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The presence of cirrus cloud has its impact on the earth’s radiation budget. In order to study the effect of cirrus clouds in the tropical regions, it is essential to understand, and characterize their optical properties. The optical properties of high altitude cirrus clouds are obtained using the polarization diversity ground based Mie lidar instrument at a tropical latitude station in the Indian subcontinent. Lidar measurements are taken for one year (2013) at National Atmospheric Research Laboratory (NARL), located at Gadanki (13.5°North, 79.2°East; 375 m AMSL), India and are used for the present investigation. Altitude variations of optical depth and depolarization ratio are discussed. In the altitude range of 10–17 km, the range of the optical depth and depolarization ratio of cirrus cloud was found to be 0.01–0.4 and 0.1–0.4, respectively. The interdependence of optical depth as a function of depolarization ratio is analyzed and a positive correlation is observed (0.3950). From the measured optical depth values, it is categorized that 8, 77, and 14% of the cirrus clouds are sub-visual, thin, and thick clouds. The monthly and seasonal variations of optical properties of cirrus clouds were analyzed. Summary of cirrus cloud layer statistics and the statistical variation (seasonal) of the optical properties of cirrus clouds is presented for the period of study.
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INTRODUCTION

High altitude cirrus clouds (cold clouds) are thin and wispy, mainly composed of ice crystals (Lynch et al., 2002) of dissimilar shape and size. Cirrus clouds cover 16.7% of the earth’s surface with the highest fraction of occurrence in the tropics (Sassen et al., 2008, 2009). Studies of these clouds are important to understand the climatic nature and to predict the future (Nazaryan et al., 2008). It plays a crucial role in earth’s radiation budget (Liou, 1986; Mc Farquhar et al., 2000; Campbell et al., 2016; Lolli et al., 2017) as well as in the climate and weather studies. The impact of cirrus clouds (ice phase clouds) on the earth’s climate system based on two radiative effects are explained by Stephens et al. (2004). A positive radiative effect known as green house effect (traps the outgoing long-wave radiation emitted by the earth and the atmosphere) and a negative radiative effect also known as albedo effect (reflects the incoming solar radiation). Both lead to warming and cooling of the earth’s atmospheric system (Lolli et al., 2017), whose significance depends on the thickness of the cloud. At the Top Of the Atmosphere (TOA) if the cirrus cloud is optically thin (0.03> cloud optical depth <0.3), then its albedo is low which causes positive radiative forcing and the greenhouse effect warms the atmosphere. If the cirrus cloud is optically thick (cloud optical depth >0.3), then its albedo is high which produces negative radiative forcing, and the albedo effect cools the atmosphere (Fu and Liou, 1993; Fahey and Schumann, 1999). The significant roles of these two competitive effects typically depend on the optical properties of cirrus clouds (Zerefos et al., 2003). Hence the radiative balance strongly depends on optical properties of cirrus clouds. Their optical properties control the radiative forcing of the earth’s atmospheric system and hence the detailed measurements of cirrus clouds are important at different geographical locations. Optical properties of cirrus clouds vary during different seasons causing cooling or warming of the earth’s atmospheric climate system (Ramanathan and Collins, 1991). In order to estimate the role of optical properties of cirrus clouds at the TOA, it is required to study their optical properties in terms of optical depth, depolarization ratio, and their seasonal variations.

Light Detection And Ranging (Lidar), a remote sensing tool that provides information on vertical distribution of various types of cirrus clouds like sub visual, thin and thick (or dense or opaque), and multi-layered clouds, rain and evaporation (Lolli et al., 2020), aerosols (Lolli et al., 2019), gas concentration (Foth et al., 2015), and wind speed (Lolli et al., 2013), etc. It also provides region wise information on geometrical and optical properties with high spatial and temporal resolutions. Generally, Lidar detects clouds with their back scattering signal, and provides an excellent way to obtain the optical properties of cirrus clouds. Both of these are derived by inverting lidar backscattering signals from cirrus clouds. Over tropics (Sassen and Cho, 1992; Heymsfield and McFarquehar, 1996). it is reported that the distribution of optical properties of cirrus clouds play a key role in radiative effects. Various studies are done at different seasons to analyze the variations of geometrical and optical properties of cirrus clouds using ground-based lidar over Gadanki region (Krishnakumar et al., 2014; Pandit et al., 2015; Manoj Kumar et al., 2019). Ground based lidar observations for the climatology of cirrus clouds over a fixed single location cannot be considered globally as uncertainties in the properties of the cloud vary from one region to other.

The optical properties of cirrus clouds would be highly useful in the calculation of radiative effects of climate system which greatly affects the earth’s radiation budget. Also, it is essential in understanding the interaction of cloud-radiation effects. Studies related to optical properties of cirrus clouds (depolarization ratio and optical depth) and their dependence on atmospheric parameters (temperature, pressure, and relative humidity, etc.) are of great importance in cloud research. Studies on optical properties of cirrus clouds at various seasons over Gadanki region will have an immense value in playing a vital role and will help to reduce global climate model uncertainty in forecasting temperature change at the end of the century. In the present work, ground-based lidar measurements (January 2013 to December 2013) are used to investigate the optical properties of cirrus clouds at tropical latitude Gadanki, India.



INSTRUMENTATION AND DATA ANALYSIS

The present research work is carried out using Mie LIDAR situated at National Atmospheric Research Laboratory (NARL), Gadanki, a tropical rural station located at 13.5°North, 79.2°East in a height of 375 m Above Mean Sea Level (AMSL) in southern India. The lidar system is a monostatic, pulsed, biaxial, and dual polarization system. To study the properties of cirrus clouds, the lidar system usually operates for about three to 5 h during night time. This constraint in observation is due to the appearance of thick clouds at low altitudes and rain. Since 2007, the lidar transmitter uses an Nd:YAG (model : PL8050) pulsed laser operating at its wavelength (s) of 532 nm with average pulse energy of 600 mJ, pulse width of 7 ns, and Pulse Repetition Frequency (PRF) of 50 Hz (Pandit et al., 2015).

The receiver system employs two independent telescopes, one to cover middle and upper atmosphere altitudes (30 to 80 km) termed as Rayleigh receiver and another to cover Upper Troposphere and Lower Stratosphere (UTLS) altitudes (4 to 40 km) termed as Mie receiver. Data related to backscattered photon count collected from Mie receiver [consisting of 35.5 cm diameter, Schmidt–Cassegrain type, and Field of View (FOV) 1 mrad], in the altitude range of 8–20 km is used in the present study. From that data depolarization measurements can be calculated. Beam splitter is used to split the beam into cross polarized (perpendicular) and co-polarized (parallel) signal components. These parallel (designated as P-channel) and perpendicular (designated as S-channel) signal components are individually recorded through two identical and orthogonally aligned Photo Multiplier Tubes (PMT’s). For Mie receiver channel, an MCS-Plus (EG and G ORTEC) multi channel photon counter is used for recording the photon counting signals as a function of time (altitude). The dwell time is 2 μs for the photon counting system, which corresponds to an altitude resolution of 300 m and the backscattered returns are summed for 250 s. The returns of backscatter signal from the cirrus clouds are received as photon counts and are analyzed by employing lidar inversion methods (Fernald, 1984; Klett, 1985). The backscattered signals in terms of photon counts are corrected with the molecular profile obtained from the co-located radiosonde measurements. In this present research work, the optical properties of cirrus clouds such as optical depth, and depolarization ratio are determined using Klett inversion algorithm. To perform this, the reference altitude should be considered as 35 km at which the backscattering contribution is mainly from the air molecules and the aerosol scattering can be neglected. Further it is used to calculate the back scattering ratio, which is defined as the ratio of total backscattering coefficient to the molecular backscattering coefficient.

The back Scatter Ratio (SR) is estimated based on the aerosol and molecular backscattering coefficients [βa(r) and βm(r)] and is defined as the ratio of sum of the aerosol and molecular backscattering coefficients divided by the molecular backscatter coefficient can be written as
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where SRcirrus is the cirrus clouds back SR, βa(r), and βm(r) are the backscattering coefficients of aerosols and molecules with respect to the altitude r. Throughout the analysis, a threshold value of SR > 1.5 is maintained for the determination of cirrus clouds (Sandhya et al., 2015). It can be noted that the presence of cirrus can be in the altitude region 10–18 km on many days during January-December 2013.

The lidar backscattering signals are processed separately for the co-and cross polarization channels in order to obtain the SR profile. Using the appropriate molecular density profiles (by Rayleigh theory), the molecular backscattering values (Gadanki station) at each altitude for the P and S channels were calculated. The molecular air density profile can be obtained from the co-located balloon (radiosonde) measurements. The linear depolarization ratio (LDR) is allied with the backscattering coefficients and is estimated using lidar signals from the scattering ratios of P and S channels. The LDR, denoted as δ(r), is obtained from the scattering ratios of cross polarized S-channel S⊥,SR(r) to the co polarized P-channel P∥,SR(r) from the lidar backscatter returns, with respect to the altitude r and is estimated as
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The depolarization measurements provide an insight to the distribution of ice and water within the clouds. The presence of water droplets and ice crystals with different shapes in the cloud can be distinguished based on the LDR values. It is a function of the cloud altitude, temperature, and the distribution of humidity within the cloud.

The extinction coefficient α(r) can be calculated in terms of backscattering ratio and molecular backscattering coefficient (Klett, 1981) and is given by
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where LR is the Lidar Ratio (LR) generally known as extinction-to-backscatter ratio, which is a key factor to study the nature of cloud particles. The LR values (range dependent) are then calculated from the method explained by Satyanarayana et al. (2010). The LR value of 25 sr is used for the present study.

Cloud Optical Depth (COD) denoted as τcirrus, is obtained from the integral of cloud extinction profile α(r) of cloud base (rbase) to the cloud top (rtop), respectively, and is expressed as
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The threshold value of COD was first proposed by Sassen and Cho (1992) and classified based on the following criteria; τcirrus < 0.03 for Sub Visual Cirrus (SVC) clouds 0.03 < τcirrus < 0.3 for Thin Cirrus (TC) clouds and 0.3 < τcirrus < 3 for thick or opaque or Dense Cirrus (DC) clouds. These values are obtained from their visual appearance and the same is utilized in the present study.



RESULTS AND DISCUSSION

Lidar dataset for the year 2013 (January 2013 to December 2013) was used to study the altitude dependence, distribution, monthly, and seasonal variations of the optical properties of cirrus clouds. In order to analyze the optical properties of cirrus clouds, the annual prominent seasons at this site are categorized as winter (December–January–February), pre–monsoon (March–April–May), monsoon or South–West monsoon (June–July–August), and post–monsoon or North–East monsoon (September–October–November). The ground based lidar observations were made for 122 different nights, out of which cirrus clouds were detected during 98 nights. Even though seasonal behavior could not be attributed with this limited lidar data, a general tendency shall be observed. In the present analysis, Mie lidar dataset was used up to 40 km for measuring the vertical profiles of optical depth and depolarization ratio for the period of observation.


Optical Properties of Cirrus Clouds


Optical Depth and Depolarization Ratio

Optical depth (or thickness) is defined as the opacity of the cloud and it is a measurable quantity of extinction coefficient within the boundaries of the cloud. COD gives information about the radiative behavior and determines whether the cloud can cause positive or negative radiative effect. It significantly depends on geometrical thickness and composition of the clouds. LDR is related to the ice-crystal habits that are largely unknown for a specific type of crystal (Chen et al., 2002). Over the tropics, all cirrus clouds are formed by non-spherical ice particles and hence these particles will cause significant depolarization to the backscattered radiation. The observed LDR values range from 0.1–0.6 for non spherical ice particles of cirrus clouds and nearly zero for spherical water droplets of non cirrus clouds (Sassen, 1995; Chen et al., 2002; Manoj Kumar et al., 2019). LDR is sensitive to shape ratios (Noel et al., 2002) and crystal shape (Dai et al., 2019). The LDR values associated with the cirrus clouds indicate the presence of ice crystals with different compositions (Sassen, 1995) and help in the study of cloud formation and dynamics (Sassen and Cho, 1992).

Figures 1A,B represents the pseudo color plots (2D histograms) of variations in optical depth and depolarization ratio as a function of altitude of cirrus cloud (ranging from 9 to 19 km) for the year 2013. Colorbar from figure represent the percentage of COD and LDR cases. The lower altitude clouds below 9 km have low depolarization values suggesting that these clouds do not contain ice particles, which may be attributed due to temperature threshold (Campbell et al., 2016). It can been seen that from Figure 1A the majority of the cirrus clouds in the altitude ranging from 10 to 17 km shows the optical depth values ranging from 0.01–0.4, but few clouds with higher values of optical depth are also seen. Similarly at the same altitude range (Figure 1B) the depolarization ratio values ranging from 0.1–0.4, but quite a few higher values are also seen. It was observed that at the altitude above 12 km the LDR values are high ranging from 0.3–0.6, which shows good agreement with the values reported in literature (Sassen and Dodd, 1988; Sassen et al., 2001; Radhakrishnan et al., 2010). At higher altitudes, the ice clouds (cirrus) have larger ice crystals due to low temperature range resulting in high depolarization values (Chen et al., 2002). The lower depolarization values around 8 km indicate the presence of large water droplets which is associated with high temperature of the clouds, suggesting that the clouds at lower altitudes (<8 km) may be stratus type of clouds consisting of mixed phase due to weak ice crystal scattering.
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FIGURE 1. Altitude variations of (A) optical depth and (B) depolarization ratio.


It can be seen that the optical depth and LDR increase with cloud altitude in the range 10–14 km and above that they decrease. Above 14 km, optical depth values range from 0.1–0.3, and LDR ranges from 0.15–0.3. Almost thin cirrus clouds whose optical depth values above 0.03 and below 0.3 occur in the altitudes between 11 and 17 km. Generally, the high altitude cirrus clouds with depolarization ratios >0.3 indicate the existence of hexagonal shaped and <0.3 indicate the presence of thin plates or horizontally oriented ice crystals (Sassen, 1995). As shown in Figure 1B, in the altitude range between 11 and 17 km, the cirrus clouds have higher values of depolarization with the corresponding LR (25 sr) which signifies the presence of hexagonal ice crystals (Radhakrishnan et al., 2010) during the period of study. The variations in the optical depth and depolarization ratio mainly depend upon the altitudes at which cloud occurs.

Scatter plot in Figure 2 represent the interdependence of measured optical depth of cirrus clouds categorized with depolarization ratio for the year 2013. A positive correlation (0.3950) between optical depth and the depolarization ratio is observed. The scatter plot classifies the cirrus layers into SVC clouds, TC clouds, and DC clouds. SVC clouds show lower values of depolarization which indicate that the clouds may consist of plate to column (or) aggregate type of ice crystals (Radhakrishnan et al., 2010). TC shows higher values of depolarization and DC shows moderate values of depolarization indicating the presence of randomly oriented crystals in ice clouds.
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FIGURE 2. Interdependence of measured cloud optical depth and linear depolarization ratio.


In case of thin cirrus clouds, it is observed that optical depth increases with depolarization ratio. The moderate values of depolarization ratio with higher values of optical depth show the occurrence of thick cirrus clouds. Lower values of depolarization ratio indicate the presence of super cooled water droplets in cirrus clouds (year 2013). In the present analysis, it is found that 8% of the observed cirrus clouds are sub visual (τcirrus < 0.03; Campbell et al., 2016), 77% of the observed cirrus clouds are thin (0.03 > τcirrus < 0.3), and 14% of the observed cirrus clouds are thick (τcirrus > 0.3) over the Gadanki station (Figure 2). The values obtained for thin clouds are in good agreement with the values reported (Manoj Kumar et al., 2019) for the years 2014 and 2015. Hence, for the year 2013, the occurrence frequency of optical depth (figure not shown) reveals that most of the observed cirrus clouds over this region are thin clouds only. The observed values vary due to the difference in period of observation. Lidar data are collected only during night time because of the high presence of low level clouds during day time. Hence its impact may be negligible. The quality of Lidar profiles are rigorously checked based on their signal to noise ratio before using them for analysis. The data is considered mainly because of the strong backscattered signal received from the cloud. Also, the signal is corrected by the molecular contribution using ancillary computed values, i.e., the atmospheric model. Satellite observations are not analyzed because of satellite long revisit time over the site taken for study. Thus ground based observations are predominantly significant and hence they are used in the present analysis. Table 1 gives the statistical summary of cirrus cloud layers for the period of observation. Mean optical properties of cirrus clouds and their standard deviation (in parentheses) are calculated from the mean values for the year 2013.


TABLE 1. Statistical details of mean optical properties of cirrus cloud.

[image: Table 1]


Monthly Variations of the Optical Properties of Cirrus

Figure 3 shows the total number of observations of lidar and cirrus clouds during the year 2013. The lidar dataset could not be obtained during February and March 2013 which may be due to unforeseen circumstances. The lidar and cirrus observations are maximum in the month of December (winter season) and minimum in the month of July (monsoon season). In general, during the monsoon period, the convective activity is high at the tropical regions. The occurrence of cirrus clouds is found to be more prominent during the monsoon period.
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FIGURE 3. Lidar and cirrus clouds observations during 2013.


The monthly mean variation of optical properties of cirrus clouds are depicted in Figures 4A,B during the period of observation. The symbolized vertical bars in both the cases represent the standard deviation from their calculated values. In this study, only single scattering effects are considered. Higher values of optical depth and depolarization ratio are observed during the post-monsoon season and lower values are observed during August (monsoon season) and January (winter season). Higher values of optical depth refer to the maximum thickness of the cloud and its variability mainly depends upon the thickness and composition of the cloud. The observed monthly mean variation in the optical depth is due to the thickness of the largely available cloud which also results in the change in microphysical properties of clouds (Motty et al., 2015).
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FIGURE 4. (A) Monthly mean variation of optical depth and (B) depolarization ratio of cirrus clouds. Vertical bars represent standard deviation.


Higher values of COD and LDR are observed due of the presence of ice crystals inside the cloud. It is observed that (Figure 4A) the average value of optical depth ranges between 0.15 and 0.3 which indicate the presence of optically thin clouds over this site. Similarly, from Figure 4B the depolarization ratio values are found to be between 0.2 and 0.45 indicating the presence of ice crystals inside the cirrus clouds. However, most of the cirrus clouds seen over Gadanki are optically thin clouds. Sassen and Campbell (2001) identified the structure of clouds as column crystals, thick plate and hexagonal (randomly oriented) thin plate based on the values of depolarization ratio. The typical mean value of optical depth and depolarization ratio of cirrus clouds occurred during different nights of corresponding months as a function of observed cloud altitude are depicted in Figures 5A,B. The days corresponding to the months of observations of cirrus clouds in terms of optical depth and LDR are shown in symbol square (blue) and upward pointing triangle (blue), respectively. The cloud altitude is shown as red colored circle in both the cases.
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FIGURE 5. (A) Optical depth and (B) linear depolarization ratio values of cirrus clouds for each case in a month with respect to cloud altitude.




Seasonal Variation of the Optical Properties of Cirrus

The variation of optical depth as a function of depolarization ratio for the four prominent seasons of a year such as winter, pre-monsoon, monsoon, and post-monsoon are illustrated (pseudo colored plots) in Figures 6A–D. The colorbar denotes the number of LDR cases. It is observed that majority of cirrus clouds formed over Gadanki are optically thin having depolarization ratio ranging from 0.1 to 0.6 (Sassen and Cho, 1992). It also shows the presence of moderate thick cirrus clouds and minority SVC clouds based on their optical depth values for all seasons during 2013. Table 2 illustrates the statistics of optical properties of cirrus clouds for the four prominent seasons along with all seasons. During each season, different numbers of cases together with all seasons are found in a year over the tropical rural site Gadanki for the year 2013.
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FIGURE 6. Optical depth versus depolarization ratio of cirrus clouds for (A) winter, (B) pre-monsoon, (C) monsoon, and (D) post-monsoon seasons during the year 2013.



TABLE 2. Statistics of optical properties of cirrus clouds over Gadanki, India for the year 2013.

[image: Table 2]It was observed that in all seasons, most of the thin cirrus clouds formed over Gadanki have higher values of extinction (scattering and absorption together), leading to positive radiative forcing. The depolarization ratios vary with optical depth for all the seasons indicating the presence of different ice crystals in the cirrus clouds. The depolarization ratio varies during winter season which shows that the cirrus clouds are composed of supercooled (like ice) particles which affect the earth’s radiative budget. During the pre-monsoon season, the depolarization ratio varies due to process of heterogeneous nucleation (DeMott et al., 2010) indicating the presence of randomly oriented of complex ice crystals inside the cirrus clouds. Low values of depolarization ratio during monsoon season indicate the presence of more water content in the clouds and its high value indicate the presence of moderate to heavy ice particles. During post monsoon season, the depolarization ratio values are almost same, indicating the presence of mixed phase of water, ice and complex ice crystals in the cirrus clouds. The optical depth is high during this season. These cirrus clouds are observed near to the tropopause layer and hence there is a chance for formation of ice crystals during the period of observation. Radiation budget of cirrus cloud depends on orientation, phase and size of cloud particles. Thus it is observed that there is a strong seasonal variation in the optical properties of cirrus clouds. In general, thin cirrus clouds occurred more frequently than the sub-visual and thick clouds. The upper portion of the cirrus clouds contain randomly oriented hexagonal ice crystals with different orientations and sizes, whereas the lower portion contains the mixed phase of ice crystals and liquid water droplets.



CONCLUSION

The optical properties of cirrus clouds were analyzed using ground-based polarization diversity lidar over the tropical site, Gadanki, India from January 2013 to December 2013. 98 days of cloud data (80.3%) were analyzed out of 122 days of lidar observation. Results show that cirrus clouds were observed in the altitude region between 8–20 km. The values of optical depth and depolarization ratio range from 0.01–0.4 and 0.1–0.4, respectively. It is observed that the optical depth and LDR increases in the altitude range of 10–14 km and then decreases. Above 12 km, the LDR values are high (0.3–0.6) which confirms the presence of ice crystals in cirrus cloud having thick plate structures. The interdependence of optical depth and LDR of cirrus clouds is analyzed and a positive correlation is observed between them. Based on the measured optical depth values, cirrus clouds are classified as sub-visual cirrus (8%), thin cirrus (77%), and thick cirrus (14%) and it is observed that most of the cirrus clouds that are formed above this site are found to be thin clouds. Monthly and seasonal variations of optical depth and LDR of cirrus clouds were presented during the period. Summary of cirrus layer statistics for the total time of observation and the statistical variation of the optical properties of cirrus clouds is presented for the period of observation.

The present research study can be relatively useful in the parameterization of cirrus clouds and can be a corresponding tool to satellite product that cannot provide vertical structure of cloud. The kind of information presented here is required as input in the calculation of radiative transfer models. Moreover, the statistics of cirrus clouds properties could also be useful in the improvement and validation of the subsequent satellite product retrievals.
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