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Abstract: The rain drop size distribution (DSD) at Cherrapunji, Northeast India was observed
by a laser optical disdrometer Parsivel2 from May to October 2017; this town is known for the
world’s heaviest orographic rainfall recorded. The disdrometer showed a 30% underestimation of
the rainfall amount, compared with a collocated rain gauge. The observed DSD had a number of
drops with a mean normalized intercept log10Nw > 4.0 for all rain rate categories, ranging from <5 to
>80 mmh−1, comparable to tropical oceanic DSDs. These results differ from those of tropical oceanic
DSDs, in that data with a larger Nw were confined to the stratiform side of a stratiform/convective
separation line proposed by Bringi et al. (2009). A large number of small drops is important
for quantitative precipitation estimates by in-situ radar and satellites, because it tends to miss or
underestimate precipitation amounts. The large number of small drops, as defined by the second
principal component (>+1.5) while using the principal component analysis approach of Dolan et
al. (2018), was rare for the pre-monsoon season, but was prevalent during the monsoon season,
accounting for 16% (19%) of the accumulated rainfall (precipitation period); it tended to appear over
weak active spells or the beginning of active spells of intraseasonal variation during the monsoon
season.

Keywords: rain drop size distribution; orographic rainfall; Indian monsoon; large number of small
drops; seasonal variation; warm rainfall

1. Introduction

Rainfall over mountainous areas is important not only for the conservation of natural ecosystems
and the management of human water resources, but also with regard to natural hazards, such as flash
floods and landslides [1]. Although poorly represented in global climate models, topography that is
narrow in width and modest in height plays an important role in organizing monsoon convection,
particularly those of Asian monsoons [2]. Although the accurate monitoring of rainfall over the
complicated topography is useful for the safety of human lives and infrastructures, mountainous areas
are typically remote; thus, in-situ rainfall observations are limited. A large variability in rainfall due to
spatially non-uniform and complicated topography creates a challenge for accurate rainfall estimation.
Therefore, remote sensing, such as ground radar and satellite-based observations, offers a powerful
advantage for precipitation estimation over elevated terrain.

The rain drop size distribution (DSD) provides information on the microphysics of precipitating
clouds. The DSD also determines the relationship between radar reflectivity (Z) and rain rate (R).
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Rosenfeld and Ulbrich (2003) [3] conducted comprehensive reviews of observed DSDs and discussed
warm orographic DSDs as one potential DSD category. They identified warm orographic DSDs as
being composed of a large number of small drops (LNSD), as compared with other DSD categories.
As such, this category tends to be largely underestimated in radar-derived precipitation measurements.
Recent papers also show that DSDs of orographic rainfall contains LNSD as compared with that of
adjacent plain areas (e.g., [4–6]). The characteristics of orographic rain DSDs in relation to rain rate
are not well known to date. In general, drizzles comprising small drops produce a lower rain rate;
thus, the contribution to accumulated rainfall totals is rather small. DSDs depend on the rain rate [7];
specifically, the drop size, drop number density, and sometimes both increase with the rain rate [8].
For example, Harikumar (2016) [9] described that orographic rain has larger drops when compared
with non-orographic rain when the rain rate is high.

Principal component analysis (PCA) that is based on [10] can be used to define the LNSD.
In Dolan’s study, six parameters obtained from disdrometer data were carefully selected. The
first two primary components explained most of the variances of the parameters. Specifically,
the first primary component was related to the rain rate and the second primary component was
significantly correlated with the LNSD. Thus, using this approach, the contribution of the LNSD to the
accumulated precipitation can be discussed independently of the rain rate. [10] regarded the LNSD
as a product of shallow warm convection, based on radar observations. Warm convective clouds
have bottom-heavy precipitation structures [11] due to the dominance of the coalescence process.
In addition, shallow clouds over complicated topographies tend to cause ground-clutter contamination
of reflectivity profiles, non-uniform beam filling artifacts, and parallax errors; thus, remote sensing
under these conditions typically misses or underestimates the precipitation [12].

In India, many rain DSD studies have been conducted in southeast India, where rainfall commonly
occurs with both the northeast and southwest monsoons [9,13–21], and studied the difference between
northeast and southwest monsoons. Recently, cloud microphysics have been extensively studied over
the Western Ghats in the west coast of the Indian subcontinent, which is one of the heaviest orographic
rainfall areas in India [22–25]. Whereas, DSD studies of northeast India are limited. Chakravarty et al.
(2013) [26] analyzed disdrometer data at Kolkata and showed that the larger drops are more prevalent
during the pre-monsoon season, whereas the smaller drops are present in larger numbers during the
monsoon months.

The present study examined the DSDs at Cherrapunji, located on the southern slope of the
Meghalaya Plateau, northeast India (Figure 1). This town is famous because of its historical extreme
rainfall record of 26,481 mm over a 12-month period, from August 1860 to July 1861. Monsoons in
this area begin in June, bringing heavy rain during the monsoon season from June to September.
A considerable amount of rainfall occurs during the premonsoon season from March to May (e.g., [27]);
the severity of the storms is also higher during this time period [28–30]. The purpose of this study was
to elucidate the characteristics of orographic rain DSDs at Cherrapunji and the dependence on the rain
rate and LNSD. The observation data and analysis methods are described in Section 2, and our results
are presented in Section 3. The findings of this study are discussed and summarized in Section 4.
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Figure 1. Topography over northeast India (unit: m) and location of Cherrapunji town (91.72◦ E,
25.27◦ N, 1313 m MSL) indicated by a star.

2. Data and Analysis Methods

This study used a second-generation laser-optical OTT PArticle SIze and VELocity (Parsivel2)
disdrometer, designed to count and simultaneously measure the fall speeds and sizes of the
precipitation particles. The core elements of the instrument is an optical sensor that produces a
horizontal sheet of light of 54 cm2. The estimated size and fall speeds of the particles are stored in a
32 × 32 matrix that corresponds to 32 diameter classes (from 0–25 mm) and 32 fall speed classes (from
0–22.4 ms−1). The smallest two diameter classes (0.062 and 0.187 mm) were not used because of their
low signal-to-noise ratios. Thus, the smallest diameter (0.312 mm) starts with the third class.

The first generation of Parsivel overestimated the large raindrop diameter because of a spheroidal
assumption [31–33]. Moreover, Tokay et al. (2013) [34] indicated the underestimation of small drops
using Parsivel, showing a pronounced effect on the intercept and shape of gamma-fitted DSDs. Using
the second-generation device (Parsivel2), Tokay et al. (2014) [35] reported a 10-fold increase in the
small raindrop measurements when compared with the previous model (Parsivel); additionally, the
Parsivel2 findings were in good agreement with those using a collocated rain gauge. Good agreement
was also evident between Joss-Waldvogel and Parsivel2 disdrometers using hourly samples for drop
diameter in the range of 0.5–4 mm. However, in a comparison of the Parsivel2 and Thies Clima Laser
Precipitation Monitor, Angulo-Martines et al. (2018) [36] indicated that the laser precipitation monitor
showed a larger number of drops and a higher proportion of small particles as compared with the
Parsivel2 disdrometer.

The 1-min. raining samples that were observed by the disdrometer during May–October 2017
were utilized in this study. The quality check of the disdrometer data was conducted as follows. Firstly,
the data with sensor status of more than two was excluded. The periods within and after heavy rainfall
sometimes caused the bad sensor status or data missing. Kalina et al. (2014) [37] considered three
error source: effect of strong wind, margin faller drops, and splash. To avoid these error sources, the
raindrops with a fall speed more than 60% faster or slower than the fall speed-diameter relationship for
rain [38,39] were eliminated. Finally, DSDs with more than 100 raindrops and with the rain intensity
of larger than 0.05 mmh−1 were selected according to the procedure of [10]. This procedure avoids the
distortion of estimated DSD shapes [40,41].
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The modelled DSDs in normalized gamma form [42–44] are utilized to express the features of
the DSDs:

N(D) = Nw f (µ)(
D
D0

)µexp(−(3.67 + µ)
D
D0

)

with

f (µ) =
6

(3.67)4
(3.67 + µ)µ+4

Γ(µ + 4)

where Nw, D0, µ are the normalized intercept parameter, the median volume diameter, and the shape
parameter, respectively. Nw is the intercept parameter of an equivalent exponential DSD that has the
same liquid water content (LWC) and the mass-weighted mean diameter Dm as the gamma DSD [43],
defined by

Nw =
44

πρw
(

LWC
D4

m
)

ρw is the density of water. Dm is defined as Dm = M4
M3

while using the third and fourth moments
of the DSD, where the x-th moment of the DSD is formulated as Mx = ΣDx N(D)dD. Dm and D0 are
related by D0

Dm
= 3.67+µ

4+µ [45]. The shape parameter µ can be estimated using three moment parameters
[22,46]; the formulation using the second, third, and fourth moments were utilized in the current study:

µ =
1

1 − G
− 4, G =

M2
3

M2M4

Dolan et al. (2018) [10] selected six parameters for PCA: three DSD parameters (log10Nw, Dm,
and the mass spectrum standard deviation σm) and three integrated rain parameters (log10LWC, log10R,
and log10NT). Here, σm is defined, as follows [45,47]:

σm = [
Σ(D − Dm)2m(D)dD

Σm(D)dD
]0.5

where the mass spectrum m(D) is given by

m(D) =
π

6 × 103 ρwN(D)D3

Dm can be written using m(D), as follows:

Dm =
M4

M3 =
Σm(D)DdD
Σm(D)dD

PCA is conducted for the normalized six parameters, which are subtracted the mean value
and divided by the standard deviation. The same as the results of [10], the positive second PC was
associated with a strong positive log10Nw and a negative Dm, and the variance of the second PC scores
(represented by PC2) is one. Based on the characteristics of PC2, LNSD is defined as PC2 > +1.5 in
this study.

3. Results

3.1. Comparison with Raingauge

Hourly rainfalls observed while using the disdrometer were compared with the results that were
obtained using a collocated tipping-bucket rain gauge (resolution: 0.5 mm) (Figure 2). A total of 959 h
of data were utilized, in which at lease one tipping (0.5 mm) was recorded by the rain gauge within 1
h. The selected hourly data also included more than 50 samples of 1-minute disdrometer data with
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good sensor status (0 or 1), whereas 258-h data were not used because they included more than 10
samples of 1-minute disdrometer data with a bad sensor status (2). The disdrometer systematically
underestimated the rainfall amounts by approximately 30%, and the underestimation increased linearly
with rainfall intensity.
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Figure 2. Comparison of hourly rainfalls between Parsivel2 and tipping-bucket raingauge. The total
number of samples is 959, which at least one tipping (0.5 mm) was recorded by the rain gauge, and data
also includes more than 50 one-minute samples with good sensor status (0 or 1).

Figure 3a,b show the daily frequencies of rainfall occurrence and rainfall accumulation,
respectively, from 9 May to 31 October 2017, which includes the pre-monsoon, monsoon,
and post-monsoon seasons. The accumulated rainfall totals during this period observed by the
rain gauge and disdrometer were 9084.5 and 5313.0 mm, respectively. The colour bars presented
in Figure 3a,b indicate the rain rates that are based on the disdrometer data; notably, the grey bars
presented in Figure 3a indicate periods with a bad sensor status. Rain intensity of <5 mmh−1(>50
mmh−1) occurred during 67% (1%) of the total rainy periods and 17% (15%) of the accumulated rainfall
(Figure 3 and Table 1).

The transition time between the pre-monsoon season and monsoon season occurs between May
and June. Although the frequency of rainfall occurrence and rainfall accumulation are lower before
mid-June than during mature monsoon season, the percentage of accumulated intense rainfall with a
rate >50 mmh−1 (blue and purple colour bars in Figure 3b) was greater before mid-June than during
mature monsoon season. The rain gauge recorded the heaviest daily rainfall (700 mm) on 16 June,
whereas the disdrometer recorded a daily rainfall total of 125.5 mm.

July and August constitute the middle of the mature monsoon season and are dominated by
intraseasonal variation, with a 10–20-day periodicity, in northeast India [48–50]. Three active spells
have been identified during July and August in this region: 29 June to 12 July, 18–25 July, and 6–15
August. In 2017, the two active spells in July were relatively weak; however, the active spell in August
was relatively strong, with an accumulated rainfall total detected by the rain gauge (the disdrometer)
of 1951.5 mm (811.9 mm). Compared with the pre-monsoon season, the rainfall periods during the
monsoons were longer, and the contribution of the mid-intensity rain rate (5–30 mmh−1) increased
during this time.

Although the monsoon season is over in October, tropical cyclones sometimes affect northeast
India. The rainfalls during 19–22 October were affected by a tropical depression, with a maximum
surface wind speed between 31 and 50 kmh−1 [51]. This cyclone had formed in the Bay of Bengal on
19 October, landed on the Odisha coast in the afternoon of 20 October, and passed through the south of
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the Meghalaya Plateau from west to east. The heaviest rainfall was recorded on 21 October, with a
daily rainfall amount of 377.5 mm (193.6 mm) by the rain gauge (the disdrometer).
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Figure 3. (a) The frequency of occurrence in daily rainfall, and (b) the accumulated rainfall fraction
during May–October 2017. The gray bars in (a) indicate the periods of no data due to bad sensor status,
and the gray bars in (b) indicate daily rainfall amount observed in the collocated raingauge. Note that
the raingauge had stopped during 1–3 July.

Table 1. Mean drop size distribution (DSD) parameters and integral rain parameters for six rain rate
categories.

Category Num. of 1-min Data Accum. of Rain D0 log10Nw µ Z log10NT log10LWC

R ≥ 80 mmh−1 139 (0.2%) 231.513mm (4.4%) 2.072 4.162 0.725 51.831 3.581 0.629
50 ≤ R < 80 mmh−1 533 (1.1%) 542.623mm (10.2%) 2.009 4.023 0.974 49.189 3.407 0.421
30 ≤ R < 50 mmh−1 1328 (2.7%) 838.700mm (15.8%) 1.837 4.001 1.874 45.880 3.240 0.232
15 ≤ R < 30 mmh−1 3660 (7.4%) 1263.122mm (23.8%) 1.530 4.158 3.484 41.149 3.140 0.021
5 ≤ R < 15 mmh−1 10,578 (21.3%) 1540.990mm (29.0%) 1.187 4.493 6.508 34.431 3.127 -0.268

R < 5 mmh−1 33,373 (67.3%) 895.592mm (16.8%) 0.770 4.631 14.759 20.662 2.958 -0.873

3.2. Features of the DSD

Figure 4a shows the mean DSDs for six rain rate categories (solid lines) and the normalized
gamma DSDs while using the mean Nw, Dm, µ for the six rain rate categories listed in Table 1 (dashed
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lines), calculated from 1-min. observation data. The rain rate categories are selected to be consistent
with Figure 5b,e, and to be able to focus on intense rain rates. Every peak of the DSD categories
was located within a 0–1-mm-diameter range, and the DSDs with intense rain rates have a distinct
shoulder-like shape at around 1-mm diameter. As the rain rate became more intense, the DSD included
larger raindrops, and the slope parameter of the DSDs decreased, similar to the findings of Marshall
and Palmer (1948) [7]. The slope of the mean DSD with a rate of >80 mmh−1 was similar to that of
the mean DSD with a rate of 50–80 mmh−1, potentially showing the "number-controlled" condition
mentioned by Uijlenhoet et al. (2003) [52]. Friedrich et al. (2016) [53] analyzed the DSDs during the
great Colorado flood event and showed a similar result for the DSDs of the intense rain. The DSDs with
a rate <5 mmh−1 showed a long tail toward a large D. This is attributable to the composite of a wide
range of DSDs, including both LNSD and a smaller number of large drops (Figure 5b). The diameter
and N(D) of Figure 4a are normalized by use of mean values of Dm and Nw (Table 1), respectively,
and shown in Figure 4b. The shapes for the categories with more than 15 mmh−1 are very close to one
another, and having an exponential form, consistent with the result of Testud et al. (2001).

Table 1 indicates the number and percentage of data in each rain rate category, the DSD parameters,
and the rain-integrated parameters. The rainfall with rates of <5 and <15 mmh−1 comprised 67%
and 89% of the total rainy periods, respectively. The contribution to the rainfall amount was largest in
the 5–30 mmh−1 range and was more than 50% of the total rainfall accumulation. Dm, total number
concentration NT, radar reflectivity Z, and the LWC increased with the rain rate, whereas the shape
parameter µ became smaller. For all rain rate categories, log10Nw exceeded 4.0.

Figure 5a shows the frequency distribution in the D0 − log10Nw space. The solid line in Figure 5a
is the stratiform/convective (S/C) separation line proposed by Bringi et al.(2009) [54], and the dashed
line corresponds to the S/C line (log10Nw = 3.85 for tropical maritime precipitation proposed by
Thompson et al. (2015) [55]. Figure 5b and c are the same as Figure 5a, except that colour shading is
provided to distinguish the six categories in terms of the rain rate and radar reflectivity, respectively.
Data with intense rain rates are located in the upper-right of the diagram, and the boundaries between
the two categories form curves that correspond to the mathematically derived curves in Rosenfeld
and Ulbrich (2003) [3]. The slope of radar reflectivity (Figure 5c) is steeper than that of the rain rate,
reflecting the contribution of drop size. The Bringi’s S/C line approximately corresponds to the 15
mmh−1 contour line.

The large number density area of Figure 5a is located on the stratiform side of Bringi’s S/C line
and above Thompson’s S/C line, implying the dominance of the LNSD. Bringi et al. (2003) [56] showed
the mean stratiform precipitation of various climatic regimes aligned linearly. The mean log10Nw

for the rain rate of 5–15 mmh−1 approximately 4.5 (Table 1) in our data, which exceeds the largest
mean log10Nw of Papua New Guinea among the different climate regimes. The DSDs with more than
50 mmh−1 have log10Nw ≈ 4.0 and D0 ≈ 2 mm (Figure 5b). D0 ≥ 2 mm is rare in the DSDs of tropical
oceanic intense rainfall (Figure 14 of Thompson et al. 2015 [55]). Dolan et al. (2018) [10] compared
the D0 − log10Nw diagrams for which DSDs were classified by latitude. The shape of the observed
distribution resembles that of the mid-latitude more than that of the low latitude and is similar to
observations obtained for Beijing, China (Figure 5 of Ji et al. 2019 [57]).

Figure 5d represents the frequency distribution in D0 − LWC space. Figure 5e,f are the same
as Figure 5d that colour shading is provided to distinguish the six categories in terms of rain rate
and radar reflectivity, respectively. The intense rain rate appears at the top of the distribution, and
the contour lines of the rain rates are nearly parallel to the x-axis, reflecting the high correlation
between the LWC and rain rate (Figure 5e). The high-frequency area is located at log10LWC > −1.2
and D0 < 1.5. Rosenfeld and Ulbrich (2003) [3] showed that warm rain over orographic barriers is
characterized by a rather small D0 of 0.5–1.0 mm, based on a review of limited studies on orographic
rainfall. The results basically agree with those of Rosenfeld and Ulbrich (2003) [3]. In the region of
log10LWC > 0.5, D0 increased with the LWC, rain rate, and Z. This feature is similar to that of tropical
maritime warm rain [55]) in that both DSDs tend to have a high LWC. However, Cherrapunji DSDs do
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not have the bimodal distribution observed with tropical maritime rain [55] and, instead, are similar to
those at mid-latitudes [10].
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lines proposed by Bringi et al. [54] and Thompson et al. [55], respectively.

3.3. Seasonal Variation Based on PCA

The first PC of the PCA explains 58.2% of the total variance, whereas the second PC explains
38.4% of the total variance. We neglected the PCs beyond the second PC, which collectively explain
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a much smaller amount of the variability and may be related to measurement noise of higher-order
temporal variability, rather than underlying physical processes. Figure 6a shows the loadings of the
first two PCs, represented by EOF1 and EOF2, respectively. The positive mode of EOF1 is associated
with a strong positive log10LWC, log10R, Dm, and σm; a weak positive log10NT; and, weak negative
log10Nw. The positive mode of EOF2 is characterized by a strong positive log10Nw and log10NT, a weak
positive log10LWC, and log10R, and a negative Dm and σm. Thus, the LNSD can be expressed by a
positive EOF2.
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Figure 6. (a) The loadings of the first two PCs, represented by EOF1 and EOF2, respectively. (b)–(g)
Monthly distributions of the first and second component scores (represented by PC1 and PC2,
respectively) space for (b) May, (c) June, (d) July, (e) August, (f) September, and (g) October. The
circles in each figure show the minimum circle that includes 20% of the total samples in each month.
(h) The mean DSDs of the samples included within the circles in (b)–(g).

The monthly distributions of the first and second PC scores (represented by PC1 and PC2,
respectivey) space are shown in Figure 6b–g. The signs shown in Figure 6b–g correspond to those of
Figure 6a. To extract the representative DSDs for each month, a circle was set at an arbitrary point in
PC1–PC2 space. The diameter of the circle was determined, such that the circle included 20% of the
total number of points for each month. Subsequently, a search was conducted to find the point with
the smallest-sized circle. The smallest circles are shown in each figure of Figure 6b–g. Figure 6h shows
the representative DSDs averaged over the DSDs inside the circle for each month. Table 2 represents
the mean parameter values for the representative DSDs for each month.
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Table 2. Mean DSD parameters and integral rain parameters of the representative DSDs in each month.

Month D0 log10Nw µ Z log10NT log10LWC R

MAY 0.889 3.653 7.912 20.734 2.304 −1.298 0.752
JUN 1.060 4.225 6.114 32.077 2.988 −0.414 6.926
JUL 0.630 5.018 19.630 23.799 3.365 −0.509 3.320

AUG 1.107 4.161 5.578 32.626 2.967 −0.409 7.044
SEP 0.855 4.295 10.068 25.558 2.876 −0.737 2.766
OCT 0.894 3.957 7.427 23.989 2.595 −0.979 1.539

Clear seasonal differences emerged from the PC-based diagrams (Figure 6b–g). The representative
DSDs had a larger PC1 during the monsoon season than pre-monsoon and post-monsoon seasons,
reflecting an increase in the rain rates (Table 2). The representative DSDs also had a larger PC2 during
the monsoon season than pre-monsoon and post-monsoon seasons, which implies the dominance
of the LNSD. Figure 7 shows scatterplots of rain rate vs. PC1, log10Nw vs. PC2, and Dm vs. PC2.
The representative DSD in July has the largest PC2, which implies that it includes many LNSD events.
The number density distribution in August and September also show a number of LNSD events with a
large PC2. The accumulated rainfall in July was less than that in August (Figure 3). Figure 6b–g show
that most data with PC2 > 2, corresponding log10Nw > 4.5 and Dm < 1 mm (Figure 7) are distributed
in the PC1 range between -2 and 0, implying a limitation in the rain rate. The increase in the rain rate
reduces Nw via the collision–coalescence process.
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Figure 7. Number density (%) in the (a) log10R-PC1, (b) log10Nw-PC2, and (c) Dm-PC2 spaces.

3.4. Contribution of LNSD

In this study, LNSD was defined as samples in which PC2 > +1.5, based on the PCA described in
Section 3.2. For a comparison with the LNSD, the samples with PC2 < −1.5 are labelled as a small
number of drops (SND). Figure 7 shows that the LNSD includes rainfall described by log10Nw > 4.7
and Dm < 1 mm, whereas the SND includes rainfall described by log10Nw < 4.0 and D > 0.5 mm.
Because radar reflectivity Z corresponds to the sixth power of drops, a number of small drops account
for the smaller Z and contribute to the smaller estimates of the rain rate R in radar observations.
Figure 8 shows a scatter diagram of 1-mm Z − R data, in which the LNSD and SND are shown in
red and blue, respectively. The regression line using all samples is given by Z = 124R1.50. The LNSD
is distributed below the regression line, implying a smaller value for parameter A in the Z = ARb

relationship. The SND is positioned above the regression line and it includes a wider range for the



Atmosphere 2020, 11, 777 11 of 18

rain rate. For example, Z = 40 dBZ corresponds to ≈10 mmh−1 of the SND, while it corresponds to
≈30 mmh−1 of the LNSD.
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Figure 8. Relationship between radar reflectivityZ (dBZ) and rain rateR (mmh−1). Solid black line is
the regression line represented by Z (mm6m−3) = 124R1.50 (mmh−1).The red and blue points are the
data of PC2 > +1.5 and PC2 < −1.5, respectively. The solid red and blue lines are the regression lines
of the red and blue points, respectively.

Figure 9 is the same as Figure 3, except that it represents the contribution of the LNSD and SND
to the rainfall occurrence frequency and accumulation. The red, blue, and purple bars represent the
rainfalls of LNSD, SND, and others, respectively. The grey bar presented in Figure 9b corresponds to
the daily rainfall observed using the rain gauge as a reference. The rainfall occurrence frequency of
the SND does not depend on the season, whereas that of the LNSD is clearly dominant during the
monsoon period. Especially, the occurrence frequency is high (more than 20% of the active spells from
29 June to 12 July and the beginning of the active spells from 18–25 July and 6–15 August). Figure 9b
shows the LNSD produced at approximately 40 and 70 mm for the heavy rainfall days of 2 June
and 16 June, respectively. The percentage was the highest on 19 July, at more than 90% of the total
rainfall (≈ 55 mm). However, the percentage of the LNSD was not always high during the active
spells. The percentage of the LNSD was small during the latter half of the active spells during 18–25
July and 6–15 August, whereas the contribution of the SND to the accumulated rainfall was small.
The contribution of the LNSD to the rainfalls affected by the tropical depression during 19–22 October
was rather small, and the LNSD comprised a larger percentage near the end of these rainfall events.
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Figure 9. (a) The frequency of occurrence in daily rainfall, and (b) the accumulated rainfall fractions
with PC2 > +1.5 (red color) and PC2 < −1.5 (blue color), and others (purple color) during 1 May–31
October 2017. The gray bars in (a) indicate the periods of missing data due to bad sensor status, and the
gray bars in (b) indicate the accumulated rainfall observed by the collocated raingauge.

4. Summary and Discussion

Here, we described the observed rain DSD at Cherrapunji, northeast India, where heavy
orographic rainfall occurs. The analysis period was from May to October 2017, and the total
accumulated rainfall was 5313.0 or 9084.5 mm, as measured by a disdrometer or collocated rain
gauge, respectively. The difference in the readings between the disdrometer and rain gauge was due
to bad sensor conditions and underestimation of the rainfall by the disdrometer. The comparison of
hourly rainfalls showed that the disdrometer 30% underestimated the rainfall amount in comparison
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with the raingauge (Figure 2). The slopes of the mean DSDs with rain rate of 50–80 mmh−1 and
>80 mmh−1 are similar with each other (Figure 4a), and the normalized mean DSD for the categories
with more than 15 mmh−1 are very close to one another (Figure 4b). These results imply the DSDs
with higher rain rate have equilibrim distribution. The characteristic time to reach equilibrium in
coalescence and collisional breakup processes is inversely proportional to the rain rate [58]. Several
equilibrium distributions have been proposed [59,60], and all of the shapes have a distinct peak in a
0–1 mm diameter. Though the observed DSDs of higher rain rate in Figure 4a also have a shoulder
shape at around 1 mm diameter, the height of peak in a 0–1 mm is relatively low in comparison with
the proposed equilibrium distributions. Most disdrometers, including Parsivel2, have the observation
limitation of the small drop size. Recently, Thurai et al. (2017, 2019) [61,62] used a high-resolution
(50 microns) meteorological particle spectrometer to capture the small drop end of DSDs (typically
diameters < 0.7 mm) with two-dimensional (2D)-video disdrometer, and showed that the concentration
of small drops increase significantly with decreasing drop diameter (D < 0.5 mm). These past studies
imply that the underestimation of the rainfall amount observed by the Parsivel2 was possibly caused
by the improper measurement of small-sized drops. The underestimation in small drops significantly
affect the Nw and σm/Dm toward higher values [61].

The D0 − log10Nw diagram, which has been used to characterize S/C systems [54] and a variety
of different climatic regimes (e.g., [10,55–57,63]), was compared with the DSDs that were obtained at
other stations. The DSDs were similar to those of tropical oceanic DSDs (e.g., [55]), in that they tended
to have a large log10Nw; however, the shape of the diagram resembled mid-latitude DSDs [10,57]. The
mean log10Nw exceeded 4.0 for all six rain rate categories in the current study; however, the larger Nw

was confined to the stratiform side of the S/C separation line that was proposed by Bringi et al. (2009)
[54]. The weak updraft along mountainous topography frequently induces shallow warm convection
and produces a LNSD. Konwar et al. (2014) [22] conducted aircraft observations over the western
Ghats, another orographic heavy rainfall area in India, and reported that the orographically forced
updrafts foster rapid condensational growth of cloud droplets triggering coalescence within a few
hundred meters of cloud depth. Generally, atmospheric conditions tend to become more unstable
over land than over the ocean. The unstable atmosphere can produce buoyancy-generated strong
updrafts, thus triggering convection development and cold rain processes in the convection. Lightning
observations have indicated a high frequency of flashes over the Meghalaya Plateau [30], implying the
existence of cold rain processes, as electrification is associated with supercooled water and graupel [64].

The characteristics of the seasonal variation were analyzed using the PCA approach that was
outlined by [10]. The first two principal components explained 96% of the total variance. The first PC
had a high positive correlation with rain rate, whereas the second PC had a high positive correlation
with Nw and a negative correlation with Dm (Figure 7), implying that positive PC2 can be regarded
as a LNSD. Monthly variation was evaluated by the number density distribution in PC1–PC2 space.
The representative monthly DSDs were shown by the dense area of the distribution. PC1 increased
during the monsoon season, reflecting the dominance of the LNSD. Chakravarty et al. (2003) [26]
observed DSDs in Kolkata, India and obtained similar results. The high instability of the atmosphere
and the dry conditions in the middle and upper troposphere during the pre-monsoon season [29,65,66]
promote strong updraft and evaporation of the rain drops, which can result in an absence of LNSD. In
contrast, the atmospheric conditions during the monsoon season are rather stable [67] and wet over
the entire troposphere, which can lead to preferential conditions for LNSD development.

The LNSD underestimates radar-derived rainfall by its small radar reflectivity. Rosenfeld and Ulbrich
(2003) [3] reviewed past studies and considered that the DSDs of shallow orographic rainfall have a
LNSD. Dolan et al. (2018) [10] also regarded LNSD as products from shallow warm convection based
on radar observations. Warm convective clouds tend to have a structure that promote a downward
increase in the radar reflectivity, regarded as a bottom-heavy precipitation structure (e.g., [6,11,22,68]);
this is due to the dominance of the collision-coalescence process, which leads to difficulties in estimating
rainfall while using radar due to the ground clutter. The shallowness of the clouds also causes difficulty
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in detecting precipitation over complicated topographies [12]. Terao et al. (2017) [69] validated the
near-surface rain dataset of the Tropical Rainfall Measurement Mission Precipitation Radar (TRMM
PR) using tipping-bucket rain gauges over northeast India and Bangladesh; they identified significant
underestimation of the TRMM PR near surface rainfall over the Meghalaya Plateau and adjacent
Bangladeh plain. The same underestimation was not evident in pre-monsoon data. Their results may be
caused by the LNSD.

In this study, the contribution of LNSD to the rainfall at Cherrapunji was defined by PC2 >

+1.5, based on PCA. The LNSD was rare during the pre-monsoon season and dominant in the
monsoon season, comprising 16% (19%) of the accumulated rainfall (the total precipitation period).
A considerable contribution occurred during the heavy rainfall event on 16 June during a relatively
weak active rainfall spell (Figure 9). The LNSD also became dominant at the beginning of the active
rainfall spells of the intraseasonal variation during the monsoon season, implying some difficulty
in detecting the beginnings of active rainfall periods by remote sensing. The rainfall during 19–22
October was caused by a tropical depression passing through the south of the Meghalaya Plateau from
west to east. Although past studies ([20,70] reported the dominance of small- and medium-sized drops
during cyclonic rains, the contribution of the LNSD during the passage of the tropical depression
was small.

The present study only described the observational results that were obtained from one
disdrometer installed at Cherrapunji, northeast India. Future studies are necessary to understand
the three-dimensional structure of precipitation systems over the Meghalaya Plateau, using not only
disdrometer data, but also ground-based radar and satellite-derived datasets.
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