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Abstract: Raindrop size distribution (DSD) can reflect the fundamental microphysics of precipitation
and provide an accurate estimation of its amount and characteristics; however, there are few
observations and investigations of DSD in cold, mountainous regions. We used the second-generation
particle size and velocity disdrometer Parsivel2 to establish a quality control scheme for raindrop
spectral data obtained for the Qinghai–Tibet Plateau in 2015. This scheme included the elimination of
particles in the lowest two size classes, particles >10 mm in diameter and rain rates <0.01 mm·h−1.
We analyzed the DSD characteristics for different types of precipitation and rain rates in both
permafrost regions and regions with seasonally frozen ground. The precipitation in the permafrost
regions during the summer were mainly solid with a large particle size and slow fall velocity, whereas
the precipitation in the regions with seasonally frozen ground were mainly liquid. The DSD of
snow had a broader drop spectrum, the largest particle size, the slowest fall velocity, and the largest
number of particles, followed by hail. Rain and sleet shared similar DSD characteristics, with a
smaller particle size, slower velocity, and smaller number of particles. The particle concentration for
different classes of rain rate decreased with an increase in particle size and decreased gradually with
an increase in rain rate. Precipitation with a rain rate >2 mm·h−1 was the main contributor to the
annual precipitation. The dewpoint thresholds for snow and rain in permafrost regions were 0 and
1.5 ◦C, respectively. The dewpoint range 0–1.5 ◦C was characterized by mixed precipitation with a
large proportion of hail. This study provides valuable DSD information on the Qinghai–Tibet Plateau
and can be used as an important reference for the quality control of raindrop spectral data in regions
dominated by solid precipitation.

Keywords: raindrop size distribution; data quality control scheme; precipitation types; permafrost
regions

1. Introduction

Accurate observation of precipitation is essential for research and applications of regional to global
climate, hydrology and ecology, calibration of remote sensing products [1,2]. However, observational
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data obtained by traditional precipitation gauges have a negative bias as a result of wind-induced
undercatch, losses from wetting and evaporation, and the difficulties in measuring trace amounts of
precipitation; the biases for solid precipitation may reach >60% in windy and cold conditions [2–6].

The climate in the permafrost regions of the Qinghai–Tibet Plateau is extremely cold and windy,
with snowfall exceeding 40% of the annual precipitation and daily mean wind speeds >4 m·s−1 [7–11].
The uncertainties in traditional methods of measuring precipitation are particularly prominent
under such climatic conditions and the measured precipitation is often much lower than the actual
precipitation [4,5,7]. Meteorological stations are sparse and unevenly distributed over the Qinghai–Tibet
Plateau with only four national meteorological stations in the permafrost regions, where the average
altitude exceeds 4000 m, despite these areas accounting for more than half of the total area of the
plateau [12]. In addition, the operation period of these stations are both short and inconsistent. These
factors limit reliability of precipitation data over the Qinghai–Tibet Plateau [6]. Precipitation and snow
cover are the two most important factors affecting thermal condition of permafrost after temperature;
intensity and phase of precipitation have different effects on the thermal status of the surface, they also
influence he development of, and changes in, the permafrost layer [13,14].

Raindrop size distribution (DSD) refers to the distribution of the number of raindrops per unit
volume for a particular raindrop size. DSD, the basic feature of precipitation microphysics, varies widely
with time, season, vertical height, and geographical region [15–18]. The applications of DSD range
from the quantitative estimation of precipitation to the simulation of the processes and characteristics
of precipitation [19–21]. The Parsivel instrument is a non-contact optical laser disdrometer used
to measure the number and size of raindrops [22,23]. It is not limited by the shortcomings of
traditional rain gages during measurements and provides detailed microphysical information about
precipitation, including the distribution of raindrop size and fall velocity, precipitation type, rain rate,
radar reflectivity, and visibility [24–27]. The Parsivel instrument provides a new method for obtaining
more detailed and accurate precipitation data and may help to overcome the current deficiency of
observations on precipitation microphysics over the Qinghai–Tibet Plateau. Accurate precipitation
data in this region can improve our understanding of the characteristics of precipitation in cold regions,
establish a parameterized scheme for diagnosing rainfall patterns, provide more reliable reference
values for remote sensing products used to estimate solid precipitation, and investigate the influence
of precipitation mechanisms on the degradation of permafrost [7,18,28].

Research on DSD has mainly focused on tropical and temperate coastal areas where rain is the
dominant, or only, form of precipitation [19,29–35]. There have been few observations of DSD in cold
and mountainous regions with complex precipitation mechanisms, especially over the Qinghai–Tibet
Plateau. There have been a few studies of DSD in the southeastern Qinghai–Tibet Plateau, which has
seasonally frozen ground, in which the empirical threshold method was used to the filter data [17,20,33].
However, the application of the empirical threshold method on the Qinghai–Tibet Plateau has yet to be
verified. Moreover, the precipitation in the permafrost region of the Qinghai–Tibet Plateau is mainly
solid and is accompanied by frequent instantaneous and short-term trace amounts of precipitation [7],
which is clearly different from the characteristics of precipitation in the southeastern Qinghai–Tibet
Plateau. It is therefore important to investigate the characteristics of the DSD in permafrost regions.

Using statistical and comparative analysis, we established a quality control scheme for raindrop
spectral data suitable for the permafrost regions of the Qinghai–Tibet Plateau. Based on this data
control scheme, we investigated the characteristics of the DSD and precipitation in permafrost regions.
The results of this study provide a reference for filtering data on snow spectra and a basis for the
parameterization of land surface processes and the input of parameters to hydroclimatic models in
permafrost regions.
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2. Sites, Data, and Methods

2.1. Study Sites

The two main field observation sites were located in Tanggula and Wudaoliang in the hinterland
of the Qinghai–Tibet Plateau (Figure 1), both of which belong to the permafrost region (permafrost
is the ground that remains at negative temperature conditions for two or more years). Both sites
have established meteorological and raindrop spectrum observation systems. Tanggula is located on
a gentle slope on the southwestern Tanggula Pass at an altitude of 5100 m and has an annual mean
temperature of −4.9 ◦C. Wudaoliang is located near a section of the Qinghai–Tibet Highway at an
altitude of 4783 m and has an annual mean temperature of −5.1 ◦C [7]. Naqu, an observation site at an
altitude of 4500 m with an annual mean temperature of −0.3 ◦C in a region with seasonally frozen
ground (seasonally frozen ground refers to the ground that freezes and thaws annually), was selected
for comparison [12,17].
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Figure 1. Location and topography of the study area. (a) Location of observation sites and spatial
distribution of permafrost. (b) Topography of the Qinghai–Tibet Plateau. (c) Photograph of observation
devices at the Tanggula comprehensive observation field site.

2.2. Instruments and Measurements

A second–generation Parsivel2 laser optical disdrometer manufactured by OTT Hydromet GmbH
(Kempten, Germany) was used in this study. The disdrometers consist of a laser sensor that emits
a horizontal laser beam and a closed transmitter and receiver. When a particle passes through the
sampling space containing the laser beam, the width and crossing time are automatically recorded and
the size and velocity of the precipitation particle are calculated [22,25]. The laser beam was 780 nm,
and the sampling space was 1 mm thick with an area of 180 × 30 mm2 [23]. This instrument measures
particles with diameters of 0–25 mm and velocities of 0–22.4 m·s−1 and divides these two physical
quantities into 32 non-equidistant classes. The number of particles measured each minute is recorded as
a 32× 32 matrix of size and velocity and the number of particles in each class is counted. The instrument
then subdivides the precipitation into eight types according to these physical quantities [23,36]. OTT
Parsivel2 has reduced the errors caused by spattering and wind relative to the first–generation model
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and improved the smoothing of the laser beam, the measurement of particle size and velocity, and the
calculation of raindrop deformation [23,27].

We used OTT Parsivel2 to measure the raindrop size and fall velocity, particle number, precipitation
type, and rain intensity with an interval time of 60 s, and also used precipitation data recorded with
a Geonor T–200B precipitation gauge (Oslo, Norwaw), wind speed, air temperature, and relative
humidity at 2 m high at a sampling interval of 30 min in Tanggula and Wudaoliang. In addition, the
daily precipitation data by Chinese standard rain gauge (Beijing, China, hereinafter referred to as
CSRG) from Wudaoliang national meteorological station and 60-s raindrop spectrum data from Naqu
national meteorological station were also used. The Wudaoliang national station is 1.7 km away from
our filed observation sites (Figure 1). See Table 1 for details of measurement contents and measuring
instruments; the observed data were stored by the Campbell Scientific CR3000 data–logger (Logan,
UT., USA). Relevant data of the national meteorological station were obtained from http://data.cma.cn/.

Table 1. Measurement contents and instruments.

Measurement Content Instruments/Number Sampling Interval

Precipitation
OTT Parsivel2 by OTT Hydromet GmbH, Germany/1 60 s

Geonor T–200B by Norway/1 30 min
CSRG by China/1 1 day

Wind speed RM Young 05103 series wind speed and direction
sensors by Campell GmbH, USA/1 30 min

Air temperature HMP45C temperature and humidity sensor by Vaisal
GmbH, Finland/1

30 min
Relative humidity 30 min

The observation time series of the sites in the study were inconsistent as a result of uncontrollable
factors such as power failures, extreme weather events, man-made damage, and interference from wild
animals (Table 2). The measurement sequence of the Tanggula site was from January to December 2015.
OTT Parsivel2 monitored the samples for 6834 min with precipitation of 439 mm, and the T–200B rain
gauge obtained 30-min samples for 1068 with precipitation of 266.6 mm. The measurement sequence
of the Wudaoliang site was from January to September 2015. OTT Parsivel2 monitored the samples
for 7281 min with precipitation of 440 mm, and CSRG rain gauge of national meteorological station
observed precipitation of 342.5 mm. The measurement sequence of the Naqu national station was
from 15 July 2015 to 30 August 2015, and OTT Parsivel2 monitored the samples for 813 min with
precipitation of 20.3 mm.

Table 2. Geographical location and measurement time series of the observation sites.

Observation
Sites

Latitude
(◦)

Longitude
(◦)

Altitude
(m) Disdrometer Time Series Samples

(minutes)

Accumulated
Precipitation

(mm)

Tanggula 32.58 91.86 5100 OTT Parsivel2 1/1/2015–31/12/2015 6834 439
Wudaoliang 35.22 91.08 4783 OTT Parsivel2 1/1/2015–30/9/2015 7281 440

Naqu 31.29 92.04 4508 OTT Parsivel 15/7/2015–30/8/2015 813 20.3

2.3. Raindrop Size Distribution

N(Di) =
∑32

j=1
ni j

Ai·∆t·V j·∆Di
(1)

where N(Di) (mm−1
·m−3) is the number concentration of raindrops per unit volume per unit size

interval for a raindrop diameter Di (mm), nij is the number of raindrops within size class i and velocity
class j, Vj (m·s−1) is the fall speed for velocity class j, Ai (m2) is the effective sampling area for the ith

http://data.cma.cn/
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size class and ∆t (s) is the sampling time (set to 60 s in this study). The effective sampling area Ai is
calculated as follows:

Ai = 180×
(
30−

Di
2

)
(2)

Given N(Di), the rain rate R (mm·h−1) is calculated as follows:

R = 6π× 10−4
32∑

i=1

32∑
j=1

V jD3
i N(Di)∆Di (3)

The empirical formula for the relationship between the velocity (m·s−1) and the particle size (mm)
is given by Atlas et al. [37]:

V(Di) = 9.65− 10.3 exp(−0.6Di) (4)

The dew point temperature is an important variable and closely corresponds to the type of
precipitation, which is calculated from the air temperature and relative humidity based on the Magnus
formula:

Td = cr/(b− r) (5)

r = ln(RH/100) + bT/(c+t) (6)

where T is the air temperature (◦C), RH is the relative humidity (%), b = 17.67, and c = 243.58 ◦C [38].

2.4. Quality Control of Data

Comparative observations from several different optical disdrometers show that the Parsivel
instrument gives better results when observing snow particles and snowfall [23,27,39–41], but
overestimates the number of large particles and underestimates their fall velocity (error < 20%) [27,40].
It is therefore necessary to control the quality of data for the raindrop spectra. At present, the most
widely used quality control scheme is to set a threshold range according to the empirical power law
relationship between the fall velocity (V) and raindrop size (D) [37] and then to eliminate the particles
falling outside this threshold (referred to here as the empirical threshold method). However, there is
no clear reference and basis for setting this threshold and the range chosen is very different in different
studies (generally retaining 25–60% of the empirical formula) [17,19,29,42–44]. The empirical V–D
relation given by Atlas et al. [37] refers to the basic theory of the final fall velocity of raindrops in still
air proposed by Gunn and Kinzer [45] and combines rain and snow measurements obtained using
Doppler radar. However, the Doppler spectrum does not determine the size distribution of snow and
the power laws are only useful approximations over a limited range of the rain rate [37,43]. Therefore,
the empirical V–D relation only objectively reflects the changes in particle velocity with size for liquid
particles and inevitably eliminates much of the information on solid particles.

Therefore, in view of the above situation analysis, we have adopted the following quality control
scheme for the raindrop spectrum data based on the DSD characteristics in permafrost regions and
relevant studies on precipitation microphysical processes [17,19,30,37,39–41,46].

(1) Eliminating data below the first two size classes
The lowest two size classes (mean diameters of 0.062 and 0.187 mm) are not usually used because

the recovery time of the laser system and noise distortion limit the accurate measurement of smaller
drop sizes, especially particles with diameter <0.2 mm [17,22,31,43,47]. There was no data below these
size classes in this study and therefore the minimum diameter of the raindrops in the sample was
0.312 mm.

(2) Eliminating particles with diameters >10 mm
In general, the diameter of raindrops is usually 0.5–6 mm, whereas drizzle drops are smaller at

0.2–0.5 mm. Snow is solid precipitation with different forms of ice crystals; groups of ice crystals form
snowflakes in the form of six cones, needles, or multiple combinations. The diameter of snowflakes
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is usually 1–3 mm, although the number of larger snowflakes may increase at higher temperatures
and lower wind speeds [48,49]. Previous observations have shown that the diameter of raindrops and
snowflakes rarely reach or exceed 6 mm due to break-up when falling as rain or snow [49,50]. Large
particles in the observation records should therefore be eliminated before calculating the physical
quantities because these are likely to be instrumental artifacts. The microphysical properties of
raindrops were estimated based on their size and velocity and even a small number of large particles
will affect the results of the calculation [39,43,46,51]. In a hurricane observation experiment at Galveston,
Texas, USA, Friedrich et al. [43] found that the radar reflectivity calculated after removing particles >5
mm in diameter was closer to the real value. Jaffrain and Berne [51] suggested that raindrops >7 mm in
diameter were unrealistic. Yuter et al. [39] observed that the distribution of snow decreased significantly
and disappeared as the particle diameter approached 10 mm. The accuracy of two-dimensional video
and laser particle methods in detecting raindrops >10 mm diameter has yet to be verified [22]. Based
on this analysis and considering that precipitation over the Qinghai–Tibet Plateau was mostly solid, we
conservatively limited the maximum particle size to 10 mm to minimize the calculation errors caused
by large particles.

(3) Eliminating trace amounts of precipitation with a rain rate <0.01 mm·h−1

There were generally errors in the measurement of trace amounts of precipitation and drizzle [52],
which were largely caused by instrument noise and the presence of atmospheric particles [30,53]. Slight
rainfall with a velocity <0.03 mm h−1 hardly reached the ground [54,55]. Considering frequent trace
and short-term precipitation in the Qinghai–Tibet Plateau, the minimum threshold of rain rate was set
to 0.01 mm h−1, which was also the minimum threshold in other relevant studies.

3. Results

3.1. DSD Characteristics and Application of Data Control Schemes

After the establishment of the data quality control scheme (hereinafter referred to as the de-extreme
method), we compared the original data from the DSD with the results obtained after the de-extreme
method and the empirical threshold method. We analyzed the differences between the two data quality
control schemes applied in different regions (permafrost regions and regions with seasonally frozen
ground) and for different types of precipitation. The rationality of the de-extreme method was proved
by comparing the measurement results obtained using the OTT Parsive2 instrument with those from
other rain gauges and verifying the types of precipitation observed. We then analyzed the precipitation
and DSD characteristics in the permafrost regions.

(1) Differences in DSD characteristics between permafrost regions and regions with seasonally
frozen ground

The observation results from July to August 2015 showed that the DSD characteristics in summer
were clearly different at the Tanggula and Naqu observation sites. The precipitation particles at
Tanggula were larger with a lower fall velocity. Particles <4 mm dominated the precipitation events in
this period and the raindrops were concentrated in the size range 0.3–1 mm with a velocity of 1 m·s−1

(Figure 2a). Precipitation particles at Naqu were generally smaller (0.3–2 mm) with a higher velocity
(3–7 m·s−1) (Figure 2d).
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Figure 2. Comparison of the raindrop size distribution (DSD) and data quality control schemes in
Tanggula and Naqu from July to August 2015. (a–c) DSD based on original data, the empirical threshold
method, and the de-extreme method in Tanggula. (d–f) DSD based on the original data, empirical
threshold method, and de-extreme method in Naqu. The solid line indicates the V–D empirical
relationship, and the dashed lines indicate the ±60% V–D relationship. The V–D relationship is the
empirical fall velocity–diameter relationship of Atlas et al. [37].

The results of the quality control of the observational data in the two regions were clearly different
using the empirical threshold and de-extreme methods. The summer precipitation in Tanggula was
mainly solid and the relationship between particle size and velocity deviated from the V–D empirical
formula of Atlas et al. [37]. The empirical threshold and de-extreme methods eliminated 50% and 5%,
respectively, of the number of particles in Tanggula (Figure 2b,c). Summer precipitation in Naqu was
mainly liquid and the relationship between particle size and velocity was closer to the V–D empirical
formula than at Tanggula. The two data control schemes excluded 53% and 26%, respectively, of
the number of particles (Figure 2e,f). The empirical threshold method removed a large number of
low-velocity particles and smaller sized particles with a high velocity, whereas the de-extreme method
retained more information on effective particles.

(2) DSD characteristics of different types of precipitation in permafrost regions
The precipitation particles at Tanggula in 2015 were mainly snow, followed by hail and rain

particles. The precipitation was mainly composed of particles <4 mm. Snow, hail, rain, and sleet
accounted for 86%, 10%, 3%, and 1%, respectively, of the annual precipitation (Figure 3a–d). The DSD
of different types of precipitation had diverse characteristics and the application of the two data quality
control schemes gave clearly different results for different types of precipitation. The rainfall mainly
consisted of small particles with a high fall velocity and the raindrops were concentrated in the size
range <1 mm and the velocity range 1–6 m·s−1 (Figure 3a). Compared to the empirical threshold
method, the de-extreme data control methods retained larger sized particles with a slower velocity,
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especially particles in the size range 0.3–7 mm with a velocity <3 m·s−1 (Figure 3e,i). The number of
such particles was relatively large at Tanggula. The two methods gave 17.9 and 13.3 mm, respectively,
of rainfall (Figure 3e,i). The DSD of sleet was similar to that of rain, with a greater proportion of liquid
particles. The total number of sleet particles was significantly reduced and the drops were mainly
<1 mm with a velocity range of 2–6 m·s−1 (Figure 3b). The results of the two quality control schemes
were similar for this type of particle (Figure 3f,j). The DSD of snow was mainly characterized by a
large size, low velocity, and large number of particles and the relationship between particle size and
velocity showed a large deviation from the V–D empirical formula of Atlas et al. [37]. Snow particles
were highly concentrated in the size range <2 mm with a velocity <4 m·s−1, followed by the size range
2–4 mm and velocity range 1–4 m·s−1 (Figure 3c). The differences between the de-extreme and empirical
threshold data control methods were most significant for snow and the filtered amounts of snowfall
were 378.8 and 84.0 mm, respectively (Figure 3g,k). The empirical threshold method excluded most of
the particle concentration intervals and all the sub-concentration intervals, but retained abnormally
large particles >10 mm (Figure 3g). The DSD of hail was similar to that of snow, but with a smaller size
and higher fall velocity (Figure 3d). Hail particles were mainly distributed in the size range 0.3–2 mm
and velocity range 1–4 m·s−1 and the two quality control schemes resulted in little difference between
the amounts of hail (Figure 3h,l).
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Figure 3. Characteristics of the raindrop size distribution (DSD) for different types of precipitation and
the application of different data quality control schemes to precipitation at Tanggula. (a–d) DSD of
rain, sleet, snow, and hail using the original data. (e–h) DSD of rain, sleet, snow, and hail using the
empirical threshold method. (i–l) DSD of rain, sleet, snow, and hail using the de-extreme method. The
V–D relationship is the empirical fall velocity–diameter relationship of Atlas et al. [37].



Water 2019, 11, 2265 9 of 20

In addition, in the 2015 precipitation events at Tanggula before data quality control was applied,
the number of particles >10 mm in diameter accounted for 0.003% of the total and contributed about
20 mm of precipitation. These large particles were mainly recorded during snow and sleet precipitation
when the corresponding temperature and relative humidity were higher (Figure 4). The number of
large particles was the highest during snowfall, especially heavy and moderate snowfall events, which
corresponded to the highest relative humidity (91%) and temperature (−2 to 0 ◦C). The number of large
particles in sleet was lower than that in snowfall and corresponded to the highest temperature (2 ◦C).
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(3) Measurement results of OTT Parsive2 compared with other rain gauges.
The amount of precipitation measured by the T-200B rain gauge at the Tanggula field observation

site and the CSRG at Wudaoliang national meteorological station were used to verify the OTT Parsive2

data for the two regions.
Using the de-extreme method, the quality-controlled precipitation data obtained with the OTT

Parsivel2 instrument was clearly lower than the original results and was closer to the values measured
by the other rain gauges (Figure 5). The precipitation trends observed by the OTT Parsivel2 and the
rain gauges were consistent, but the observed value of the OTT Parsivel2 was much higher than that of
the rain gauges, with fluctuations and differences in individual months. The amount of precipitation
at Tanggula in 2015 was recorded as 491, 439, and 267 mm, respectively, by the original output and
quality-controlled results from the OTT Parsivel2 and the T-200B/CSRG rain gauge (Figure 5a), and the
amount of precipitation at Wudaoliang from January to September 2015 was 506, 440, and 343 mm,
respectively (Figure 5b), with the precipitation mainly concentrated in the period of April to September.
The wind-induced undercatch of the T-200B/CSRG gauges accounted for 18% and 16% of the annual
precipitation at Tanggula and Wudaoliang, respectively [6], but there was no such loss in the results
from the OTT Parsivel2 instrument.
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Figure 5. Comparison of observational results obtained by the OTT Parsivel2 instrument and other
rain gauges at (a) Tanggula and (b) Wudaoliang. OTT-ori refers to the origin output recorded by the
Parsivel2 instrument; OTT-cor refers to quality control of the data by the de-extreme method; T200B
refers to the results observed by the Geonor T-200B rain gauges; and Chinese standard rain gauge
(CSRG) refers to the results observed by Chinese standard rain gauges.

The OTT Parsivel2 instrument can accurately distinguish between different types of precipitation.
We manually identified the different types of precipitation in 13 samples at Tanggula from July to
August 2015. Figure 6 shows that the different types of precipitation observed by the OTT Parsivel2

were consistent with the manual identification and the instrument recorded gradual changes in the
phase of precipitation in detail. Taking the precipitation event on 12 August 2015 as an example, the
manual observation recorded sleet, whereas the OTT Parsivel2 instrument observed changes in the
precipitation event from rain to sleet to hail to snow. An observation experiment in central Germany
from October to November 2003 by Bloemink [56] also reported that a laser precipitation monitor
clearly distinguished different types of precipitation, accurately identifying 99% of liquid and 93% of
solid precipitation. Chen et al. [57] reported that the type of precipitation identified by the Parsivel
instrument agreed with the results of manual identification when investigating the DSD of freezing
rain in southern China in January 2008.
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Figure 6. Types of precipitation identified (a) manually and (b) by the OTT Parsivel2 instrument from
July to August 2015. The yellow boxes indicate precipitation events recorded by both methods and the
dark yellow boxes indicate precipitation events identified by the instrument, but not manually.

These results show that the data quality control scheme of the de-extreme method is more suitable
for the permafrost regions of the Qinghai–Tibet Plateau, where it minimized the system errors while
retaining more information of effective particles. The DSD in permafrost regions was characterized
by solid precipitation, a broader spectrum, larger particles, and low fall velocities, which was clearly
different from the characteristics of precipitation in regions with seasonally frozen ground. The DSD of
different types of precipitation was also significantly different.

3.2. DSD Characteristics for Different Rainfall Rates

Figure 7a shows the accumulated particles at Tanggula in 2015 characterized by size and fall
velocity. The drop spectrum was similar to that of the solid particles. The particles were concentrated
in the size range <2 mm and the velocity range <4 m·s−1, accounting for 94% of the total number of
particles. The pattern of DSD at Wudaoliang was similar to that at Tanggula (not shown) and the
difference between the two sites was mainly reflected in the number of small- and medium-sized
particles (Figure 7b). The number of particles of precipitation <0.8 mm at Tanggula was higher than
that at Wudaoliang, whereas the number of particles in the size range 0.8–3 mm at Wudaoliang was
higher than that at Tanggula. There was no clear difference in the number of particles >3 mm between
the two sites.
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Figure 7. (a) The raindrop size distribution for Tanggula in 2015. (b) Changes in the size and amount
of precipitation particles.

The rain rate was divided into five classes (class 1, <0.1 mm·h−1; class 2, 0.1–1 mm·h−1; class 3, 1–2
mm·h−1; class 4, 2–5 mm·h−1; and class 5, ≥5 mm·h−1) to help understand the characteristics of the DSD
under different precipitation mechanisms. The characteristics of precipitation (e.g., particle size, particle
concentration, and rain rate) at Tanggula and Wudaoliang were very similar. The particle concentration
of the rain rate at all levels decreased in stages with increasing particle size (Figure 8a,b). The decreasing
trend was most significant in the size range 0.3–1 mm, most gentle in the size range 1–3 mm, relatively
clear in the size range 3–5 mm, and relatively gentle for droplets >5 mm. The concentration of
larger particles (especially particles >8 mm) clearly increased as the rain rate increased. The particle
concentration corresponding to each level of rain rate decreased stepwise with the increase in the
rain rate (Figure 8a,b). The particle concentration of class 2 was the largest, whereas the particle
concentration of class 1 decreased rapidly to a minimum for particles >2 mm. The contribution of
rain rate class to annual precipitation was inconsistent with the occurrence frequency (Figure 8c):
The contribution of rain rate was class 4 > class 5 > class 2 > class 3 > class 1, whereas the occurrence
frequency was class 2 > class 1 > class 3 > class 4 > class 5. The annual precipitation in permafrost
regions of the Qinghai–Tibet Plateau was therefore mainly contributed by precipitation with a rain
rate >2 mm·h−1, which accounted for >75% of the annual precipitation, whereas the frequency of such
precipitation events only accounted for about 20%. The frequency of light precipitation and trace
amounts of precipitation (classes 2 and 1) reached 80% and light precipitation was also one of the main
contributions to the annual precipitation. Trace amounts of precipitation (class 1) have often been
neglected in other observation experiments, but the influence of its high occurrence frequency and
accumulation on environmental factors—especially on the moisture content of surface soil, temperature,
and reflectivity—deserves further attention.

In addition, precipitation with a rain rate <0.01 mm·h−1 accounted for about 7.3% of the annual
precipitation and was mainly solid precipitation, lasting from one to several minutes. If the reliability of
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these precipitation results is effectively confirmed in future observational tests, it will greatly increase
the precipitation currently observed over the Qinghai–Tibet Plateau and provide an important reference
for the precipitation correction scheme.
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3.3. Temperature and Dewpoint Thresholds of Different Types of Precipitation

Different types of precipitation not only showed large differences in their DSD characteristics
(Figure 3a–d), but also in the meteorological conditions required for their formation (Figure 9a,b).
The maximum temperature threshold for snow at Tanggula in 2015 was 6.5 ◦C and the number of
snowfall events increased significantly with the temperature at <1 ◦C; precipitation was completely
in the form of snow at temperatures below −5 ◦C. The minimum temperature threshold for rain was
−5 ◦C, whereas hail required temperatures between −5 and 11 ◦C and sleet temperatures between −5
and 13 ◦C. These three different types of precipitation were clearly reduced at temperatures below zero.
Therefore, the relationship between the type of precipitation and the air temperature was complex at
temperatures higher than −5 ◦C and temperature alone could not be used to distinguish different types
of precipitation.
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Figure 9. (a) Relationship between temperature and the occurrence of rain, sleet, snow, and hail at
Tanggula. (b) Relationship between the dewpoint and the proportion of rain, sleet, snow, and hail in
precipitation at Tanggula.

The dewpoint temperature takes into account the two most important factors that determine the
type of precipitation: air temperature and atmospheric humidity [38]. These factors may be crucial
in determining the type of precipitation in mountainous regions [58]. The proportion of each type
of precipitation was counted in each half-hourly precipitation event for each half-degree interval of
dewpoint temperature from −12 to 4.5 ◦C and the frequency distribution for each precipitation type
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was constructed within this dewpoint range (Figure 9b). In addition, the dewpoint corresponding
to 50% proportion was taken as a metric to determine the precipitation type, and the half-point
value was an important rain–snow threshold [38,58–60]. When the proportion of a certain type
of precipitation exceeded 50%, more than half of the precipitation belonged to this particular type
and the corresponding dewpoint was the threshold for the transition between the different types of
precipitation. The proportion of snow decreased as the dewpoint increased, while the proportion of
rain increased sharply. When the dewpoint was <0 ◦C, the precipitation was mainly snow, whereas
when the dewpoint was >1.5 ◦C the precipitation was mainly rain. The precipitation was a mixed type
dominated by hail when the dewpoint was in the range 0–1.5 ◦C.

4. Discussion

There is currently much interest in the characteristics of the DSD and comparative observation
tests using laser disdrometers, but the research on data quality control schemes is still immature and
regional differences in the characteristics of precipitation have not been fully considered. Although
the data quality control scheme of the de-extreme method proposed in this study was an empirical
judgment combining both theory and observational results, it was able to retain more information
about effective solid and sleet particles to objectively reflect their DSD characteristics and to minimize
the calculation error caused by abnormally large or small particles. The scheme provides a reference
for the quality control of data for rain spectra in areas with complex precipitation. However, the critical
values for trace amounts of precipitation and large particles used in this scheme were conservative
estimates based on theoretical analysis and the objective existence of these types of precipitation
are currently difficult to confirm by current observations and research on the Qinghai–Tibet Plateau.
A combination of these results with other observation methods is therefore required to improve the
accuracy of measurement in future experiments.

The permafrost region of the Qinghai–Tibet Plateau accounts for 56% of the total area of the
plateau (Figure 1). Investigation of precipitation and its microphysical characteristics in this region
will not only improve our understanding of the impact of precipitation on changes in permafrost, but
also better represent the response of the Qinghai–Tibet Plateau to global climate change. The active
layer is the interface for moisture and heat energy exchange between the permafrost and atmosphere.
The occurrence time, type, patterns, and intensity of precipitation events have various cooling and
heating effects on active layer, affecting the hydrothermal processes on the land from the surface
to >1 m deep [8,61,62]. Future research will focus on the impact of the microphysical properties of
precipitation on active layer.

The DSD in the permafrost region of the Qinghai–Tibet Plateau is characterized by a broader
rain spectrum, larger particle size, low fall velocity, and a low rain rate, which is clearly different
from that in the monsoon region [19,63,64]. Raindrops in eastern China are highly concentrated in the
size range <4 mm with velocities <8 m·s−1 and the rain spectra in spring and summer are broader
than those in other seasons [64]. Raindrops in southern China in summer are concentrated in the size
range <4.5 mm with velocities <8 m·s−1 and the rain spectrum is much broader than that in eastern
China [65]. Stratiform and shallow rain mainly has a rain rate of 1 mm·h−1 in summer in southern
China, accounting for 15.1% of the total precipitation, whereas the rain rate of convective rain is
mainly 5 and 7 mm·h−1, accounting for 62.7% of the total [65]. However, in the permafrost regions,
most liquid particles are <2 mm in size, highly concentrated in the size range <1 mm and the overall
velocity of the raindrops is relatively slow (Figure 3). The frequency of precipitation with a rain rate of
1 mm·h−1 is high, accounting for 24% of the annual precipitation, and the precipitation with a rain rate
>2 mm·h−1 is the main contributor (54%) to the annual precipitation, of which precipitation with a rain
rate >5 mm·h−1 accounts for 24% of the annual total (Figure 8b). However, the DSD in permafrost
regions is similar to that in inland regions and in regions with a number of different types of solid
precipitation. The liquid precipitation in northern and northwestern China is mainly composed of
particles <2 mm and is highly concentrated in the size range <1 mm [66,67]. The DSDs in winter in the



Water 2019, 11, 2265 15 of 20

Oregon Cascade Mountains (mainly solid and mixed precipitation) [39] and in Hokkaido [68] are both
similar to that in permafrost regions (Figure 8a), especially the DSD in the Oregon Cascade Mountains
at temperatures of 0.5–1.5 ◦C and <0 ◦C [39]. This is probably because the temperature, type, and
pattern of precipitation events in these regions were similar to those in the permafrost regions of the
Qinghai–Tibet Plateau.

Precipitation patterns are divided into stratiform and convective rain according to their
microphysical characteristics. The most commonly used classification scheme is based on the time series
of the surface rain rate [17,19,67], and the scheme proposed by Bringi et al. [69] has been widely used
to study the DSD characteristics of precipitation patterns in various climate types [15,20,30,35,70,71].
If the standard deviation of five consecutive DSD samples is <1.5 mm·h−1, then it is classified as
stratiform, otherwise it is classified as convective if the rain rate is >5 mm·h−1 and the standard
deviation is >1.5 mm·h−1 [69]. The precipitation patterns at Tanggula in 2015 were counted based on
this classification scheme and convective rain accounted for 6% of the total number of samples and 30%
of the total annual precipitation. Stratiform and convective rain accounted for 87.2% and 5.5% of the
total number of samples in summer at Naqu [17]. However, these results probably underestimated the
amount of convective rain on the Qinghai–Tibet Plateau. Liu et al. [72] used Tropical Rainfall Measuring
Mission (TRMM) precipitation radar data to simulate convective rain in Asia, which accounted for
about 55% of the annual precipitation recorded by satellite data, but >60% in the Weather Research and
Forecasting (WRF) model simulation. Fu and Liu [73] also used TRMM precipitation radar data to show
that convective rain accounted for about 30% of summer precipitation in the interior Qinghai–Tibet
Plateau, but they did not think that the result was consistent with the strong convective conditions in
the region.

The results of the method of classifying precipitation patterns according to rain rate were different
from those of remote sensing, radar data, and model simulation. First, there was little heavy rainfall
on the Qinghai–Tibet Plateau (Figure 8c) and many of the shallow convective and mixed patterns of
rain were classified as stratiform using a threshold rain rate of 5 mm·h−1 [20,33,74]. Second, the same
surface rain rate may originate from different precipitation clouds [61] and the method of classifying
precipitation patterns by taking the rain rate as a single indicator contains some errors. Therefore,
precipitation patterns should be classified by combining the DSD characteristics, radar detection, and
remote sensing data [35].

Different types of precipitation have different effects on hydrological processes and the surface
energy budget, which is important in global hydroclimatic simulations [58,75]. Much research
has therefore concentrated on distinguishing rain and snow precipitation. Daily meteorological
factors are used to analyze and calculate the rain–snow threshold. It has been reported that the
rain–snow temperature threshold is >4 ◦C in the northern Qinghai–Tibet Plateau [76], 0 ◦C in the
Qilian Mountains [75], and about 2–3 ◦C in Canada [2]. However, the relationship between the
half-hourly precipitation type and the corresponding temperature in this study showed that the lowest
temperature of rain was −5 ◦C and the highest temperature of snow was 6.5 ◦C (Figure 9a), which
are very different from the statistical results of previous studies on a daily timescale. The dewpoint
was used to distinguish different types of precipitation in this study and the results showed that the
threshold values of dewpoint of rain and snow in permafrost regions on the Qinghai–Tibet Plateau
were 0 and 1.5 ◦C, respectively, similar to those in northern Eurasia (0.5 and 1.0 ◦C) [38]. Ding et al. [77]
determined the type of precipitation by establishing a parameterization scheme and the application of
this scheme in the interior of the Qinghai–Tibet Plateau showed that the proportion of annual snowfall
was about 40% [9], which was different from our observational results where the annual precipitation
was mainly solid (Figure 3). Therefore, the rain–snow threshold obtained in this study based on
the relationship between precipitation types and the dewpoint on a half-hourly timescale scale was
closer to the critical threshold of the phase transition, which provides an important reference for the
determination of different types of precipitation in permafrost regions.
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5. Conclusions

We investigated the DSD characteristics in permafrost regions of the Qinghai–Tibet Plateau during
2015 using OTT Parsivel2 measurements. The quality-controlled dataset included 6834 and 7281
samples (minutes) corresponding to accumulated precipitation of 439 and 440 mm at Tanggula and
Wudaoliang, respectively. Our main conclusions are as follows.

By analyzing the observational results and combining these with the results of previous studies,
we propose a raindrop spectra data quality control scheme suitable for the permafrost region of the
Qinghai–Tibet Plateau. This includes the elimination of the first two particle size classes, particles with
>10 mm, and trace amounts of precipitation with a rain rate <0.01 mm·h−1.

The annual precipitation in permafrost regions of the Qinghai–Tibet Plateau was mainly solid,
with snow and hail accounting for 86% and 10% of the annual total. The DSD was characterized by
large particles with a slow velocity, with 94% of the precipitation particles concentrated in the size
range <2 mm with velocities <4 m·s−1. There was no clear difference in the DSD characteristics between
Tanggula and Wudaoliang in the permafrost regions, but these were significantly different from the
DSD characteristics in regions with seasonally frozen ground (Naqu).

The particle concentration at different rain rates decreased gradually with increasing particle size
and decreased stepwise with an increased in the rain rate. The frequency of precipitation with a rain
rate >2 mm·h−1 was only 20%, but it contributed 75% of the annual precipitation. Precipitation events
with a small rain rate occurred frequently.

The relationship between precipitation type and temperature was more complex in half-hourly
precipitation events. Snowfall events clearly increased at temperatures <1 ◦C and rain, sleet, and hail
decreased significantly as the temperature dropped below 0 ◦C. The dewpoint temperature may be
used in practice to reflect the phase transition of precipitation. The dewpoint thresholds of snow and
rain were 0 and 1.5 ◦C, respectively, whereas the range of mixed precipitation with a larger proportion
of hail was 0–1.5 ◦C.

This study was limited to a preliminary statistical analysis of the DSD characteristics in permafrost
regions of the Qinghai–Tibet Plateau and we did not consider different patterns of precipitation.
This was because the traditional method of classifying precipitation patterns according to the surface
rain rate greatly underestimated convective rainfall on the Qinghai–Tibet Plateau. We will in the
future study the influence of different precipitation patterns and their effect on surface hydrothermal
processes in permafrost regions using a wider range of datasets.
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