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This paper reports the evolution of rain drop size distribution (DSD) during bright band (BB) and no-
BB (NBB) conditions of low intensity rainfall events as observed by a vertically pointing Micro Rain
Radar (MRR) over Pune (18.58◦N, 73.92◦E), India. The BB is identified by enhanced radar reflectivity
factor Z (dBZ) at the 0◦C isotherm. The gradient of hydrometeor fall velocity is found to be a good
indicator in identifying the melting layer when enhanced radar reflectivity at melting layer is not promi-
nent. The storm structures as observed by the MRR are compared with CloudSat observations that
provide evidence of ice hydrometeor at ∼ −60◦C with clear indication of BB at 0◦C. Storm heights at
warmer than 0◦C are evident during NBB conditions from CloudSat. This suggests that warm rain pro-
cesses are responsible for producing rain during NBB conditions. During BB conditions, bimodal DSDs
below the melting layer are observed at lower altitudes. The DSDs of shallow warm precipitating sys-
tems of NBB conditions are monomodal at all the altitudes. Significantly, normalized DSDs are found
to be bimodal for BB conditions, and monomodal for NBB conditions which confirm different domi-
nant microphysical processes. It is found that the observed bimodal DSDs during BB conditions are
mainly due to the collision, coalescence and break-up processes. During NBB conditions, number and
size of large raindrops grow while reaching the ground without much breakup. The radar reflectivity
and rainfall intensity R (mmh−1) relationship of the form Z=aRb are found out for BB and NBB con-
ditions. Existing different microphysical processes lead to large coefficient in the Z–R relationship with
small exponent during BB conditions while during NBB conditions the coefficients are small with large
exponents.

1. Introduction

Light rain occurs persistently and steadily for sev-
eral hours even for many days during monsoon
season over India. It covers large area and con-
tributes heavily towards the net rainfall in the
tropics (Houze 1997). Such rain, namely strati-
form rain can be identified from radar obser-
vations by enhanced radar reflectivity factor Z
(dBZ) known as the bright band (BB) signature

where large aggregation and melting of hydro-
meteors take place near the 0◦C isotherm (Austin
and Bemis 1950; Battan 1973; Stewart et al. 1984;
Klaassen 1988; Willis and Heymsfield 1989; Fabry
and Zawadzki 1995; Huggel et al. 1996; Houze 1997;
Steiner and Smith 1998; Glickman 2000; Gray et al.
2001; White et al. 2003; Zawadzki et al. 2005).
Presence of large gradient of hydrometeor, Doppler
velocity and turbulence accompanied by enhanced
radar reflectivity at the melting layer also indicate
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stratiform rain (Williams et al. 1995). It is char-
acterized by weak vertical air velocity comparable
to the fall velocity of snow (Houze 1993, 1997).
Light rain is reported to fall from another type of
nonconvective rains, during no BB (NBB) condi-
tions with orographically forced condensation and
coalescence process (White et al. 2003; Martner
et al. 2008). Such nonconvective rain is reported
both at coastal mountains of Cazadero, Califor-
nia (White et al. 2003; Martner et al. 2008) and
California flat valley (Kingsmill et al. 2006). Over
coastal and hilly stations in Kerala, India, rain-
fall frequency is mostly dominated by low inten-
sity rainfall that occurs from 65% to 90% of
time (Sasi Kumar et al. 2007). In this work,
we utilized rain drop size distribution (DSD)
and rain parameters to study microphysical prop-
erties of light rain collected from a vertically
pointing Micro Rain Radar (MRR) (Löffler-Mang
et al. 1999; Peters et al. 2002) located at Pune,
India.

The microphysical processes taking place aloft
are responsible for the DSDs observed on ground.
The equilibrium between coalescence and col-
lisional breakup processes may result so-called
equilibrium DSDs during initial convective rain
over a brief period of time (List 1988; Zawadzki
and Antonio Agostinho 1988; Atlas and Ulbrich
2000; Jameson and Kostinski 2000; Atlas and
Williams 2003; Steiner et al. 2004). During strat-
iform rain, microphysical processes such as par-
ticle growth by vapour diffusion, aggregation of
snowflakes thereafter melting processes result large
raindrops (Tokay and Short 1996; White et al.
2003; Sharma et al. 2009). Kirankumar et al.
(2008) found that the growth and decay of rain-
drops may be minimum implying nominal varia-
tion in the DSD gamma parameters. In case of
nonconvective rain of NBB conditions, the DSDs
are characterized by greater number of small drop
concentration and smaller concentrations of large
drops in comparison to the DSDs of BB conditions
(Martner et al. 2008). The stratiform rain DSD
follows classical exponential distribution (Mar-
shall and Palmer 1948). However, the normalized
DSD shapes for different rain categories found to
depart from analytical shapes such as exponen-
tial, gamma, lognormal and modified gamma DSDs
(Testud et al. 2001). By normalizing the DSD, one
can find the shape of the distributions irrespec-
tive of different liquid water content LWC (gm−3)
and rainfall intensity R (mmh−1). They suggested
dominant physical mechanisms that constraint
the shape of DSD towards a ‘universal’ shape.
Following Testud et al.’ s (2001) method, Konwar
et al. (2006) reported a ‘universal’ shape of nor-
malized rain DSDs both for low (R < 10 mmh−1)
and high rainfall intensities (R > 10 mmh−1)

categories over a tropical station Gadanki,
India.

Convective and stratiform type of rain results
different radar reflectivity factor and rain fall
intensity relations of the form Z=aRb. Physically
the coefficient ‘a’ and exponent ‘b’ reflect the
microphysical processes undergone aloft during
precipitation (Steiner and Smith 1998). Presence
of large raindrops during stratiform rain results
size controlled DSDs that can be inferred from the
large exponent value in the Z–R relationship. Dur-
ing convective rain collisional-breakup processes
are dominant, referred to as number controlled pro-
cess which can be realized from the near unity
value of exponent in Z–R relationship (Steiner
et al. 2004). For detailed discussion on the num-
ber and size controlled processes of DSDs, readers
are referred to Steiner et al. (2004). Variations of
Z–R relationships from event to event and even
within an event indicate different microphysical
processes (Atlas et al. 1999; Sharma et al. 2009).
Though during stratiform rain the rainfall inten-
sity does not vary in large number, large varia-
tions in the coefficient and exponent values of Z–R
relationships are reported so far. Literature reveals
that the coefficient ‘a’ varies from 44 to 865 while
the exponent ‘b’ varies from 0.97 to 1.90 (Atlas
et al. 1999; Rao et al. 1999, 2001; Maki et al.
2001; Ulbrich and Atlas 2007; Martner et al. 2008;
Sharma et al. 2009). Such wide variations of these
parameters point towards different microphysical
processes taking place aloft.

We explored here the microphysical processes
responsible for rain DSDs during presence and
absence of BB conditions of widespread low inten-
sity rain events. The normalized DSDs at different
altitudes during the presence and absence of BB
conditions are also examined. We provide a plau-
sible explanation for the observed large variations
of the coefficients and exponents of Z–R relation-
ships during these widespread low intensity rain
events. This paper is organized as follows: section 2
contains the system descriptions and data analysis,
while section 3 consists of the result of this study
and discussions. Lastly, the results are discussed in
section 4.

2. Systems and data analysis

The MRR utilized here is installed at the Indian
Institute of Tropical Meteorology (IITM), Pune,
India. It operates at 24.1 GHz corresponding to a
wavelength of 1.25 cm. The system specification
is provided in table 1. It provides vertical profiles
of number density N(D) (m−3 mm−1) in diameter
(D) range between 0.4 and 4.9 mm, R (mmh−1),
rain LWC (g m−3), fall velocity of hydrometeors V
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Table 1. System specifications of micro rain radar-2.

Wavelength 1.25 cm

Transmit power 50 mW

Modulation FM-CW

Beamwidth 2◦

Antenna Offset parabola

Range resolution (adjustable) 150, 200 m

Number of range gates 30

Spectral velocity resolution 0.191 ms−1

Nyquist velocity range 0–12.3 ms−1

Integration time 1 min

(ms−1) and Z (dBZ). The N(D) is obtained from
the following equation (Peters et al. 2005):

N (D, z) ΔD =
η (D, z)
σ (D)

ΔD (1)

where N(D, z) is the spectral drop number den-
sity at an altitude z, η(D, z) (m−1 mm−1) is the
spectral volume scattering cross section which is a
function of drop diameter D. The term, σ(D) (m2)
is the single particle backscattering cross section
of a raindrop diameter D. The radar reflectiv-
ity factor and rainfall intensity are D6 and D3.67

weighing of DSD, respectively. The electromagnetic
energy is attenuated at K band in moderate-to-
high rain. Rain attenuation correction is applied
in the MRR data analysis software while deriv-
ing the rain parameters, following the recursive
algorithm developed by Kunz (1998) described in
Peters et al. (2005). Recently, Peters et al. (2010)
developed a new algorithm to correct attenuation
of electromagnetic wave due to rain. Aliasing of
the reflectivity spectra in the presence of strong
vertical wind during convective rain can result in
faulty rain parameters, however, such phenomenon
are less frequent in stratiform type of rain (Tridon
et al. 2011). The vertical winds during stratiform
rain rarely exceed 1 ms−1 (Cifelli and Rutledge
1994). To avoid any retrieval artifact of rain param-
eters, we restrict our study to low intensity rainfall
events prevailed for long time. The data utilized in
this study were collected during the two monsoon
seasons of 2008 and 2009. Total 10 prolonged rain
events that lasted for many hours are selected for
this study which consists of nearly 2800 minutes of
rainfall data.

The PARSIVEL is a laser based optical system;
it detects rain particles ranging from 0.3 to 30 mm.
A 650 nm laser diode produces light sheet of 30 mm
width and 180 mm long with output power of
3 mW. The light is focused into a photo diode in
the receiver end. In the absence of precipitation,
it maintains a constant voltage while presence of
precipitation causes decrease in output voltage.
The decrease of the output voltage is proportional

to the backscatter cross-section of the particle. The
deviation of signal is a measure of particle size.
Detailed discussion on PARSIVEL disdrometer can
be found in Löffler-Mang and Joss (2000), Yuter
et al. (2006), Nemeth and Löffler-Mang (2006).

3. Results

3.1 Comparison of MRR observation
with ground observations

Figure 1 shows the scatter plot of every 5 min-
utes rain accumulation data between the collocated
MRR and Automatic Weather Station (AWS). The
AWS is located nearly 20 m away from the MRR.
A correlation coefficient of 0.99 was found between
them. Bias of −4.24 mm revealed an underesti-
mation rainfall measured by MRR with respect to
AWS. It is to be noted that the AWS is a point
measurement that uses a tipping bucket of resolu-
tion 0.5 mm while the MRR estimated R is consid-
ered at the altitude of 450 m of an area 193 m2. The
collecting area of the rain gauge is 0.01 m2. Good
agreement is found between the rainfall measured
by these two instruments despite their diverge
physical and sampling characteristics. The mean
DSDs during BB and NBB conditions at ground as
obtained from PARSIVEL and MRR are shown in
figure 2(a, b). These two instruments are located
nearly 100 m away from each other. The DSDs
obtained from MRR were considered at the alti-
tude of 450 m of an area 193 m2. The PARSIVEL’s
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Figure 1. Scatter plot of cumulative R measured by AWS
and MRR for nearly 110 hrs. The rainfall intensity obtained
from MRR are considered at 450 m AGL.
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Figure 2. Rain DSDs at two instances during (a) BB on 11 August and, (b) no BB conditions on 12 August 2008. The
MRR DSDs considered here were at 450 m AGL.

cross sectional area is 54 cm2. Bimodal DSD during
BB and monomodal DSD during NBB conditions
were observed both on ground and aloft.

3.2 Rain drop size distributions in presence
and absence of bright band

Being situated on the leeward side of the Western
Ghat, Pune is in the rain shadow region of India.
Pune is situated 560 m above sea level on the
Deccan plateau. It receives rain when large scale
cyclonic circulation flow persists over this part of
the subcontinent. In this section we studied the
nature of light rain properties during the BB and
NBB conditions with the help of a vertically point-
ing MRR. The height time intensity (HTI) plots
of Z, V , gradient fall velocity (GFV) (ms−1 km−1)
of hydrometeors and temporal variations of R are
shown in figure 3(a–h) for 11 August, 2008 and
20 August, 2009 during BB conditions, while for
NBB conditions it is shown in figure 4(a–h) for
two events on 20 September, 2008 and 12 August,
2008, respectively. The HTI and temporal varia-
tion of the events are shown only for few hours for
clarity. It is to be mentioned here that rainfall on
11 August was continued for nearly 19 hours with
small gaps in between. The convective, BB and
NBB spells of the events are marked in the pan-
els. The BB condition is identified by the enhanced
Z near the 0◦C isotherms and also by large GFV
of hydrometeors. The storm heights of the events
studied here are not resolved by the MRR as we
operated it at the resolutions of 150 and 200 m that
correspond to maximum ranges of 4.5 and 6 km,
respectively. Radar reflectivity of very small magni-
tudes could be seen above the melting layer during
the BB conditions e.g., figure 3(e). Zawadzki et al.
(2005) emphasized that the riming process between
supercooled water and snow particles above the

melting layer could result high density hydro-
meteors. The HTI plot of hydrometeor fall veloc-
ity V (ms−1) is shown in figure 3(b, f). The fall
velocity of the hydrometeors, V is increased below
the 0◦C isotherm which revealed the presence of
liquid phase of hydrometeors. Large hydromete-
ors are formed when ice particles grow by vapour
deposition, aggregation and rimed to become large
snowflakes which finally melt to form large rain-
drops. The little significant fall velocity of hydro-
meteors above the melting layer might suggest the
presence of snow hydrometeors. The GFV is found
to be a good indicator of the melting layer when
enhanced Z is not prominent. This can be seen in
the figure 3(c, g), where prominent GFV contours
are well marked at some instant of the storm even
though signature of BB are faint. The contour plots
of GFV indicate the altitudes where melting lay-
ers are centered and extended. It is very interesting
to note the core of maximum GFV at the melting
layer, above and below of which GFV decreases.
Maximum GFV of the order 20 ms−1 km−1 is
observed which indicates rapid change of hydro-
meteor velocities within the melting layer. This
may be due to the formation of large liquid hydro-
meteors in the melting layer in expense of snow
particles of lesser velocity where conversions from
snow to liquid phase hydrometeors take place. The
finding that GFV decreases above and below the
melting layer was reported earlier by Lhermitte and
Atlas (1963).

The storm height during NBB conditions are
below the 0◦C isotherm as revealed from figure 4.
The 0◦C isotherm is located at nearly 4.2 km on
12 August and 4.6 km on 20 September 2009 as
obtained from the Mumbai radiosonde observa-
tions. No well defined BB and contours for GFV
exist in the shallow precipitating system. Signif-
icant radar echoes for NBB events are observed
from 2 to 3 km which seems to be resolved by the
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Figure 3. HTI plot of Radar Reflectivity Factor Z in dBZ (a, e), Fall velocity V (b, f), contour plot of Gradient Fall
Velocity in the melting layer (c, g) and temporal variation of R at ∼450–600 m height (d, h) for 11 August, 2008 and 20
August, 2009, respectively. The convective spell is indicated by C while bright band spells by BB. Enhanced Z is observed
at around 4.2 km at which the melting layer is located.

MRR. This means that the raindrops as observed
by the MRR during NBB conditions are formed at
much warmer temperature than the BB conditions.
The shallow precipitating systems are character-
ized by low intermittent rainfall (e.g., figure 4d,
h). Steady rainfall occurred with deviations smaller
from the mean values are shown in the panels.

Does the MRR able to resolve the heights of the
storms under study? To answer this question, we

used two satellite passes near to Pune. Figure 5
illustrates the storm structure as seen by the
onboard Cloud Profiling Radar (CPR) at 94 GHz
in the CloudSat (Stephens et al. 2002) satellite
on 11 August and 12 August 2008. CPR provides
storm information in terms of equivalent radar
reflectivity factor (dBZe). Enhanced dBZe could be
observed above 4 km which suggests presence of BB
on 11 August. Evidence of stratiform cloud formed
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Figure 4. Same as figure 3 but for 20 September, and 12 August 2008 during no Bright Band (NBB) conditions. The 0◦C
isotherm is located at ∼4.2 km on 12 August and ∼4.6 km on 20 September 2009 as obtained from Mumbai sounding.

by cooled microphysical processes can be inferred
from figure 5(a). Very weak reflectivity of the order
−30 dBZe at temperature ∼ −60◦C (15 km) sug-
gests presence of ice particles. This reconfirms that
the cold microphysical processes are responsible
for stratiform rain over the tropics. The storm
structure on 12 August 2008 as captured by the

CloudSat satellite revealed that the precipitating
system was composite of multiple shallow cells with
storm heights not exceeding 4 to 5 km (in most
cases) that covers area greater than 300 km2. The
shallow storm height on 12 August clearly depicts
warm rain process. High altitude cirrus clouds at
10 km are also noticed. Very significantly, these
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Figure 5. (a, b) Storm structure as seen by CloudSat satellite (a) on 11 August 2008 at 1323 LT. Stratiform with enhanced
equivalent radar reflectivity factor dBZe around 4–5 km suggest presence of bright band. (b) On 12 August 2008 at 0055
LT. High altitude cirrus cloud is observed at 10 km. The storm near to Pune is enlarged and shown as arrowed inset. The
storm is composite of shallow cells not exceeding 4 km identical to precipitating system as observed by MRR shown in
figure 4(e).
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Figure 6. Mean LWC profile during (a) BB (from 0010 to 0035 LT) and (b) faint BB (0502 to 0700 LT) and (c) NBB on

11 August 2008 and 20 September, 2008, respectively. The mean rainfall intensity during BB condition was 4.61 mmh−1,
during faint BB it was 1.90 mm h−1 at 450 m while during NBB condition mean R at 600 m was 2.69 mmhr−1.

cirrus clouds seem to merge with the pocket of
shallow cells latitudewise. The dynamical cause
for this mechanism is a scope for further study.
The precipitating system near to Pune region is
enlarged and shown in figure 5(b). It can be seen

that the storm height was below 4 km with sig-
nificant dBZe > 0. A storm is classified as deep
convective clouds when the cloud top penetrates
0◦C isotherm level accompanied by heavy rain-
fall and vigorous updraft (Williams et al. 1995;
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Figure 8. Same as figure 7 but for 20 and 24 August 2009.

Rao et al. 2001; Sharma et al. 2009). Since the
storm heights are at warm temperatures and per-
sist for a long duration, it may be suggested that
these NBB clouds are originated from orograph-
ically and synoptically forced shallow convective
cloud cells. Since these NBB storm heights are
below 0◦C isotherm level and characterized by low
rainfall intensity, we categorize them as noncon-
vective clouds. The CPR observations also sug-
gest that the MRR could able to resolve the storm
structures that may produce light rain.

It is important to know if rain liquid water con-
tent (LWC) gm−3 conserve at different altitudes as
observed by the MRR. The profile of rain LWC is
shown in figure 6(a, b, c) which suggests that the
observed LWC during BB is more than the faint
BB conditions. The LWC at 0.45 km during BB is
0.26 g m−3 while at 3.5 km it is 0.32 g m−3, imply-
ing a decrease by nearly 18% (e.g., figure 6a). The
LWC for faint BB condition at 3.6 km is nearly
0.09 g m−3 while at 0.45 km it is 0.10 g m−3.
Hence there is a change of 10% of LWC between
these two heights (figure 6b). For an NBB condi-
tion, the mean LWC profile is shown in figure 6(c).
As the precipitating system was shallow, LWC of
0.2 g m−3 could be observed from below 3.0 km
decreasing to a value of 0.19 gm−3 at 0.6 km. Mean
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Figure 9. Same as figure 7 but for NBB conditions. The NBB conditions were of shallow precipitating systems; the R and Z
were of small values at the higher altitudes. The DSD shapes are nearly monomodal at the higher altitudes with insignificant
secondary modes.

LWC for the BB and NBB are nearly equal while
mean LWC during faint BB conditions are smaller.
Smaller difference of LWC for BB and NBB con-
ditions is reported by Martner et al. (2008), they
suggested that the DSDs are similar across the mid
drop size range but different at smaller and large
drop diameters. The near conservation of LWC at
higher and lower altitudes may also indicate that
attenuation does not affect severely during low
intensity rainfall.

Figures 7 and 8 show mean DSD from ∼1.0 to
3.8 km during BB and faint BB conditions. We
define here ranges of drop diameters: D less than
2 mm was defined as small, 2–4 mm as middle,
and greater than 4 mm as large. During the faint
BB and well defined BB conditions, bimodal DSD
is observed. The bimodal shapes are more promi-
nent in presence of BB. The bimodal DSD is com-
posed of uniform shape of small to mid D and
tail extending from mid to large D. The large
raindrops present in the spectrum may be attri-
buted to the aggregation process in the melt-
ing layer. Figure 9(a–l) shows the profile of
DSDs during NBB conditions. In contrast to the
bimodal DSD during BB condition, monomodal
DSDs are observed at the higher altitude during
NBB conditions. However given enough time to
fall, it becomes bimodal at lower altitudes, e.g.,
figure 9(e–h). We do not have more observation

of such cases, however coalescence process could
be a physical process taken place that result such
bimodal shapes at lower altitudes. A significant
observation in DSDs during NBB was greater num-
ber density along the small range drop diameters
at all altitudes than the BB conditions. For shal-
low precipitating systems (∼2–3 km), monomodal
DSDs were found at all altitudes, e.g., figure 9(a–d
and k–l). Slight increment in the mean R and Z
values could be observed from upper to lower alti-
tudes illustrated on the panels of each figure (7–
9). With respect to low rainfall intensity, Peters
et al. (2005) reported negative gradient of R from
800 m above, they attributed it to the cloud top.
They also reported negative gradient of Z values
for all rainfall class which is attributed to the shift
of DSDs towards low diameter range.

3.3 Normalized DSDs at different altitudes

The normalized DSDs obtained from a ground
based disdrometer follow intrinsic shape for both
high (convective) and low (stratiform) intensity
rain (Testud et al. 2001; Konwar et al. 2006) as
stated earlier. We present here the normalized
DSDs at different altitudes for low intensity rain in
the presence and absence of BB. Figure 10 shows
the normalized DSD at different altitudes for both
the cases. The mean DSDs at different altitudes
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Figure 10. Normalized DSDs (a) in presence of bright band
and (b) in absence of bright band, at different altitudes
as the rain drops fall from higher to lower altitudes (indi-
cated by the colour bar) as observed from MRR. The DSDs
are scaled by the total number concentration, N t and the
diameter is scaled by mean volume diameter, Dm (mm).

are normalized by the number concentrations and
plotted against D/Dm. The term Dm (mm) is the
mean volume diameter defined as the ratio of 4th
to 3rd moment of the DSD spectra; physically it
partitions the DSDs into two equal parts of same
LWC. During BB conditions, the normalized DSDs
we obtained here are similar to universal shape nor-
malized DSDs obtained by Testud et al. (2001).
Significantly however, in case of NBB conditions,
the normalized DSDs are monomodal at all alti-
tudes shown in figure 10(b). It is also interesting
to note the significant decrease in the scaling fac-
tor D/Dm as the raindrops reach the ground (see
figure 10b). This means there exist distinct domi-
nant microphysical processes responsible for differ-
ent normalized DSD shapes during BB and NBB
conditions, respectively. An effort has been made

in the following section to find the microphysical
processes responsible for different shapes of DSDs.

3.4 Plausible microphysical processes for
bimodal and monomodal DSD

Steiner et al. (2004) suggested that DSD shapes is
governed by

• variation in the N(D)
• variation in the drop sizes and
• by coordinated mixed variation of N(D) and drop

sizes.

Based on these assumptions, we suggest plau-
sible microphysical processes responsible for the
bimodal and monomodal DSDs. For this, fraction
of N(D), i.e., N(D)Test/N(D)Reference at different
altitudes with respect to ∼ 1.00 km utilized is
shown in figures 11, 12 and 13. Figures 11 and
12 illustrate the change in number densities for
faint BB and BB conditions while figure 13 repre-
sents the same for NBB conditions. For the BB and
faint BB conditions, increment in N (D) of the mid-
range drops falling from higher to lower altitude are
noticed, evident from N(D)Test/N(D)Reference<1
for the mid-range drops. The relative increase of
N(D) in the mid-range could be attributed to the
breakup of large raindrops at higher altitudes and
also to the coalescence process among the smaller
drops at lower altitudes. The breakup of large drop
diameters suggested number controlled processes.
For large and small drop size ranges, we found
N(D)3.75 km/N(D)1.00 km>1, which revealed decre-
ment in small and large drop diameter N(D). It
could be visualized that all the large drop diam-
eters do not survive and some of them break
up before reaching the ground while some of the
small drop diameters could coalesce to form mid-
range drops. The small range raindrops might
also evaporate faster due to the curvature effect.
Slight increase of Z in the lower altitudes could be
attributed to the contributions from the mid-range
drop diameters (see figures 7 and 8). Absence of
strong updrafts during stratiform rain inhibits for-
mation of large raindrop in the mid-altitudes. This
is realized from the observed N(D) spectrum at
lower altitudes where the contributions from large
drops are less. The large drop diameters present
during BB conditions are primarily governed by the
width of the BB, i.e., larger the width of the BB,
the larger the drop diameter (Sharma et al. 2009).
In presence of BB, the DSDs are characterized by
the peak at mid-range raindrops which results in
bimodal DSDs at the lower altitudes. It is sug-
gested that collision, coalescence and breakup are
the primary microphysical processes responsible for
the bimodal DSDs.
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Figure 11. Fraction N (D)Test/N (D)Reference during BB and faint BB conditions. Each panel shows the changes in
rain DSDs for different events at higher altitudes with respect to the reference altitude at nearly 1 km. Increase
(N (D)Test/N (D)Reference<1) or decrease (N (D)Test/N (D)Reference>1) in DSDs at the referenced altitude ∼1 km with
respect to DSDs at higher altitude can be seen at different diameter ranges such as small (D < 2 mm), mid range (2 <
D < 4 mm) and large (D > 4 mm).

For NBB conditions, the criteria, i.e.,
N(D)3.75 km/N(D)1.00 km<1 is found from mid to
large diameter, which demonstrated increment in
number density of large drops at lower altitude (see
figure 13). Though we found increment in N(D)
towards the large drop diameter during NBB con-
ditions, the growth in N(D) at large drop diameter
ranges are not that significant for an obvious
prominent bimodal DSD. However, it may be noted
that given the raindrops fallen from much higher
altitude the mid-range raindrops may increase
(e.g., figure 13c). The increase in Dm evident from
figure 10(b) also revealed that the number density
at large drop diameters increases which suggested
collision and coalescence among the small and

mid-range drop diameters. As it is mentioned ear-
lier, for the shallow NBB precipitating systems,
significant Z values are being observed below
2–3 km. Rogers et al. (1991) showed that during
light rain, raindrops grow by accretion, they nei-
ther created by autoconversion nor destroyed by
breakup processes.

3.5 Variation of Z–R relationships during BB
and NBB conditions

The microphysical properties of the precipitating
systems could be studied with the help of Z–R rela-
tionships (Steiner et al. 2004). We examined here
whether the number/size controlled process during
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Figure 12. Same as figure 9 but for (a) 20 August 2009 during faint BB conditions and (b) 24 August, 2009 during BB
conditions.

BB and faint BB conditions, and size controlled
process during NBB conditions are represented by
the coefficient and exponent of Z–R relationships.
We listed the values of coefficient and exponent of
Z–R relationships reported from different places of
the globe during stratiform rain (see table 2). Here,
for each event, we found out the coefficient and
exponent of Z–R relationships for the BB and NBB
conditions at 3rd range height bin. The coefficient
and exponents are presented in table 3. Interest-
ingly two distinct scenarios are evolved from these
two tables: first, large coefficient with small expo-
nent and second, small coefficient with large expo-
nent. We found that in most of the cases, the
exponents are ranged from 1.01 to 1.25 during the
BB condition (see table 3). It could be attributed
to the coalescence and collisional breakup process,
i.e., number and size controlled processes. Expo-
nent of near unity during stratiform rain is re-
ported by earlier studies, e.g., Atlas et al. (1999),
Maki et al. (2001), Sharma et al. (2009). The coef-
ficients are large during BB condition which signi-
fies presence of large raindrops. During faint BB
conditions, we found slightly large exponent val-
ues which might suggest more size controlled pro-
cess than distinct BB conditions. Rogers et al.
(1991) reported large exponent values of Z–R
relationships during stratiform like rains with
R < 1 mmh−1 and Z < 20 dBZ originated from
orographic warm based cloud systems. During NBB
conditions the exponents are large with smaller
coefficient. The small coefficient could be attrib-
uted to the presence of large number density in
the small drop diameter range. This could be due
to less aggregation process in absence of BB which
inhibits formation of very large raindrops aloft.

The large exponent values during NBB conditions
could be attributed to the collision and coalescence
processes among the small to mid-drop diameters.
This is illustrated in figure 9 for NBB conditions
where the DSD shape extended to large drop diam-
eter range. It could be that the exponent tends
to be unity from NBB to faint BB and then to
BB conditions. This difference has become more
prominent when the BB is well defined.

4. Discussions

The microphysical properties of stratiform rain are
studied as measured by MRR over a tropical sta-
tion at Pune, India. The vertical evolution of DSDs
and microphysical properties are studied during
faint BB, BB and NBB conditions. The presence
of BB is identified by the strong gradient of hydro-
meteor fall velocity and enhanced radar reflectivity
factor in the vicinity of the melting layer (Williams
et al. 1995; Houze 1997; White et al. 2002; Martner
et al. 2008; Sharma et al. 2009). Rain microphysi-
cal processes are studied with the help of number
density. The results of this study are summarized
as follows:

• Variations of DSDs are confirmed by MRR
and disdrometer at ground and aloft. Bimodal
and monomodal DSDs are found both aloft
and at ground in presence and absence of BB,
respectively.

• Observation from CPR aboard CloudSat sug-
gests evidence of existence of ice hydrometeors
at temperature down to −60◦C during strati-
form precipitation. Enhanced equivalent radar
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Figure 13. Same as figure 10 but for 12, 13 August 2008 and 20 September 2008 during NBB conditions.

reflectivity factor near to 4 km confirmed the
presence of BB on 11 August. On the other
hand, shallow precipitating systems with cloud
tops warmer than 0◦C are found during NBB
conditions on 12 August 2008. This means that
primarily warm cloud microphysical processes
are responsible for producing rainfall from such
shallow clouds.

• Light rain in the presence and absence of bright
band signature are reported over the tropical
station Pune, India. Observation of nonconvec-
tive rain without BB is in line with the find-
ing of Martner et al. (2008); they reported such
events of low rainfall intensity over Cazadero,
and California flat valley in the USA.

• During BB and faint BB conditions, bimodal
DSDs are observed which is attributed to the
number and size controlled processes. Compli-

mentary to the earlier finding large raindrops
are found in presence of BB which is attributed
to the size controlled process due to vapour dif-
fusion and aggregation of snowflakes (Steiner
et al. 2004). The breakup of large raindrops and
coalescence of smaller drops could lead to the
bimodal shape at the lower altitudes. Shallow
precipitating system with low rainfall intensity is
characterized by monomodal DSD at all alti-
tudes. The small to mid-range raindrops col-
lide to form large raindrops while reaching the
ground.

• Different rain microphysical processes during
BB and NBB conditions are confirmed by the
normalized DSD. The normalized DSD during
BB conditions are characterized by prominent
bimodal shape while during NBB conditions
shapes of normalized DSDs are monomodal.
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Table 2. Coefficients and exponents of Z=aRb relationships
during stratiform rain.

Stratiform rain

Reference Coefficient ‘a’ Exponent ‘b’

Sharma et al. (2009) 733 1.14

562 0.97

490 1.24

604 1.38

467 1.17

Martner et al. (2008) 168 1.58

44 1.91

Ulbrich and Atlas (2007) 280 1.46

Maki et al. (2001) 532 1.28

Rao et al. (2001) 251 1.51

Rao et al. (1999) 447 1.38

Atlas et al. (1999) 233 1.01

252 1.61

89 1.90

279 1.48

278 1.44

865 1.08

Table 3. Coefficients and exponents of Z–R relationships
during bright band (BB) and faint BB and no bright band
(NBB) conditions.

Date Condition Coefficient Exponent

11 August 2008 BB 295 1.01

-do- Faint BB 130 1.17

12 August 2008 NBB 40 1.55

13 August 2008 NBB 40 1.62

19 September 2008 BB 222 1.16

-do- NBB 88 1.56

20 September 2008 NBB 106 1.39

4 October 2008 BB 667 1.09

20 August 2009 Faint BB 360 1.54

24 August 2009 BB 463 1.25

• We found large coefficient and small exponent in
the Z–R relationships in presence of BB while
the small coefficient and large exponent in NBB
conditions. The large coefficient and small expo-
nent during the presence of BB are attributed to
the number as well as size controlled processes
while the small coefficient and large exponent
are attributed only to the size controlled pro-
cesses. Steiner et al. (2004) suggested that size
controlled processes during the BB conditions are
characterized by the large exponent of Z–R rela-
tionships. While Sharma et al. (2009) speculated
it as a number controlled process; they reported
a small variation of median volume drop diam-
eter for wide ranges of R values. They utilized
surface disdrometer data in their study.

• In this study, we found that the mean LWC dur-
ing BB and NBB conditions is nearly equal to

each other, both greater than the mean LWC
with faint BB conditions. Complimentary find-
ing was earlier reported by Martner et al. (2008),
found nearly equal LWC values during BB and
NBB conditions.

This study suggests distinct microphysical and
DSD properties of low rainfall intensity during the
presence and absence of BB. Also it improves the
understanding of rain microphysics that may be
helpful for simulation of rain DSDs during low
rainfall intensity. How dynamical large scale circu-
lations are responsible for such intermittent light
rainfall that persist for many days with warmer
storm height needs further study.
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