimental site (21.4° 260 

N, 77.9° W) cirrus cloud base and top altitudes of 11.63 km and 13.77 km, respectively. On the other 261 

hand, Sassen and Campbel (2001) show mean values for midlatitude cirrus cloud base/top of 8.79 262 

km/11.2 km, lower as expected than tropical cirrus and an average geometrical thickness of 1.81 km. 263 

Some cirrus clouds characteristics reported around the globe are shown in Table 1 for comparison. What 264 
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stands out is that our measurements over the Amazon show high frequency of occurrence of subvisible 265 

cirrus clouds similar or higher than previously reported from ground-based measurements in the Tropics. 266 

The geometrical characteristics of the detected cirrus clouds were examined by means of normalized 267 

histograms. Figure 5 shows the results for cloud base and top height, thickness and the corresponding 268 

optical depth. 269 

Histograms for the wet and dry months reveal differences. The cirrus clouds top altitude distribution 270 

(figure 5b), for instance, shows two peaks in the wet months, one centered in 14.25 km and second 271 

centered in 17.75 km, with a local minimum centered in 15.25 km and 16.25 km. On the other hand, for 272 

dry months, there is only one peak centered at 15.75 km. The local minimum during wet months occurs at 273 

15.25 km, where a higher value near to maximum is found during dry months.  274 

For the cloud base (figure 5a), the maximum frequency is in an interval of altitudes around 12.25 km. 275 

Similar value of frequency is found in other peak centered at 14.75 km, with local minimum in 14.25 km. 276 

There is a local maximum centered in 16.25 km during wet months. For the dry months, this last peak 277 

disappears, but the other two peaks remains with higher frequency values and with local minimum in 278 

13.75 km.  These results suggest different cirrus types with different origins: cirrus formed directly by 279 

anvil outflows from cumulonimbus clouds through local convection; in situ formation from slow large 280 

scale air ascent; or possible advection from other convective regions. Comstock et al. (2002) proposed 281 

two different types of cirrus clouds at Nauru Island in the tropical western Pacific with oceanic 282 

conditions: one type (laminar thin cirrus) with cloud base altitude above 15 km and the other 283 

(geometrically thicker and more structured cirrus) with base altitude below this value, with different 284 

characteristics. Liu and Zipser (2005) used TRMM Precipitation Radar (PR) dataset to trace the deep 285 

convection and precipitation throughout the tropical zone, including oceans and continents. The authors 286 

showed that only 1.38 % and 0.1% of tropical convective systems, and consequently their generated 287 

cirrus clouds reached 14 km and 16.8 km of altitude, respectively. Hence, they suggested that those 288 

clouds with bases about 14 km are the thick anvil type cirrus, and the higher, thin cirrus have their bases 289 

above this altitude during the entire study period.  290 

Considering these previous results, we suggest that the highest peaks in wet months and the single peak in 291 

dry months in cloud base and top histograms have the contribution of cirrus clouds formed far from the 292 

site and were transported from large distances. The clouds generated by convective systems can persist in 293 

the atmosphere from hours to days if they are slowly lifted (Ackerman et al., 1988; Seifert et al., 2007). 294 

Thus, these clouds that ascended and were horizontally transported by long distances are, in general, 295 

optically and geometrically thinner and found in upper troposphere and tropical tropopause layer. Our 296 

results indeed indicate that these clouds are optically thin. This could be also the reason for which the 297 

geometrical thicknesses and optical depth are lower in the dry months see Figure 5 c and d, respectively. 298 

We can see that the distribution of the geometrical thickness below 2 km and optical depth below 0.1 in 299 

dry months is above the distribution for the wet months. 300 

From the cloud base altitude histogram (Figure 5a), one can note the high values for the frequency of 301 

occurrence of cloud base heights between 8.5 km and 9.5 km during wet season. This peak is the second 302 

most frequent after the principal one centered at 12.25 km and 14.75 km. This secondary peak is a result 303 

of using the cloud-base temperature of −25 C as a criterion for defining cirrus clouds. For this altitude, 304 
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there is possibly a fraction of mixed phase clouds that are counted inadvertently. The most reliable way of 305 

identifying the cloud phase is by measuring the depolarization caused by backscattered light, not available 306 

in the present study. 307 

Figure 5d shows the normalized histogram of the cirrus clouds optical depth (COD) for the studied period 308 

and just the wet and dry seasons. In this case, the apparent COD values (explained in section 2) were 309 

excluded. This histogram shows how the frequency decrease with increases in COD. Moreover, during 310 

dry months, the cirrus clouds are optically thinner than during wet months.  311 

A more in-depth analysis of the vertical distribution of cirrus clouds reveals features of different cirrus 312 

types, and its relation with COD becomes apparent. Figure 6 shows two-dimensional histograms of cloud 313 

optical depth and cirrus cloud top (upper row) and cloud base (lower row) for the wet months (left 314 

column) and dry months (right column). During the wet months, there is more dispersion of the values 315 

than in the dry months, which we speculate might be associated with a larger variability in the outflow 316 

altitude from deep convective clouds. The cloud-base distributions (Figure 6c, d) clearly show that the 317 

higher values of COD correspond to lower cloud base, whereas the lower values correspond to higher 318 

cloud base. The almost linear decrease is steeper for wet months (Figure 6c) than dry months (Figure 6d), 319 

hence, cirrus with the same cloud base altitude are more optically thick during that period. There are two 320 

maxima during the dry months suggesting two types of cirrus clouds, those with bases below and those 321 

with bases above 13.75 km. The low altitude type has a cloud base at about 12.25 km and COD 0.20, 322 

while the high altitude ones, have a base at 14.75 km and subvisible optical depths of 0.01. During wet 323 

season, the two groups are much less pronounced and have higher COD. These cirrus clouds types were 324 

previously reported for the tropical region by Comstock et al. (2002) and Pace et al. (2003). However, the 325 

altitude that separates these two types of clouds over the Amazon (13.75 km) is lower than that reported 326 

over Nauru Island in the tropical western Pacific (15 km) by Comstock et al. (2002) and over Mahé Island 327 

in the tropical Indian Ocean (14.50 km) by Pace et al. (2003). Moreover, we also identified another group 328 

of subvisible clouds with very high cloud base (16.25 km) during the wet months, which is likely above 329 

the tropopause.  330 

In the case of cloud top, the relation with COD is not clear. During the dry months (Figure 6b), almost all 331 

cirrus clouds tops, regardless of their COD, are found around 16.75 km. During the wet months, the cloud 332 

tops are spread from 13 km to 16 km, but all COD values occur at all altitudes. To investigate the role of 333 

the tropopause capping on the cirrus vertical development, its altitude was calculated from the ERA 334 

Interim dataset (see section 2). The tropopause mean altitudes during the wet, transition and dry periods 335 

are 16.5 ± 0.2 km, 16.3 ± 0.3 and 15.9 ± 0.4, respectively. 336 

Figure 7 shows the distribution of the distance from the cloud top and bottom to the tropopause. About 337 

7 % (22 %) of the detected cirrus clouds have cloud base (top) above the tropopause during the wet 338 

season, and 6 % (17 %) during the dry season. Most of the cirrus clouds tops are found right below the 339 

tropopause inversion (see figure S.3a and S.3b), except during the wet season when they are found from -340 

3 km to +0.5 km. The presence of the cirrus clouds in the tropical tropopause layer is the consequence of 341 

the deep and strong convection in the Amazonian region reported previously by Liu and Zipser (2009). 342 

Their vertical distribution can then be understood as following. During the wet season, the intensity of 343 

deep convection in central Amazonia (as measured with convective available potential energy, water 344 
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vapor convergence, cloud top temperatures) can vary (Machado et al., 2002; Adams et al., 2009, 2013, 345 

2015). Moreover, the tropopause is higher during the wet season (figure S.3c). Hence the cloud tops can 346 

be found from 13 km to 18 km, and cloud bases from 9 km to 18 km (figure 6). During the dry season, 347 

deep convection is found primarily north of the equator (figure 3), hence the cirrus clouds measured at 348 

Manaus are mostly those transported over long distances by the prevailing winds (figure 3). As the cirrus 349 

produced northward around the tropopause do not last long, as they cannot be adiabatically lifted (Jensen 350 

et al., 1996), they do not reach the measurement site and there is only one maximum near 15 km in the 351 

distribution of cloud tops. During these dry months over the Amazon, however, precipitation is still about 352 

100 mm per month. Hence, there is a second type of cirrus clouds (Figure 7a and 6d), which those are 353 

produced nearby, and hence are lower and optically thicker. 354 

The statistical characteristics of cirrus clouds above and below 14 km are shown in the Table 2. Mean 355 

values of the properties are different for these cloud types. Cirrus clouds above 14 km are geometrical and 356 

optically thinnest than clouds below 14 km. There are statistically significant differences between the 357 

properties of these two cirrus clouds types and between seasons. Also, there is a seasonal behaviour of the 358 

of these cloud types. During wet months the cirrus clouds are higher and optical and geometrically thicker 359 

than during the dry months. 360 

The classification of cirrus clouds following Sassen and Cho (1992) shows that 40.0 % of the cirrus 361 

clouds measured in our experimental site are subvisible (τ < 0.03), 37.7 % are thin cirrus (0.03 < τ < 0.3) 362 

and 22.3 % are opaque cirrus (τ > 0.3). Table 2 shows these values for each season. subvisible cirrus 363 

clouds have the highest (lower) fraction during dry (wet) months. Opaque clouds have the highest (lower) 364 

fraction during wet (dry) months, which is expected as there is a dominance of newly generated clouds by 365 

deep convection columns. This large fraction of optically thin and subvisible cirrus clouds over the 366 

Amazon present a challenge for using passive remote sensing from space, such as MODIS. As mentioned 367 

by Ackerman et al. (2010), thin cirrus clouds are difficult to detect because of insufficient contrast with 368 

the surface radiance. MODIS only detects cirrus with optical depth higher than 0.2 (Ackerman et al., 369 

2008). Therefore, the MODIS’s cloud-mask does not include 71 % of cirrus clouds over the Amazon, and 370 

likewise, their estimation of aerosol optical depth might be contaminated with these thin cirrus. Aerosol 371 

optical depth measurements from AERONET can also be contaminated with thin cirrus clouds. Chew et 372 

al. (2011), for instance, estimated a contamination of about 0.034 to 0.060 in AERONET AOD in 373 

Singapore, where the cirrus frequency of occurrence is about 34%. Therefore, in our region with much 374 

higher cirrus frequency, the AERONET AOD might be more contaminated. Exactly how much 375 

contamination from thin cirrus there might be in MODIS and AERONET aerosol products over the 376 

Amazon will be the subject of a forthcoming study.  377 

These different types of cirrus clouds measured in central Amazonia, with different formation 378 

mechanisms, optical depths and altitude range are expect to be composed of ice crystals of different 379 

shapes. One way to gain information is to compute the ratio of the backscatter to the total extinction, the 380 

so-called lidar-ratio. As explained in section 2, we are able to find the average lidar-ratio for the detected 381 

cirrus clouds using an interactive approach instead of explicitly calculating the extinction from the Raman 382 

signal, which would be available only during night-time. Figure 8 shows the histograms of lidar ratio 383 

values for cirrus clouds during dry and wet months. The cirrus clouds were divided in three categories, 384 
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following our previous discussion: those clouds with base above 14 km, top below 14 km and those with 385 

top (base) above (below) 14 km. In all case, the most frequent lidar ratios are between 16 sr and 20 sr. 386 

There are notable differences only for the distributions for higher clouds (base above 14 km) during dry 387 

months, when we observed two types of cirrus (Figure 6). For dry months, there is a large frequency of 388 

occurrence of cirrus clouds with lidar ratios around 40 sr. According to the study of Sassen et al. (1989), 389 

cirrus clouds composed of thick plates, long columns and thin plates would have lidar ratio values around 390 

11.6 sr, 26.3 sr and 38.5 sr, respectively. Hence, during wet months there is the predominant mixture of 391 

thick plates and long columns for all clouds. During dry months, the cirrus clouds that are entirely above 392 

14 km have an important contribution of thin plates. These are long-range transported cirrus, thus the 393 

aged ice crystals, will tend to become thinner during the transport.  394 

The mean value of 20.2 ± 7.0 sr is obtained for the whole period and varying less than 1.5 sr for different 395 

season months. Pace et al., (2003) showed a distribution to the inverse value of lidar ratio similar to that 396 

presented here. They found a mean value of lidar ratio of 19.6 sr for the tropical site of Mahé, Seychelles. 397 

Seifert et al.(2007), also for tropical regions report values near to 32 sr. Platt and Diley, (1984) reported 398 

the value of 18.2 sr with an error of 20%. The value of the lidar ratio may vary greatly depending on the 399 

altitude and composition of cirrus clouds (Goldfarb et al., 2011). For the other latitudes, there are 400 

differences between the lidar ratio values examples given in Table 1.  401 

After the analysis of the properties of the cirrus clouds it is interesting to examine the behavior of the 402 

variable with the temperature. Figure 9 show the dependence of the geometrical thickness, optical depth 403 

and lidar ratios with the cirrus clouds temperature. The plots show temperature uniform intervals of 404 

2.5 °C, and the variables with their mean and standard deviation for each corresponding interval. The 405 

upper and middle panels contain the dependence of the geometrical thickness and optical depth with 406 

cloud base temperature, respectively. We can see both variables increase at higher temperatures. Values 407 

nearly to 3 km of geometrical thickness and 0.9 optical depth correspond to a temperature of −25 °C, 408 

decreasing monotonically for lower temperatures in both month’s periods. Similar results are reported by 409 

Hoareau et al. (2013) and Seifert et al. (2007). 410 

Lower panel in Figure 9 shows the dependence between lidar ratio with mid-level cloud temperature. A 411 

slight increase in the lidar ratio values from 15 sr to 24 sr when the temperature decrease up to −70 °C is 412 

showed for dry period. During the wet period, the lidar ratio values are between 15 sr and 20 sr in all 413 

temperature intervals. Seifert et al. (2007) and Pace et al. (2003) both show the same temperature 414 

dependence of the lidar ratio, but with different mean values of lidar ratio. This behavior is an indication 415 

of little variation in the microphysical characteristics of observed clouds. Nevertheless, for the dry period, 416 

the lidar ratio grows when temperatures are below −75 °C. These temperature intervals correspond to the 417 

clouds above 14 km discussed previously. These clouds above 14 km have different ice crystals shapes 418 

concluded from the analysis of the right panel from Figure 9.  419 

4. Conclusions.  420 

The ACONVEX site started in 2011 with the goal of continuously monitoring climate relevant cloud 421 

properties in central Amazonia. The ground based lidar measurements from July 2011 to June 2012 were 422 

used to investigate the geometrical and optical properties of cirrus clouds in the region. An algorithm was 423 
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developed to search through this dataset with high vertical and temporal resolution and to automatically 424 

find the clouds, calculate the particle backscatter, and derive the optical depth and lidar-ratio. The 425 

frequency of occurrence during the observation period was 67 %, which is higher than all previous reports 426 

in the literature for other tropical regions. This frequency reached 82 % during the wet months (January, 427 

February, March and April), but decreased to 55 % during the dry months (June, July, August, and 428 

September). The analysis of high-level circulation and precipitation during the dry months indicate that 429 

advection from the northern regions is likely the main source of these cirrus. Whilst during the wet 430 

period, there was a mixture of locally produced and advected clouds. However, the diurnal cycle of the 431 

frequency of cirrus clouds showed a minimum around 12h LT and maximum around 18h LT, following 432 

the diurnal cycle of the precipitation for both seasons.   433 

The geometrical, optical and microphysical characteristics of cirrus clouds measured in the present study 434 

were consistent and in agreement with other reports from tropical regions. The mean values were 435 

12.7 ± 2.3 km (base), 14.4 ± 2.0 km (top), 1.7 ± 1.5 km (thick), 0.36 (optical depth) and 20.2 sr (lidar 436 

ratio). With the exception of the optical depth and lidar ratio, these mean values are similar to those found 437 

during the wet, transition and dry periods. Cirrus clouds were found at temperatures up to −90 °C and 7 % 438 

of the cirrus were above the tropopause level or in the tropical tropopause layer. The role of these clouds 439 

in wetting or drying the stratosphere was left for another study. 440 

By simultaneously analyzing cloud altitude and COD, it was found that cirrus clouds during the dry 441 

months are optically thinner and lower in altitude than those during the wet period. Moreover, the higher 442 

values of COD correspond to lower cloud base, whereas the lowest values, to higher cloud base. The 443 

almost linear decrease is steeper for wet months than dry months, hence, cirrus with the same cloud base 444 

altitude are more optically thick during wet season. The statistical distribution of altitude and COD 445 

suggested the presence of two cloud types as expected. The first is located above 14 km with COD ~ 446 

0.02, and the second type at lower altitudes with COD ~ 0.2. A third type, not previously reported, was 447 

identified during the wet season, between 16 and 18 km with COD ~ 0.005. Cirrus clouds above 14 km 448 

were geometrically and optically thinner than those below, but have higher lidar ratios.  449 

For the first time, the lidar ratio of cirrus clouds was obtained for this region. The mean lidar ratio was 450 

20.2 ± 7.0 sr, indicating a mixture of thick plates and long columns ice crystals, in agreement with other 451 

reports from the tropical regions. The statistical distribution of lidar ratios measured in the different 452 

seasons is the same, and they also do no vary with the temperature (altitude) of the cirrus clouds, 453 

indicating that these clouds are well mixed in the vertical. It was observed, however, that the distribution 454 

of the lidar ratio for clouds above 14 km during dry months shows a secondary peak around 40 sr, 455 

suggesting a different crystal shape like thin plates. From all cirrus clouds observed, 40 % were classified 456 

as subvisible (COD < 0.03), 38 % were as thin (0.03 < COD < 0.3) and 22 % as opaque (COD > 0.3). 457 

During the dry months, the suvisible cirrus clouds reached a maximum of 46 %, while opaque cirrus has 458 

their maximum during wet months. These values are characteristic for our region and slightly different 459 

from measurements in other tropical regions. The central Amazon has a high frequency of cirrus clouds in 460 

general, and a large fraction of subvisible cirrus clouds. Therefore, the aerosol optical depth determined 461 

by sun-photometers and satellite based sensor in this region might be contaminated with the COD of these 462 
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thin clouds. Future work must be conducted in order to evaluate how large this contamination might be 463 

over the Amazon.     464 
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Table 2. Mean cirrus cloud properties and standard deviation in parenthesis for all cirrus clouds, 

for cirrus clouds above and below 14 km and cirrus clouds with base below and top above 

14 km. These cloud properties are also informed to total time of observation, wet, transition and 

dry seasons  

 Total Wet Transition Dry 
All Cirrus Clouds 

Frequency of Occurrence [%] 67.2 82.2 79.4 55.5 

Base Altitude [km] 12.7 (2.3) 12.7 (2.6) 12.5 (2.4) 12.8 (2.1) 

Top Altitude [km] 14.4 (2.0) 14.5 (2.2) 14.3 (2.2) 14.4 (1.8) 

Thickness [km] 1.7 (1.5) 1.9 (1.6) 1.8 (1.4) 1.6 (1.4) 

Cloud Optical Depth 0.36 (1.20) 0.46 (1.49) 0.38 (1.22) 0.27 (0.90) 

Max Backscatter Altitude [km] 13.2 (2.3) 13.2 (2.5) 13.0 (2.4) 13.3 (2.0) 

Temperature Max. Back. Alt. [°C] -58.1 (16.9) -58.0 (18.2) -56.3 (18.6) -59.1 (14.8) 

Lidar Ratio [sr] 20.2 (7.0) 18.5 (6.5) 19.4 (6.3) 21.3 (7.2) 

Subvisual Cirrus [%] 40.0 36.4 33.9 46.0 

Thin Cirrus [%] 37.7 37.0 41.7 36.2 

Opaque Cirrus [%] 22.3 26.6 24.4 17.7 

     

Cirrus Clouds with Base > 14 km     

Fraction of all cirrus [%] 31.8 32.0 28.7 33.2 

Base Altitude [km] 15.4 (1.0) 15.7 (1.1) 15.5 (1.0) 15.2 (0.8) 

Top Altitude [km] 16.2 (0.9) 16.6 (0.9) 16.4 (0.9) 15.9 (0.8) 

Thickness [km] 0.8 (0.6) 1.0 (0.8) 1.0 (0.7) 0.7 (0.4) 

Cloud Optical Depth 0.03 (0.06) 0.04 (0.07) 0.04 (0.07) 0.02 (0.04) 

Lidar Ratio [sr] 22.9 (9.5) 20.2 (8.7) 21.7 (9.0) 25.5 (9.7) 

     

Cirrus Clouds with Top < 14km     

Fraction of all cirrus [%] 38.0 38.8 41.9 35.3 

Base Altitude [km] 10.8 (1.5) 10.7 (1.5) 10.5 (1.5) 11.2 (1.3) 

Top Altitude [km] 12.3 (1.4) 12.3 (1.4) 12.1 (1.3) 12.5 (1.3) 

Thickness [km] 1.5 (1.2) 1.6 (1.2) 1.6 (1.2) 1.3 (1.0) 

Cloud Optical Depth 0.50 (1.70) 0.67 (2.09) 0.55 (1.64) 0.32 (1.28) 

Lidar Ratio [sr] 20.0 (6.7) 19.3 (7.7) 18.9 (6.2) 20.5 (6.4) 

     

Cirrus Clouds with Base< 14km and Top>14 km    

Fraction of all cirrus [%] 30.2 29.2 29.3 31.5 

Base Altitude [km] 12.2 (1.4) 11.2 (1.5) 12.3(1.3) 12.3 (1.3) 

Top Altitude [km] 15.2 (0.9) 15.3 (1.0) 15.3 (0.9) 15.0 (0.7) 

Thickness [km] 3.0 (1.7) 3.3 (1.9) 2.9 (1.5) 2.8 (1.5) 

Cloud Optical Depth 0.55 (0.99) 0.70 (1.19) 0.49 (1.01) 0.47 (0.78) 

Lidar Ratio [sr] 19.7 (6.3) 18.0 (5.5) 19.1 (5.6) 20.9 (6.7) 
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Figures: 

  

Figure 1. Location of the experimental site (2.89oS 59.97oW) is shown, 30 km upwind from downtown 

Manaus-AM, Brazil.  

Figure 2. Monthly frequency of occurrence of cirrus clouds from July 2011 to June 2012 (blue 

line). Red dashes (black x) in the boxplots are the median (mean) of the daily frequency in each 

month. The edges of the boxes are the 25th and 75th percentiles, and the whiskers extend to the 

most extreme daily values. Accumulated rainfall is shown in green on the right axis. Data is from 

TRMM 3B42 version 7. 
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Figure 3. Mean precipitation (colors, mm/day) from the TRMM 3B42 version 7 and mean wind field 

(vectors, m/s) at 200 hPa from ECMWF ERA Interim reanalysis are shown for the average dry 

months  (JJAS) and wet months (JFMA), between July/2011 and June/2012. The experimental site 

location is marked with a black dot. 

Figure 4. Diel cycles of the hourly frequency of occurrence of cirrus clouds are shown for the 

annual, wet, transition and dry periods. Mean precipitation rate (mm/h) over an area of 

2°× 2°centered in the site is shown in dashed lines for the Dry (+) and wet (☐) periods. Data is 

from TRMM version 7. 
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Figure 5. Panels show the normalized histograms of (a) cirrus cloud base, (b) top, (c) geometrical 

thickness, and (d) optical depth, for the overall period (black), wet season (JFMA, red) and dry 

season (JJAS, blue). 

Figure 6. Two-dimensional histograms of cirrus cloud top (top) and cloud base (bottom) with optical 

depth during the wet (left) and dry (right) months are shown.  
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Figure 7. Normalized histograms of the distance of the tropopause to the cirrus base (left) and top 

(right) are shown for overall period (black) and each season (colors). Negative values mean that 

clouds are below tropopause. The average tropopause altitude was 16.2±0.4 km.  

Figure 8. Normalized histograms of the lidar ratio for the wet (left) and dry (right) months are 

shown for all clouds (black) and clouds with base above 14 km (red), top below 14 km (blue) and 

cloud with top (base) above (below) 14 km (green).  
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Figure 9. Dependence of the geometrical thickness, cloud optical depth and lidar ratio with 

temperature. Temperature are shown in 2.5 °C intervals and the other variables with their mean and 

standard deviation in each temperature interval.  
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