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Abstract
Cirrus clouds are highly reflective clouds that play an important role in the atmospheric radiative balance and contribute to 
climate change. We present the seasonal distribution of cirrus cloud occurrence, characteristics and evolution over a coastal 
station (Goa, 15.4°N, 73.8°E, 40 m above MSL) in India using ground-based micro pulse lidar and radiosonde observations 
from July 2013 to June 2015. The frequency of cirrus occurrence was approximately 44%, 33%, 17% and 6% in winter (JF), 
premonsoon (MAM), southwest monsoon (JJAS) and postmonsoon season (OND), respectively. Thicker cirrus was more 
frequent in September, with an average value of > 1.7 ± 0.89 km. The frequency of cirrus descent occurs almost similarly 
in monsoon and postmonsoon (42% and 43% respectively). Two extreme cirrus descending cases were observed during 
the monsoon: (1) on 22 August 2014 with a displacement of 9.6 km from the initial height of 14 km with a descending 
rate and geometrical thickness of 0.4 ms−1 and 1.5 km, respectively, and (2) on 14 September 2013 with a displacement of 
7.8 km with descending rate and thickness of 0.2 ms−1 and 2.3 km respectively. Relatively high humidity (> 60%) and low 
(< − 20 °C) ambient temperature caused thick cirrus formation in September 2013. However, during August 2014 event, 
relatively thinner cirrus was observed, and the same is attributed to lower humidity conditions (45 to 60%). The wind shear 
associated with the tropical easterly jet (TEJ) plays a major role in cirrus displacement by modifying their vertical velocity. 
The positive and negative vertical velocity fields cause cirrus to have a descending shape. The gradual descending pattern 
of cirrus is moving parallel to the vertical velocity contour, while the rapid descending in 2014 was mainly due to the occur-
rence of cirrus perpendicular to the velocity contour. Overall, this study highlights the descending nature of cirrus clouds 
over a coastal station in India, which can impact surface radiative characteristics.

1  Introduction

Cirrus clouds are high-altitude thin, wispy clouds that cover 
almost 20–50% of the Earth’s atmosphere (Veerabuthiran 
2004; Liou 1986; Lynch 2000; Stubenrauch et al. 2013). Owing 
to their interaction with incoming solar radiation, they have the 
potential to modulate the Earth’s radiation budget (Choi and 
Ho 2006; Podglajen et al. 2015; Hansen et al. 1997; Chen, 

et al. 2000; Hartmann et al. 1992; Burkhardt and Kärcher 
2011; Takano and Liou 1995; Zeng et al. 2021; Campbell 
et al. 2021) and can influence the weather and climate (Baran 
2012; Muri et al. 2014; Heidinger et al. 2015; Kärcher 2018; 
Lawson et al. 2019). The macro- and microphysical properties 
of cirrus determine the cooling or warming effect (Noel et al. 
2006; Stubenrauch, et al. 2010). The cirrus clouds are mainly 
composed of ice crystals. However, they are occasionally 
enriched with supercooled water droplets (Krämer et al. 2009; 
Jeffery and Austin 1997). Cirrus cloud formation occurs at 
typical temperatures of less than − 20 °C (Liou 1986; Jensen 
et al. 2001; Korolev and Isaac 2006; Koop et al. 2000), and the 
shape and size of ice crystals within these clouds depend on 
the ambient temperature and relative humidity (Liou 2002). In 
general, cirrus cloud’s genesis can be explained either via deep 
convective activity or due to the nucleation of the ice crys-
tals near the tropopause (Veerabuthiran 2004). Cirrus cloud’s 
typical lifetime varies from a few hours to days (Taylor et al. 

 *	 Ashwini Kumar 
	 ashwinik@nio.org

1	 Geological Oceanography Division, CSIR-National Institute 
of Oceanography, Dona Paula, Panaji, Goa 403004, India

2	 Bharathidasan University, Tiruchirappalli 620024, 
Tamil Nadu, India

3	 Ministry of Earth Sciences, Indian Institute of Tropical 
Meteorology, Pashan, Pune 411008, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-023-04518-w&domain=pdf


44	 M. A. Aswini et al.

1 3

2011; Meenu et al. 2011). The interaction with incoming solar 
radiation, which includes reflection, absorption and transmis-
sion, depends on the coverage, position, thickness and size 
distribution of ice crystals (Liou 1986; Baran 2009; Heidinger 
et al. 2015), which eventually determine their role in impact-
ing the climate. In the tropical tropopause layer, the optically 
thin cirrus clouds have a low albedo which causes positive 
radiative forcing and the greenhouse effect, which warms the 
atmosphere. Optically thick cirrus clouds have high albedo, 
which produces negative radiative forcing, and the albedo 
effect cools the atmosphere (Jensen et al. 1994; McFarquhar 
et al. 2000; Fu and Liou 1993; Fahey and Schumann 1999). 
The degree and extent of greenhouse or albedo effects will 
lead to significant atmospheric differential heating and cooling 
on vertical as well as horizontal scales and appear to have a 
profound influence on synoptic and regional weather systems 
(Liou 1986; Forster et al. 2007; Campra et al. 2008). For well-
mixed greenhouse gases, a positive radiative forcing implies 
global warming (Ramanathan and Collins 1991; Hansen et al. 
1997). However, cirrus induces a radiative heat source profile 
that tends to warm the upper troposphere but may cool the 
surface (Liou 1986; Fu and Liou 1993; Fahey and Schumann 
1999). Choi and Ho (2006) found that the longwave radia-
tive forcing of cirrus clouds often exceeds the corresponding 
shortwave radiative forcing due to their low optical depth and 
cool ambient temperature that give rise to net surface warming 
of the Earth’s surface.

Lidar (light detection and ranging) is a robust tool widely 
used for cirrus clouds studies, which include their identifica-
tion and quantitative assessment (Saseen and Cambell 2001; 
Ramaswamy 2006; Nair et al. 2012; Das et al. 2009; Manoj 
Kumar et al. 2020; Lolli et al. 2020; Saha et al. 2020, 2021; 
Xie et al. 2017; Mbatha and Shikwambana 2022). The lidar 
can detect the cirrus cloud base and cloud top better than other 
techniques (Veerabuthiran 2004). It provides parameters such 
as normalized relative backscatter, extinction coefficient, back-
scatter and depolarization ratio, which help characterize the 
cirrus cloud (Das et al. 2009; Ramaswamy 2006; Nair et al. 
2012; Manoj Kumar and Venkatramanan 2020; Manoj kumar 
et al. 2020). The majority of cirrus in the tropical region are 
subvisual and thin (Immler et al. 2007; Seifert et al. 2007) and 
cover up to 60%, which is mainly a result of anvils produced 
directly by deep convection in the inter-tropical convergence 
zone (ITCZ) and monsoonal circulations (Wylie et al. 1995; 
Chen and Liu 2005; Fortuin et al. 2007; Kox et al. 2014). 
Observational studies have indicated that during summer, 
the ITCZ continuously pumps moisture and aerosol from the 
lower troposphere into the upper, resulting in deep convec-
tion that often leads to cirrus clouds formation (Veerabuthi-
ran 2004; Meenu et al. 2011). Das et al. (2011) reported the 
formation of tropical cirrus clouds coupled with the tropical 
easterly jet (TEJ) during the summer monsoon using CALIOP 

and reanalysis data over the Asian Summer Monsoon region. 
The largest cirrus cloud occurrence is over the tropical Indian 
Ocean (SunilKumar and Parameswaran 2005; Seifert et al. 
2007) as well as over the western Pacific (Heymsfield et al. 
1998) and Southeast Asia (He et al. 2013; Wang et al. 2020), a 
significant fraction of which are optically and physically thin 
(Meenu et al. 2011). Cirrus clouds have a broad range of opti-
cal depths, positively and negatively impacting the radiation 
budget. Usually, thin cirrus clouds may produce positive radia-
tive forcing at the top of the atmosphere, whereas there can be 
cooling due to thick cirrus clouds (Stephens and Webster 1981; 
Fu and Liou 1993; Fahey and Schumann 1999).

Cirrus cloud radiative transfer is one of the important compo-
nents in the Earth heat budget equations. When these high cir-
rus clouds descend to lower altitudes, they can modify regional 
weather patterns (Prabhakara et al. 1993; Schumann et al. 2021). 
Cirrus descending with time is attributed to either gravitational 
settling of ice crystals within the cirrus or the downward move-
ment of ice due to subsidence of upper tropospheric air mass 
(Heymsfield and Iaquinta 2000; Mitchell et al. 2008). The trig-
gering mechanism for vertical movement could be due to atmos-
pheric waves or general circulation. Nair et al. (2012) reported a 
descending pattern of cirrus in Trivandrum throughout the year, 
where they observed the maximum descending (1.5–2.5 km) in 
premonsoon and monsoon. The descent of cirrus can signifi-
cantly modulate the moisture content and the radiation budget 
of the upper troposphere (Jakob 2001; Jensen et al. 2013). The 
ice particle content in cirrus undergoes sedimentation during its 
descent, resulting in the sublimation of these particles, increas-
ing water vapour content at higher altitudes and significantly 
impacting radiative forcing (Jakob 2001; Jensen et al. 2013) 
subsequent to cloud formation.

The above studies have highlighted the role of cirrus clouds 
in the radiative balance of the Earth’s atmospheric system, 
which usually depends on cirrus optical properties and verti-
cal and horizontal coverage (Fu and Liou 1993; Zerefos et al. 
2003; Seifert et al. 2007; Das et al. 2009). Due to limited 
knowledge of cirrus geometrical and optical properties, sig-
nificant uncertainties remain with respect to the radiative and 
climate effects of cirrus clouds (Solomon et al. 2007; Stocker 
et al. 2013). Thus, observational studies can improve our pre-
sent understanding of cirrus characteristics and their asso-
ciated processes. In this context, we measured these clouds 
from July 2013 to June 2015 using a micro-pulse lidar over 
a coastal station (Goa) located on the west coast of India. 
This paper reports their characteristics, including occurrence, 
descending pattern and geometrical thickness during the study 
period. In addition, we will also discuss two cases of abnormal 
descending patterns during the summer monsoon and examine 
possible mechanisms responsible for such rapid descending 
of cirrus clouds. These results are further complemented by 
radiosonde and CALIPSO observations at the study site.
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2 � Site descriptions

The observational site is located at Goa (15.46 N, 73.8 E), a 
coastal station 40 m above the mean sea level on the west coast 
of India. The peculiar geography of Goa is such that the core 
of the southwest monsoon low-level jet (LLJ) passes through 
this region during the monsoon period (JJAS). The humid air 
stream undergoes topographic uplift when it meets the Western 
Ghats running parallel to the coastline. Topography-induced 
convection injects humid air deep into the troposphere, leading 
to cirrus clouds. Sufficient moisture is supplied from the mon-
soonal jets (LLJ and TEJ), and the convection associated with 
the inter-tropical convergence zone increases the formation of 
cirrus clouds over this region. The core of the TEJ (eastward) 
appears to pass above the LLJ (westward) at an altitude closer 
to the tropopause and generates a conducive atmosphere for 
the formation of cirrus (Das et al. 2011).

3 � Data and methodology

3.1 � Micro‑pulse lidar system

The micro-pulse lidar (MPL) is an elastic backscatter lidar that 
operates at a wavelength of 532 nm with a high-pulse reple-
tion frequency of approximately 2500 Hz, low-pulse energy 
of approximately 6–8 μj and a pulse length of 9.3 ns. MPL 
consists of an optical transceiver unit, laser power supply and 
computer. The transceiver houses the laser transmitter and the 
photon counting detection system. A telescope with a diameter 
of 7–8 inches’ and a field of view 81.71 μrad is used for trans-
mitting and receiving the laser pulses. The range resolved signal 
is collected and displayed in real time on the data acquisition 
computer. The transceiver is mounted on a swivel mechanism 
that is useful for elevation adjustment for vertical or off-zenith 
measurements. The data acquisition software SIGMA-MPL can 
also be used to play back data files recorded previously. The 
lidar operation is fully automated and designed for unattended 
data acquisition. The laser output energy from the telescope 
is designed to meet the ANSI Z136.1–2000 standard for eye 
safety. The receiver has depolarization measurement capability.

The temporal and vertical resolutions of the lidar were set 
to 30 s and 30 m, respectively. The parameters computed from 
the lidar are normalized relative backscatter (NRB) data, extinc-
tion coefficient, backscatter coefficient and depolarization ratio. 
NRB is calculated (following Eq. (1)) using the raw scattered 
photon counts, laser energy and instrument-specific correction 
terms and solving the system calibration coefficient through the 
lidar equation (Campbell et al. 2002).

(1)NRB =
[[

Raw × Deadtime − Afterpulse − Background
]

× Range2
]

∕(Overlap × Laserenergy
]

The backscattered signals are received in two channels 
known as CO-Polarization (NRBCO) and CROSS-Polariza-
tion (NRBCROSS). From the backscattered signal, the plane of 
polarization parallel and perpendicular to the laser is known 
as NRBCO and NRB CROSS, respectively.

The MPL installed at this site has additional features, 
such as an environmental protection chamber to safeguard 
it from external weather changes. This provides all-weather 
capability to generate uninterrupted data, making it a 
unique instrument compared to conventional lidar networks 
installed elsewhere. The MPL is widely used to detect cirrus 
(Spinhirne 1993; Campbell et al. 2002; Welton and Camp-
bell 2002). Uninterrupted LIDAR data from July 2013 to 
June 2015 are considered for our present investigation.

3.2 � Radiosonde observations

Uninterrupted ascents were carried out using all-digital Vaisala 
Radiosonde RS92-SGP, which measures pressure, tempera-
ture, relative humidity and wind profiles (instrument specifica-
tions and validation details are available online at http://​www.​
vaisa​la.​com/​en/​meteo​rology/​produ​cts/​Pages/​defau​lt.​aspx). The 
upper atmospheric profiles were collected every third day dur-
ing monsoon months and weekly during non-monsoon months 
at 17:30 pm LT (LT = UTC + 05:30 h). Wind shear data were 
used to identify the meteorological condition for vertical oscil-
lation of cirrus clouds during this study over Goa. The wind 
shear can be calculated by using the below described equation

where u, v and z is zonal wind component, meridional wind 
component and height, respectively.

3.3 � ECMWF (European Centre for Medium‑Range 
Weather Forecasts) reanalysis products

In addition to the above in situ observations, we also used 
the monthly climatology of temperature, relative humidity 
and zonal wind components from 2000 to 2014 from ERA-
interim (http://​apps.​ecmwf.​int/​datas​ets/​data/​inter​im-​full-​
daily/​levty​pe=​sfc/). ERA-Interim is the most widely used 
reanalysis dataset produced by the ECMWF. To identify 
seasonal variability over the study region, we downloaded 
data set from 15°N,73°E to 16°N 74°E region with a spatial 
resolution of 0.125° × 0.125° latitude–longitude grid. ERA5 
provides hourly estimates of several atmospheric, land and 
oceanic climate variables. It covers the entirety of the Earth 

(2)
wind shear =

√

(V
1
− V

2
)2 + (U

1
− U

2
)2

ΔZ

http://www.vaisala.com/en/meteorology/products/Pages/default.aspx
http://www.vaisala.com/en/meteorology/products/Pages/default.aspx
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
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using 137 vertical levels ranging from the surface up to 
0.01 hPa (~ 80 km). ERA5 is the most recent release of the 
data set provided by the ECMWF. One-hour vertical velocity 
data were downloaded for different pressure levels to pick 
vertical velocities collocated with descending cirrus during 
the descending event.

3.4 � Identification of cirrus clouds

Cirrus clouds are detected from the linear depolarization 
ratio, which mainly calculates the scattering nature and 
shape of aerosols and clouds. The ratio of the plane of polar-
ization perpendicular to the laser to the plane of polarization 
parallel to the laser is called the linear depolarization ratio 
(LDR) (Ramaswamy 2006; Flynna et al. 2007; Eq. (3)).

LDR is a measure of sphericity of the particles wherein 
a higher depolarization ratio refers to higher nonspheric-
ity and vice versa (Muller et al. 2006; Rajeev et al. 2010; 
Saha et al. 2020; 2021). Lidar measurements are widely 
used in the Indian region to investigate the characteris-
tics of aerosols and clouds (Satheesh et al. 2006; Rajeev 
et al. 2010; Saha et al. 2021). Atmospheric hydrometeors 
(rain or cloud) scatter more photons than carbonaceous, 
sea salt and dust aerosols (Ramaswamy 2006). In the case 
of clouds, the scattering property differs from water clouds 
to icy clouds (Uchino et al. 1988; Nair et al. 2012). There-
fore, clouds are identified using their scattering properties 
and their height of occurrence (Nair et al. 2012). Typi-
cally, most cirrus clouds are located near the tropopause 
(~ 18 km) but are observed anywhere between 8 and 18 km 
(Pandit et al. 2015; SunilKumar et al. 2010). However, 
according to Veerabuthiran (2004), tropical cirrus can be 
seen as low as 6 km. Cirrus clouds are often defined as 
nonspherical high icy clouds with LDRs higher than aero-
sols (Krämer et al. 2009; Jeffery and Austin 1997). Sup-
plementary Figure S1(a and b) represent typical examples 
of cirrus occurrences observed through the MPL retrieval 
and compared with same day image from the CALIPSO 
(Figure S1 c). In this study, we used LDR to detect typi-
cal features of cirrus clouds such as their occurrence and 
descent. The cirrus cloud top and bottom were identified as 
a sudden increase and decrease in LDR values with respect 
to the height (a typical example is provided in Supplemen-
tary Figure S2). In this study, the cirrus identification was 
made based on LDR only, as reported by several workers 
from coastal India (Nair et al. 2012; Manoj Kumar et al. 
2020). In addition, we have also compared cirrus iden-
tification using LDR and NRB to assess the robustness 

(3)LDR = NRB
CROSS∕NRBCO

]∕[NRB
CROSS

∕NRB
CO

+ 1]

of methodology (Figure S2), which clearly shows cloud 
base and top are at a similar height in both NRB and LDR 
plots. Using lidar measurements, Chen et al. (2002) exam-
ine cirrus clouds in Chung-Li, Taiwan. They found that 
cirrus clouds LDR from 0.2 to 0.5 between 11 and 15 km 
height; above 15 km, LDR is ~ 0.3. SunilKumar and Para-
meswaran (2005) have studied cirrus optical properties 
over the tropical region using LDR, where they found that 
LDR increases with decreasing temperature. Ramaswamy 
(2006) defined cirrus clouds with LDR greater than 0.4 in 
Alaska, whereas Nair et al. (2012) defined LDR for cirrus 
clouds in the troposphere greater than 0.05 in Trivandrum, 
India. Considering previous studies and from daily visual 
observations at the study site, LDR value for cirrus is taken 
as > 0.09. The majority of time MPL was operated with 
30-m vertical resolution and 30 s of time resolution and 
those having a residence time of more than 5 min were con-
sidered in this study. Most cirrus clouds and their descend-
ing pattern were observed during the afternoon time. The 
lidar data exhibit more clarity on cirrus structures which 
are observed during late evening than those observed dur-
ing daytime owing to poor signal-to-noise ratio and con-
tamination by background photon counts (Dupont et al. 
2011). An optically thick high reflective cloud is observed 
during monsoon months and calculated by taking the dif-
ference between top and bottom height of the cirrus cloud.

4 � Results and discussion

4.1 � General meteorological conditions over Goa

Goa is situated on the central west coast of India in the 
latitudinal belt of 13° to 17° N. Figure 1 a, b and c show 
the climatological mean of zonal wind, relative humid-
ity and temperature respectively. It is interesting to note 
that the wind and humidity patterns show clear seasonal 
variations. The subtropical westerly jet streams in the 
upper troposphere (approximately 300 mb) are visible in 
all months except the southwest monsoon season (SWM; 
June–September). During this period, the subtropical jet 
is replaced by a tropical easterly jet in the upper tropo-
sphere, and a monsoon low-level jet exists at approxi-
mately 850 mb. These two jets are important synoptic 
components of the Indian summer monsoon (Joseph and 
Raman 1966; Koteswaram 1958). The LLJ appears to 
carry moisture from the Arabian Sea through wind-sea 
surface temperature-evaporation feedback, while the TEJ 
acquires moisture from the LLJ uplift at the Tibetan Pla-
teau, and its course over the Bay of Bengal makes condu-
cive conditions for cirrus formation (Pfister et al. 2001; 
Fu et al. 2007; Chen and Liu 2005; Corti et al. 2006). 
Relative humidity parameters show large values even up 
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to the troposphere in the SWM season, indicating the 
moisture abundance in the whole troposphere (Fig. 1b). 
From Fig. 1c, it is evident that the premonsoon months 
exhibit relatively higher temperatures than any other sea-
son. Since these parameters have an influential role in 
cirrus formation and its associated features, this analysis 
will be useful in characterizing the monthly and seasonal 
distribution and properties of cirrus over the study region. 
Detailed analyses and discussions on the characteristics of 
cirrus and its descending nature over the coastal station 
will be discussed in the following sections.

4.2 � Characteristics of cirrus occurrence

From the lidar observations made over Goa during the study 
period from July 2013–June 2015, it is clear that the cirrus 
occurs in all four seasons. Of 695 total observations taken 
during the study period, cirrus occurrence was noticed on 
383 occasions. Figure 2 describes the properties of cirrus 
occurrence. Except for January 2014 and June 2015, the 
LIDAR was operated continuously (more than 25 days) 
throughout the year.

Figure 2 a shows a higher number of occurrences during 
June-December, with the maximum event in September and 
the lowest occurrence in February. A clear seasonal variation 
is observed in cirrus occurrences, as seen in Fig. 2b.The maxi-
mum is seen during the southwest monsoon (44%), followed by 
the postmonsoon (33%). Winter months show the lowest occur-
rence frequency (6%). A similar pattern has been reported from 
Trivandrum (Nair et al. 2012) on the west coast of India and in 
Gadanki on the east coast of south India (Manoj Kumar et al. 
2020), where the maximum occurrence is observed in (Trivan-
drum =  ~ 69%; Gadanki =  ~ 90%) the southwest monsoon 
and a minimum occur during winter (Trivandrum =  ~ 36%; 
Gadanki =  ~ 55%).

The monthly mean and standard deviation of the cirrus 
cloud geometrical thickness are shown in Fig. 2c. A higher 
geometrical thickness is observed in the period August-
November with the maximum (1.9 ± 0.9) in September 
(1.9 ± 0.9) and the minimum in February (0.3 ± 0.25). Most 
tropical cirrus cloud thicknesses can be less than 2 km, and 
some can be up to 3 km (Veerabuthiran 2004). Analyses 
of both the cloud base (CB) and cloud top (CT), which are 
provided in Table 1, reveal that both show minimum and 
maximum values during the southwest monsoon and win-
ter seasons, respectively. The persistence of cirrus clouds 
at lower altitudes (~ 4.5 km) during the southwest monsoon 
might have been influenced by ambient conditions such as 
moisture availability, as described in the previous section.

4.3 � Descending nature of cirrus clouds

An interesting factor associated with cirrus occurrence is 
its descending nature. We have calculated the descending 
characteristics of cirrus clouds such as displacement and 
time by using the LDR method. This involves the analy-
sis of LDR height profiles at each time step. Cirrus cloud 
base and top is calculated based on the sudden increase and 
decrease in the LDR height profile. Descending height is 
calculated as the difference between the final and initial 
heights of the cirrus cloud base. The time of descend is cal-
culated as the time taken for the descent. A total of 163 
cases of descending cirrus were observed during this study 
period. The descent of cirrus clouds often occurs due to 

Fig. 1   Climatology of the monthly mean a zonal wind, b humidity 
and c temperature over the study site (Goa; 15–16°N and 74–75°E)
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the subsidence of upper tropospheric air masses associated 
with sedimentation, atmospheric waves, atmospheric distur-
bance, general circulation or several other coupled processes 
(Heymsfield and Iaquinta 2000; Mitchell et al. 2008; Nair 
et al. 2012; Immler et al. 2007; Das et al. 2013). Nair et al. 
and Manoj Kumar et al. (2012) observed the descending 
nature of cirrus clouds over the Indian region, as discussed 
earlier. A similar result was reported by Sharma et al. (2015) 
in Ahmedabad. They observed a descending or ascending 
(downdraft and updraft) nature of low and middle clouds 

during the southwest monsoon and postmonsoon periods. 
Figure 3 represents the duration and frequency of descend-
ing height over different periods in Goa. Figure 3 b suggests 
that the majority of descending height occurs below 2 km, 
and in very few cases, it descends above 6 km height.

This result resembles those reported by Manoj Kumar 
et al. (2020) over Gadanki, India, where most of the cirrus 
descent height was observed below 1 km. The monthly distri-
bution of cirrus descending (Fig. 3a) shows that descending 
is frequent in latter half of the year, particularly from August 
to December. Maximum descending is observed in August 
(4 ± 2.4 km) and minimum in January (0.5 ± 0.5 km). The 
seasonal maximum frequency of descending is observed in 
the southwest monsoon season (43%), which is followed by 
the postmonsoon (42%) and the lowest frequency is observed 
in winter (5%) (Fig. 3c). Nair et al. (2012) observed a maxi-
mum of cirrus descending in the premonsoon months and 
a minimum in winter at Trivandrum. Our study region and 
Trivandrum are in the same longitudinal belts but different 
latitudinal belts. The frequency distribution of duration of 
cirrus descent explains (Fig. 3d) that almost half of the cirrus 
descent occurred within half an hour. Another striking feature 
observed during this study is that more than 30% of the cases 
had durations above 2 h. This is important because descent 
cirrus significantly affects the radiative feedback processes 
in the atmosphere (Nair et al. 2012). The longer duration will 
have a significant influence on the radiation feedback process. 
The influence of cirrus descent on the radiative feedback is 
covered in detail in the latter part of the discussion.

Fig. 2   a Monthly average cirrus 
occurrences (%) shown as bar 
diagram and number of days 
when lidar was operational 
(solid line with closed circle). b 
Pie chart showing frequency of 
occurrence of cirrus in different 
seasons. c Monthly average 
cloud geometrical thickness 
during 2013–2015

Table 1   Monthly mean and SD of CB and CT of cirrus clouds (in km)

Month Cloud base (CB) Cloud top (CT)

Mean SD Mean SD

January 13.13 1.01 14.05 1.07
February 13.29 2.23 13.87 1.96
March 11.32 2.53 12.26 2.11
April 12.43 2.96 13.43 2.91
May 12.96 2.17 14.20 1.88
June 10.66 2.59 12.00 2.87
July 9.17 2.45 10.46 2.78
August 10.73 1.33 12.86 1.54
September 10.63 2.28 13.08 2.01
October 11.43 2.12 13.22 1.96
November 12.35 1.34 13.80 1.07
December 13.00 1.96 14.28 1.44
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To further investigate the descending nature, probabil-
ity distribution function (PDF) analysis is carried out and 
presented in Fig. 4. Figure 4 a depicts the PDF of vertical 
displacement of the cloud top versus the cloud base. This 
indicates that a one-to-one relationship exists between the 
vertical displacements of cloud bottom and top, resem-
bling those reported by Nair et al. (2012) and Manoj kumar 
et al. (2020). The mean displacements of the cloud top and 
bases are 1.97 ± 1.92 and 2.16 ± 1.99 km, respectively. The 
downward displacement occurred mostly within the 0–3-km 
range. This result corroborates that the descent most often 
occurred below 3 km (Fig. 3). Figure 4 b and c display the 

PDF of cirrus cloud altitude before and after the descent for 
the cloud base and cloud top respectively.

The term “before” is used when the cirrus cloud is at 
particular height which is just about to start the descent 
process and “after” is used when the cirrus cloud reaches 
at a particular height level after descent. Figure 4 b rep-
resents the cloud base information and indicates that the 
maximum occurrence probability for the cloud base is 
in the range 10–15 km and 8–14 km before and after the 
descent respectively, whereas, Fig. 4c contains the infor-
mation on the cloud top before and after the descent and 
their respective values are in the range 12–16 km. These 

Fig. 3   a Monthly average 
descending of cirrus clouds 
during 2013–2015; b frequency 
distribution of descending cir-
rus clouds; c relative percentage 
contribution of descending cir-
rus clouds in different seasons 
and d frequency of duration of 
cirrus descent

Fig. 4   a Probability distribution functions of the cloud base and top vertical displacement for the cirrus descent; b cloud base before descent versus 
after descent; c cloud top before descent versus after descent
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figures show that the descending cirrus shows almost 
uniform displacement at all altitudes, although there is 
considerable spread in its distribution. Figure 5 a and 
b clearly show that the cirrus descending time is usu-
ally within 1 h and that the displacement and geometri-
cal thickness are less than 1 km. We have calculated the 
descending speed of each case of cirrus with a noticeable 
descending height. The speed of cirrus is calculated as 
the difference between the descending height of the cloud 
base before and after descent divided by the duration of 
that descending event. To assess the descending speed 
behaviour with the duration of descent, we plotted PDF 
shown in Fig. 5c and d. Here, we considered only those 
cases where the descent is greater than 1 km. The maxi-
mum probability is confined to the longer duration time 
with slower descending speed. The correlation coefficient 
between the descending speed and duration for both cases 
(cloud base and cloud top) are − 0.25 and − 0.30, respec-
tively. This relation is significant at 1% confidence level. 
Thus, we conclude that descent speed is inversely propor-
tional to the duration of descent. Nair et al. (2012) found 
a similar inverse relationship in Trivandrum, India. Out 
of 124 cases, 90% had a duration greater than 2 h. The 
median descending speeds for both the cloud base and top 
were found as 0.07 and 0.06 m/s, respectively.

4.4 � Rapid descent of cirrus clouds: a case study

During the observational period, there were 25 cases of 
significant cirrus descending (displacement greater than 
3.5 km). Of these, two extreme cases were observed in Sep-
tember 2013 and August 2014 during the monsoon period 

with a displacement of more than 7 km. These extreme cases 
will be discussed in detail in the subsequent paragraphs. The 
lidar depolarization ratio patterns associated with descend-
ing cirrus clouds during 2013 and 2014 are illustrated in 
Fig. 6b and d. The cirrus appears to be gradually descend-
ing (7.8 km in approximately 11.6 h) in 2013 from approxi-
mately 15 km to about 7 km in a humid atmosphere where 
the relative humidity (RH) varied from 50 to 70% (Fig. 4a) 
and hence tends to retain its geometrical thickness and non-
sphericity to certain extent before dissipating. In contrast, 
abruptly descending thin cirrus is observed in a relatively dry 
(RH ~ 20%) ambient atmosphere during 2014 (Fig. 6c and d). 
The descending cirrus is noticed here from approximately 
14 to 4.4 km (9.6 km in 6.5 h). The low depolarization and 
decreasing nonsphericity are associated with melting and 
thinning of cirrus in a warming atmosphere (rapid increasing 
pressure) which possibly culminate in the form of precipita-
tion as it crosses the threshold temperature shown by the 
low depolarization ratios (less than 0.1) (Fig. 6d). Typically, 
cirrus clouds form when moisture is supported by an ambient 
temperature colder than − 20 °C (Veerabuthiran 2004). The 
shape and size of ice crystals in the cirrus vary due to gravi-
tational pulling and turbulence. Humidity profiles indicate 
deep penetration of humid air crossing the − 20 °C isotherm 
enabling thick cirrus formation in 2013 (Fig. S3 b and c) 
compared to the intermittent and less organized convection 
associated with a relatively weak monsoon of 2014 (Fig. S3 
e and f). Another factor affecting the cirrus distribution and 
its descent is the vertical wind shear (detailed calculation 
is provided in Sect. 3.2). During the southwest monsoon, 
effect of the TEJ is observed up to 10-km altitude with a 
speed of > 10 m/s (Fig. S3 a and d). The LLJ is predominantly 

Fig. 5   a Probability distribu-
tion functions of cirrus descent 
duration versus geometrical 
thickness; b descending height; 
c descending speed of cloud 
base and d descending speed of 
cloud top
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westerly in direction, whereas the TEJ is easterly. Thus, these 
fast-flowing air currents in opposite direction can create 
strong wind shear in the troposphere (Fig. 1 and Fig. S2). 
Both jets (LLJ and TEJ) are well developed in 2013 com-
pared to 2014. However, the vertical stretch of the core of 
TEJ appears to be larger in 2014 than in 2013. Moreover, the 
well-developed LLJ and TEJ spread right across the south-
west monsoon months in 2013 and thus have greater impact 
on the geometrical thickness of the cirrus, while the larger 
vertical stretch of TEJ in 2014 contributes to the dynamics 
associated with the wind shear compared to 2013.

To obtain more clarity on these descending processes, 
we investigated the inter-relationship of wind shear and 

vertical air movement during the two extreme cases of cir-
rus descending. The vertical velocity profiles were plot-
ted against the radiosonde derived wind shear during the 
period of cirrus descending (Fig. 7). This comparison has 
inherent limitations as vertical wind velocity is a gridded 
reanalysis product with uncertainties. Despite this, the com-
parison is possible, as the magnitude of vertical velocity 
fluctuates with the perturbations in wind shear irrespective 
of the polarity. However, the influence of shear in changing 
polarity is unclear from Fig. 7. The two high wind shear 
zones in Fig. 7a (17 km and 7 km) and in Fig. 7b (15 km 
and 11 km) roughly coincide with the enhanced vertical 
wind with some phase shift. Therefore, the vertical velocity 

Fig. 6   Vertical profile of tem-
perature and relative humidity 
obtained from the RS92 Vaisala 
radiosonde during a 14–15 
September 2013 and c 22–23 
August 2014. Cirrus oscillation 
pattern observed from MPL 
backscatter time series data 
(time in GMT) during a 14–15 
September 2013 and c 22–23 
August 2014 (time in GMT for 
LIDAR data and 5:30 IST time 
for radiosonde observation) par-
tially coinciding with the cirrus 
descending stretch

Fig. 7   Vertical variation in 
wind shear and vertical velocity 
plotted over Goa for a 14–15 
September 2013 and b 22–23 
August 2014
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with time appears to vary with the fluctuations in wind shear 
triggered by the resultant currents at various levels in the 
vertical plane.

We also investigated the influence of vertical velocity on 
the descending structure of cirrus clouds in the troposphere. 
The positive vertical velocity in the pressure coordinate 
explains downward motion and a negative value denotes an 
upward motion. The vertical velocity data with hourly reso-
lution from radiosonde are not possible; thus, we used the 
vertical velocity from Era-5 reanalysis data (which shows 
good correlation with the radiosonde data; Figure S4 and 
S5). The vertical velocity profile (ERA-5) during the cir-
rus descending period is reproduced in Fig. 8a and b. The 
outline of the cirrus cloud (shaded in grey colour) obtained 
in September 2013 and August 2014 is superimposed on the 
vertical velocity field to gauge impact of atmospheric forcing 
to yield the observed descending structure. The variation of 
the vertical velocity across the cirrus descending is plotted 

every hour of the descending period and reproduces the vari-
ability as a line graph against unit of time in Fig. 8 c and d.

The cirrus structure in both year acts according to the 
direction of vertical velocity, where negative velocity tends 
to lift it in the former half of the cirrus and positive velocity 
tends to push it down at the latter half of the cirrus (Fig. 8c 
and d). Therefore, descending pattern of the cirrus in both 
cases can be explained by this descending, which appears 
to be gradual during 2013 (Fig. 8a) in the time window of 
1700 h (22:30 h IST) to 0400 h (09:30 h IST) the next day. 
Here, the vertical wind pattern is such that the cirrus roughly 
lies parallel to the velocity contour while crossing over to 
a positive wind regime, making the transition gradual. In 
contrast, during August 2014, the weak negative vertical 
velocity does not provide the required momentum until it 
enters to the opposite polarity regime where cirrus passes 
right across the velocity contour to reach close to the core 

Fig. 8   Vertical velocity (shaded) profiles in the troposphere are plot-
ted with time during the period of cirrus descent in a September 
2013 and b August 2014. The rough outline of the cirrus (shaded in 
grey) is superimposed over the velocity field. Altitude is given on the 

Y-axis in terms of pressure (mb) and height (km). Vertical velocity is 
plotted every 1 h across the cirrus axis during the period of descent 
in a 2013 and d 2014. Negative velocity refers to upward thrust, and 
positive velocity refers to downward thrust
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in a short possible time (Fig. 8b) enabling, a sharp descent 
(in less than an hour).

The pressure difference increases temperature and dissi-
pates cirrus, causing ice to melt in the form of precipitation, 
as shown by the lidar depolarization values (a decrease in 
nonsphericity) close to the surface (Fig. 6d).

The cloud cover would lead to more sunlight reflected 
into space. In contrast, the trapping of atmospheric thermal 
emission by cirrus clouds enhances the radiative energy 
(heat) in the atmosphere and the surface (Liou 1986; 2002; 
Schumann 2002). Various studies have shown that cirrus 
clouds cause warming effects in the tropics and cooling 
effects in the mid-latitudes (Sivakumar et al. 2003; Nicolas 
and Bromwich 2011). One of the major implications of the 
cirrus descent is the reduction of longwave cloud radiative 
forcing at the top of the atmosphere by 1 to 12.9 Wm−2 (Nair 
et al. 2012). Here we attempted to address another impact of 
cirrus descending on the regional weather in terms of sur-
face warming during various phases of cirrus descending. To 
achieve this, we have chosen a few cases of cirrus descend-
ing where the vertical displacement is higher than 5 km.

The cirrus descending cases have been categorized based 
on duration, vertical displacement, height from the ground and 
descending rate derived from lidar data and compared with 
surface temperature anomaly derived from surface automatic 
weather station (AWS) data during 2013 and 2014 (Fig. 9). The 
daily temperature anomalies were calculated from the 2009 to 
2015 period data. There are few days where group of cirrus 
are observed continuously for two to three days (6–8 October 
2013, 21–22 August 2014); in that case, we have averaged it 

for two days of anomaly. Out of eleven cases, nine indicated 
an appreciable temperature rise during the cirrus descent indi-
cating a possibility of 82% (Fig. 9a). The rate of descending 
appears to be higher in 2014 with values ranging between 0.14 
and 0.4 m/s while during 2013, relatively lower descent rates 
were observed (Fig. 9a). The strong convection and high rain-
fall during 2013 probably influenced the descending pattern of 
cirrus in contrast to those observed during 2014. Strong con-
vection often inhibits vertical displacement, as seen in 2013. 
When the duration of cirrus descending correlates more with 
surface warming during 2013, the vertical displacement of cir-
rus is likely to associate with the positive temperature anomaly 
in 2014 (Fig. 9). In short, the duration of cirrus descent is 
one of the key factors for the rise in temperature during the 
intense monsoon season, while vertical displacement is key to 
the temperature rise in weak monsoon months. These conclu-
sions are based on the 2-year data set and relatively longer time 
series observational (collocated radiosonde and lidar) data can 
provide more robust information.

5 � Summary

This study reports cirrus clouds seasonal distribution 
from the lidar backscatter profiles from July 2013 to 
June 2015. These observations are corroborated with 
continuous radiosonde profiles of humidity, temperature 
and wind to assess the formation and dynamics of cirrus 
clouds from a coastal station on the west coast of India. 
Major outcomes are:

Fig. 9   a Descending rate (black 
rectangle dot and line) and tem-
perature anomaly (red rectangle 
and line); b duration (colour 
bar), displacement height (black 
closed rectangle and solid line) 
and descending height from 
the ground (black closed circle 
and solid line) for each cases of 
cirrus cloud descending pattern 
over the study region
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1.	 Using MPL data, we monitored cirrus cloud character-
istics and descending nature over a coastal station in the 
eastern Arabian Sea.

2.	 The frequency of cirrus occurrence is maximum in the 
southwest monsoon and lowest in the winter season. 
Optically thicker clouds were observed in the monsoon 
whereas, in the postmonsoon, cirrus occurred often.

3.	 Out of several occurrences of oscillating cirrus clouds, 
very few exhibited tendencies of descending patterns with 
displacements greater than 4 km during monsoon months.

4.	 Two extreme cases have been chosen from this group 
with more than 7 km displacement during September 
2013 and August 2014 to investigate the dynamics asso-
ciated with this rare oscillation.

5.	 The speed of descent in 2014 (0.4 m/s) was twice the 
speed (0.2 m/s) observed in 2013. This is possibly, the 
first observation of extreme cirrus descent reported from 
the Indian coastal region. Comparatively thick cirrus was 
observed in 2013 compared to 2014. The zonal wind pat-
tern of 2013 differs much from that of 2014, as both LLJ 
and TEJ were well organized and evenly distributed month 
wise during September 2013. The core of the TEJ was 
stronger during the peak monsoon month of August 2014 
and its vertical extent often generates relatively strong 
wind shear compared to September 2013. This anomalous 
wind shear triggers sharp vertical oscillation in the mid-
troposphere. The gradual tilt observed in September 2013 
was because the cirrus axis aligns more or less parallel to 
the velocity contour while in August 2014; the cirrus axis 
stretches across the velocity contours to provide a rapid 
downward tilt at the latter half of the cirrus.
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