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Abstract: This study analyzed the microphysical characteristics of stratiform and convective
precipitation over an inland arid region of Qinghai–Tibet Plateau in summer for the first time.
The observed precipitation data were from the OTT Parsivel2 laser raindrop spectrometer and the
raindrop size distribution can be described by a gamma distribution and a general exponential
distribution. The results indicate that: (1) compared to the exponential distribution, the gamma
distribution is the better function with which to describe the raindrop size distribution in this region;
(2) the raindrop sizes are mainly below 1 mm, and the raindrop sizes which contribute most to the
rainfall intensity are below 2 mm for stratiform precipitation and convective precipitation; (3) the mean
values of microphysical parameters, e.g., rainfall intensity, radar reflectivity factor, and liquid water
content, are higher for convective precipitation than stratiform precipitation; and (4) the standard
Z–R relationship underestimates the radar reflectivity factor in this region. Overall, the obtained
results will enhance our understanding and facilitate future studies regarding the microphysical
characteristics of precipitation in such regions. For example, the obtained Z–R relationship can be a
reference for estimating the radar reflectivity factor in this region with higher accuracy.

Keywords: stratiform precipitation; convective precipitation; raindrop size distribution; microphysical
characteristics; Z–R relationship; Qinghai–Tibet plateau

1. Introduction

As a common meteorological term, precipitation is of great importance to a variety of fields,
such as water resource management, agriculture, and ecological environment assessing [1–6]. A better
understanding of the microphysical processes of precipitation can be obtained through analyzing
the raindrop size distribution (DSD) and the related microphysical parameters. The raindrop size
distribution is expressed as the number of raindrops per unit size interval per unit volume in space [7].
From the perspective of cloud microphysics, the raindrop size distribution is determined by various
mechanisms in nature [8]. The raindrop size distribution not only shows the spatial and temporal
changes of precipitation, but is also directly related to the microphysical characteristics of precipitation,
such as evaporation, absorption and conversion rate [9]. In the early years, manual sampling methods
were used for raindrop size distribution analysis, such as the kinetic method [10] and stain method [11].
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However, the disadvantages of these methods are obvious, i.e., low measurement accuracy, heavy
workload, high cost and cumbersome calculation. Along with the development of photoelectric
measuring technology, laser raindrop spectrometers have been widely used, and relevant studies on
raindrop size distribution have been conducted [12–15].

Microphysical processes differ according to the type of precipitation, stratiform or convective,
and thus, it is necessary to develop effective methods for classifying them. For example, stratiform
precipitation can be identified by a “bright band” in cloud. Gamache and Houze [16] used the radar
reflectivity factor of precipitation to classify different types of precipitation, and they concluded that
convective precipitation appears when the radar reflectivity factor is higher than 38 dBz. Johnson
and Hamilton [17] used the rainfall intensity to classify different types of precipitation, and they
concluded that convective precipitation appears when the rainfall intensity is larger than 0.1 mm·min−1.
In addition, stratiform precipitation and convective precipitation can be distinguished using other
criteria, e.g., characteristic diameter (parameter indicating precipitation particle size), standard
deviation, and rainfall intensity [18–20]. Based on the methods in the studies of Bringi et al. [18] and
Marzano et al. [20], Chen et al. [21] proposed a new method which uses the standard deviation of rain
intensity from the consecutive 10-min samples during a certain precipitation process. By considering
the method proposed by Chen et al. [21] as the integrated one, it was selected for classifying different
types of precipitation in this study.

Furthermore, regarding Z as the radar reflectivity factor and R as the rainfall intensity, the Z–R
relationship has been widely used for precipitation estimation [22–28]. For example, Chandrasekar and
Bringi [23] pointed out that the uncertainty of the Z–R relationship is closely related to the changing
characteristics of raindrop size distribution. Hasan et al. [27] developed an error model to investigate
the uncertainty in point rain gauge networks and its effects on bias correction in the Z–R relationship.
Fang et al. [28] recalculated the Z–R relationship over the Yangtze–Huaihe River basin in order to
predict severe weather more accurately. However, to the best of our knowledge, there are still very
few studies on this topic over the Qinghai–Tibet Plateau [29]. The characteristics of raindrop size
distribution over Nagqu in the Tibetan Plateau and Yangjing in southern China were studied in [29],
and our research is mainly aimed at the inland arid areas of the Qinghai–Tibet Plateau. Therefore, it is
of great importance to provide a much clearer understanding of the Z–R relationship over this region.

Plateau mountainous regions in the western China are particularly sensitive to climate change,
bringing serious disturbances to local ecosystem [30,31]. For example, more precipitation may
cause floods and less precipitation may cause droughts. Several studies [3,31–33] have shown
increasing trends in annual precipitation and precipitation extremes over the Qinghai–Tibet Plateau.
However, locally, there are still few studies over the inland arid region of the Qinghai–Tibet Plateau.
Since precipitation is one of the basic components of the hydrological cycle, to investigate the
microphysical characteristics of precipitation for such regions has both scientific and practical
significances. As a result, based on the precipitation data (i.e., raindrop size distribution) obtained from
the raindrop spectrometer, this study aimed to report new findings in the following aspects, including
(1) the appropriate distribution with which to describe the raindrop size distribution in the designated
region; (2) the contributions of raindrops with different sizes to the microphysical parameters of
precipitation; and (3) the changing features of various microphysical parameters (i.e., rainfall intensity,
liquid water content, and radar reflectivity factor) of precipitation. Since this is the first study on the
microphysical characteristics of different precipitation types over an inland region of the Qinghai–Tibet
Plateau, the obtained results will be of great value for researchers to inspect the effects of artificial
weather modification and conduct quantitative assessments of precipitation. It is also useful for
managers to make better decisions on related water projects in the future for such regions.
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2. Materials and Methods

2.1. Study Area

The study area, Delhi, is located in the inland region of the Qinghai–Tibet Plateau in western China,
i.e., in the northeastern part of Qaidam Basin (see Figure 1). This region has a highland continental
climate with year-round drought and little rain. The annual average temperature is about 4.5 ◦C,
and the average annual precipitation is about 200 mm. The mean elevation of this region is over 2800 m.
In addition, this region lies in the temperate zone, mainly dominated by a plateau monsoon climate [34].
Normally, most of the annual precipitation occurs in the wet season from May to October [31,32].
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Figure 1. Map of China showing the study area.

2.2. Research Data

The precipitation data from June 2019 to September 2019 were collected by an OTT Parsivel2 laser
raindrop spectrometer (see Figure 2). This equipment is produced by OTT Company in Germany.
According to the manufacturer of OTT Parsivel2 (www.ott.com), OTT Parsivel2 is a laser-based optical
system for complete and reliable measurement of all types of precipitation. The transmitter unit of
the sensor generates a flat, horizontal beam of light that the receiver unit converts to an electrical
signal. This signal changes whenever a hydrometeor falls through the beam anywhere within the
measuring area of 54 cm2. The degree of dimming is a measure of the size of the hydrometeor, and the
fall velocity is derived from the extinction signal duration. Its measurement interval is 1 min, and we
can define the data in 1 min as a sample. Moreover, it subdivides the measured particles into 32 classes
in diameter and the particles speed. The measurement accuracy for liquid precipitation meets the
WMO (World Meteorological Organization) recommendation of ± 5% in the intensity range of 0.001 to
1200 mm/h. For liquid precipitation, the measurement range of particle size is from 0.2 mm to 5 mm;
for solid precipitation, the measurement range of particle size is from 0.2 mm to 25 mm. In addition,
deformation occurs when raindrops fall. Therefore, raindrop deformation has been considered and
treated in the design of this equipment, and the output data are obtained by correcting the deformation

www.ott.com
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of the particles [35–37]. Class 1 (0–0.125 mm) and class 2 (0.125–0.25 mm) are not evaluated using the
OTT Parsivel2 since they are outside the measurement range of this equipment. Therefore, the data
from the first two channels (i.e., particle size from 0 to 0.25 mm) were not used in this study [38].
According to the study of Tokay and Bashor [39], some data, e.g., data with the particle number of less
than 10, would be judged as noise and be deleted directly. Since the maximum measurable particle
size of this equipment is 5 mm for liquid precipitation, the actual measurement range of raindrop size
was from 0.25 mm to 5 mm in this study.
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Figure 2. The OTT Parsivel2 laser raindrop spectrometer.

2.3. Methods

As previously introduced, various methods can be used to classify different types of
precipitation [16,18,20,21]. Generally, three types of precipitation, i.e., stratiform precipitation,
convective precipitation, and mixed convective-stratiform precipitation, can be defined based on
radar echo characteristics and rainfall intensity. Based on raindrop spectrometer data, the method
proposed by Chen et al. [21] was adopted in this study, and different types of precipitation were
classified by the standard deviation of rain intensity from the consecutive 10 min samples during each
precipitation event. The detailed criterion is as follows:

0.5 mm/h ≤ Rmax < 5 mm/h and σ ≤ 1.5 mm/h, strati f orm precipitation
Rmax ≥ 5 mm/h and σ > 1.5 mm/h, convective precipitation
otherwise, mixed convective− strati f orm precipitation

(1)

where Rmax is the maximum rainfall intensity (mm/h), and σ is the standard deviation (mm/h).
In this study, by examining all the data samples, 29 precipitation events in summer were selected

from the observed precipitation data during the study period (i.e., from June 2019 to September 2019)
to meet the measurement requirement. Based on Equation (1), 18 precipitation events among them
have stratiform precipitation, while the other 8 precipitation events have convective precipitation
(see Table A1 for details). Mixed convective-stratiform precipitation will not be discussed because only
3 precipitation events were found for this type of precipitation.
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According to previous studies [12,40–42], various distribution functions, such as gamma
distribution, general distribution, and lognormal distribution, can be fitted to the raindrop size
distribution. In this study, the gamma distribution and the exponential distribution, which are both
widely used, were adopted for fitting the observed raindrop size distribution in this region. The general
form of gamma distribution is given as follows:

N(D) = N0Dµ exp(−λD) (2)

where D is the raindrop size (mm), N(D) is the number of raindrops in unit volume and interval
(m−3 mm−1), N0 is a concentration parameter (m−3 mm−1−µ), µ is the shape factor, and λ is the
slope parameter (mm−1). It is worth noting that Equation (2) will turn into the general exponential
distribution when µ = 0.

The meaning of each microphysical quantity and its formula is shown in Table 1, where Di is
the diameter of the raindrop corresponding to the i-th scale channel, N(Di) is the particle number
concentration corresponding to the scale channel, and ∆Di is the width of the scale channel.

Table 1. Definition of some variables in this study.

Variable Formulate Physics Meaning

Total raindrop concentration,
NT (m−3)

NT =
32∑

i = 1
N(Di)∆Di Total number of particles per

unit volume

Rainfall intensity,
R(mm/h)

R = 6π
104

32∑
i = 1

Di
3ViN(Di)∆Di Precipitation per unit of time

Liquid water content,
W (g/m3)

W = π
6000

32∑
i = 1

Di
3N(Di)∆Di Total particle mass per unit volume

Radar reflectivity factor,
Z (mm6/m3)

Z =
32∑

i = 1
Di

6N(Di)∆Di Total particle retroreflective
cross-sections per unit volume

Mean diameter,
D1 (mm)

D1 =
32∑

i = 1
DiN(Di)/

32∑
i = 1

N(Di) Average diameter of all particles in a
unit volume

Root mean square diameter,
D2 (mm)

D2 =

√
32∑

i = 1
Di

2N(Di)/
32∑

i = 1
N(Di) Its square indicates the average

cross section of the raindrops

Root mean cube diameter,
D3 (mm)

D3 = 3

√
32∑

i = 1
Di

3N(Di)/
32∑

i = 1
N(Di) Its cube can indicate the average

volume or mass of the raindrops

Mass weighted diameter,
Dm (mm)

Dm =
32∑

i = 1
ρDi

4N(Di)∆Di/
32∑

i = 1
ρDi

3N(Di)∆Di Average diameter of the weighted
mass of all particles in a unit volume
relative to the total mass of
the particles

3. Results and Discussion

3.1. Raindrop Size Distribution

In this study, the curve fitting tool called cftool by least squares in MATLAB was used for analysis.
The toolbox can provide rich fitting algorithms that are easy to use and can realize a variety of linear
and nonlinear function fitting. Figure 3 shows the fitting results with 95% confidence interval of the
mean raindrop size distribution for stratiform precipitation and convective precipitation, respectively.
Since the µ values are larger than 0, the curves in Figure 3 are both upward. Unimodal structures were
observed for both of the two types of precipitation, and the spectral widths (i.e., difference between
the maximum particle size and the minimum particle size) were 3.94 mm and 4.69 mm for stratiform
precipitation and convective precipitation, respectively. With reference to the maximum raindrop
concentration, it was 1473.49 m−3 mm−1 for convective precipitation, which was larger than that
for stratiform precipitation (i.e., 609.26 m−3 mm−1). Therefore, the increase of N0 is closely related
with the increase of the maximum raindrop concentration. In addition, the slope parameter (i.e., λ)
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increases when the type of precipitation changes from stratiform precipitation (i.e., 11.41) to convective
precipitation (i.e., 12.48). The steeper slope of convective precipitation is mainly caused by the more
intense changes inside clouds.
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For stratiform precipitation, the coefficients of determination for the fitting curves from the gamma
distribution and the exponential distribution were 0.99 and 0.97, respectively; the average relative
errors were 10.15% and 42.06% (see Table 2), respectively; and the relevant root mean square errors
were 10.84 and 27.11, respectively. The results indicate that gamma distribution is the better function
to describe the raindrop size distribution for stratiform precipitation in this region. Similar results
were obtained for convective precipitation; i.e., the coefficients of determination were 0.97 and 0.97;
the average relative errors were 15.12% and 39.74%, respectively; and the root mean square errors
were 63.17 and 64.25, for the gamma distribution and the exponential distribution, respectively. It is
worth noting that raindrops with relatively smaller sizes contribute more to the rainfall intensity than
raindrops with relatively larger sizes (see Section 3.2 for details). Known from Figure 3, the errors of
fitting for raindrops with relatively smaller sizes (e.g., D < 2.5 mm) are lower using gamma distribution.
For the total raindrop concentration, raindrops with diameters between the first point (D = 0.312 mm)
and second point (D = 0.437 mm) in the mean distribution in Figure 3 account for 36.94% and
37.26% of the total contribution for stratiform precipitation and convective precipitation, respectively.
Therefore, the point (D = 0.312 mm) below the maximum (D = 0.437 mm) in N(D) is critical for the fit to
gamma distribution. In addition, it can be calculated from the mean raindrop concentration value and
the fitted raindrop concentration value of the point between 0.2 and 1 mm, and the average relative
errors of raindrops with diameters of 0.2–1 mm for stratified precipitation were 9.93% and 38.80% for
the gamma distribution and the exponential distribution, respectively; for convective precipitation,
they were 14.43% and 36.99%. As is known from Section 3.2, raindrops with diameters of 0.25–1 mm
contribute most to the raindrop concentration and number of particles. Therefore, it is concluded that
the gamma distribution can better describe the raindrop size distribution in this region.

Table 2. Values of the statistical fit and errors.

Distribution
Stratiform Precipitation Convective Precipitation

R2 RMSE ARE R2 RMSE ARE

Gamma 0.9958 10.84 10.15% 0.9742 63.17 15.12%
Exponential 0.9728 27.11 42.06% 0.9714 64.25 39.74%
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3.2. Contributions of Raindrops with Different Sizes to Microphysical Parameters

In this study, raindrops with different sizes were divided into four grades, i.e., 0.25–1 mm, 1–2 mm,
2–3 mm, and > 3 mm, respectively. Then, their contributions to a variety of microphysical parameters
(i.e., total raindrop concentration, number of raindrops, rainfall intensity, and liquid water content)
were calculated, and the relevant results are shown in Table 3. Overall, raindrops with diameters of
0.25–1 mm contributed most to all the four selected microphysical parameters. However, for each
microphysical parameter, there were certain differences. For total raindrop concentration, raindrops
with diameters of 0.25–1 mm accounted for over 90% of the total contribution for both stratiform
precipitation and convective precipitation, while raindrops with diameters of larger than 2 mm
accounted for less than 1%. That indicates that the majority of raindrops in this region have relatively
smaller sizes (i.e., D < 2 mm). The result of liquid water content was basically consistent with
that of total raindrop concentration. By contrast, for number of raindrops and rainfall intensity,
the situations were different for stratiform precipitation and convective precipitation. For stratiform
precipitation, similar results were found as those of total raindrop concentration and liquid water
content, whereas for convective precipitation, the contributions of raindrops with diameters of 1–2 mm
were comparable to those of raindrops with diameters of less than 1 mm. As a result, it can be concluded
that the raindrop sizes of less than 2 mm contribute most to the rainfall intensity of stratiform and
convective precipitation.

Table 3. Contributions of raindrops with different sizes to microphysical parameters for precipitation
from (a) stratiform precipitation and (b) convective precipitation. Note: NT (total raindrop concentration),
nT (total number of particles), R (rainfall intensity), W (liquid water content).

(a) NT (%) nT (%) R (%) W (%) (b) NT (%) nT (%) R (%) W (%)

0.25–1 mm 93.84 88.29 67.36 66.76 0.25–1 mm 92.25 85.35 55.05 57.49
1–2 mm 6.1 11.51 32.24 30.71 1–2 mm 7.80 14.22 42.71 36.62
2–3 mm 0.06 0.19 0.40 2.23 2–3 mm 0.14 0.39 2.13 4.18
>3 mm 0 0 0 0.30 >3 mm 0.01 0.04 0.12 1.71

3.3. Characteristics of Microphysical Parameters

In this study, characteristics of microphysical parameters were analyzed based on the values
derived from the mean raindrop size distribution for stratiform precipitation and convective
precipitation. Table 4 lists the mean values of several microphysical parameters.

Table 4. The mean values of microphysical parameters. Note: D1 (mean diameter), D2 (root mean
square diameter), D3 (root mean cube diameter), NT (total raindrop concentration), R (rainfall intensity),
W (liquid water content), Z (radar reflectivity factor).

Type D1
(mm)

D2
(mm)

D3
(mm)

Dm
(mm)

NT
(mm−3)

R
(mm/h)

W
(g/m3)

Z
(dBz)

Stratiform precipitation 0.6108 0.6494 0.6899 0.9447 288.04 0.59 0.0535 21.70
Convective precipitation 0.6155 0.6585 0.7055 1.0724 680.31 2.00 0.1416 29.50

Based on the results shown in Table 4, it is clear that all the values for stratiform precipitation
are lower than the corresponding values for convective precipitation. The characteristic diameter
of the stratiform precipitation is smaller than that of the convective precipitation due to the larger
proportion of large diameter sizes in the convective precipitation. Meanwhile, according to the formula
(see Table 1), the increase in particles will also lead to an increase in liquid water content. With reference
to single events, three precipitation events for stratiform precipitation (i.e., corresponding to numbers
2, 14 and 15 in Table A1) and three precipitation events for convective precipitation (i.e., corresponding
to numbers 20, 21 and 25 in Table A1) were randomly selected as typical representatives in order to
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analyze the changing features of these microphysical parameters across time, as shown in Figure 4.
Among them, Figure 4a–c shows stratiform precipitation and Figure 4d–f shows for convective
precipitation. Furthermore, it is clear that the variations of these microphysical parameters present
a multi-peak structure for precipitation events with stratiform precipitation (see Figure 4a–c) and a
few-peak structure for precipitation events with convective precipitation (see Figure 4d–f). In this
study, an overall analysis of other events was conducted, and it was found that their trends were
basically the same. However, due to paper length reason, they were not listed one by one, and only
the six randomly selected events were further analyzed to investigate the changing feature of a single
precipitation event.

Water 2020, 12, x FOR PEER REVIEW 8 of 14 

 

precipitation (see Figure 4a–c) and a few-peak structure for precipitation events with convective 

precipitation (see Figure 4d–f). In this study, an overall analysis of other events was conducted, and 

it was found that their trends were basically the same. However, due to paper length reason, they 

were not listed one by one, and only the six randomly selected events were further analyzed to 

investigate the changing feature of a single precipitation event.  

 

Figure 4. Changes of microphysical parameters (i.e., R, W, and Z) over time for precipitation events 

of (a) 2019/6/27 3:00-4:43, (b) 2019/8/5 2:16–3:25, (c) 2019/9/7 22:44–2019/9/8 00:31, (d) 2019/7/4 22:02–

23:00, (e) 2019/7/6 23:05–2019/7/7 00:48, and (f) 2019/8/26 16:11–17:04. 

The first precipitation event (Figure 4a) occurred on 27 June 2019, and the spectral width was 

2.94 mm. The raindrop concentration reached the maximum value of 3.41 log10(m−3 mm−1) at 3:31 (see 

Figure 5a), and the corresponding class was 0.437 mm in diameter, because the class had the largest 

number of particles. Additionally, the rainfall intensity reached the maximum value of 4.31 mm/h. 

The second precipitation event (Figure 4b) occurred on August 5, 2019, and lasted for 70 min. The 

spectral width was 2.06 mm. At the beginning of this event, the width of the distribution gradually 

increased, and the maximum rainfall intensity reached 0.69 mm/h at 3:04 local time (same later). The 

radar reflectivity factor also reached the maximum value (i.e., 182.47 mm6/m3); the corresponding 

class diameter was 0.437 mm. The maximum raindrop concentration (i.e., 3.28 log10(m−3 mm−1)) 

appeared after 5 min, (see Figure 5b). At that time, the corresponding rainfall intensity was 0.61 mm/h. 

The third precipitation event (Figure 4c) occurred on September 7, 2019, and lasted for 105 min. 

Thirteen minutes after the start of precipitation, the rain intensity, radar reflectivity factor, and liquid 

water content all reached their maximum values, which were 2.19 mm/h, 657.66 mm6/m3, and 0.15 

g/m3, respectively. The corresponding raindrop concentration also reached a maximum value (i.e., 

3.15 log10(m−3 mm−1)) (see Figure 5c), and the corresponding class was 0.437 mm in diameter. The 

Figure 4. Changes of microphysical parameters (i.e., R, W, and Z) over time for precipitation events of
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The first precipitation event (Figure 4a) occurred on 27 June 2019, and the spectral width was
2.94 mm. The raindrop concentration reached the maximum value of 3.41 log10(m−3 mm−1) at 3:31
(see Figure 5a), and the corresponding class was 0.437 mm in diameter, because the class had the largest
number of particles. Additionally, the rainfall intensity reached the maximum value of 4.31 mm/h.
The second precipitation event (Figure 4b) occurred on August 5, 2019, and lasted for 70 min.
The spectral width was 2.06 mm. At the beginning of this event, the width of the distribution gradually
increased, and the maximum rainfall intensity reached 0.69 mm/h at 3:04 local time (same later).
The radar reflectivity factor also reached the maximum value (i.e., 182.47 mm6/m3); the corresponding
class diameter was 0.437 mm. The maximum raindrop concentration (i.e., 3.28 log10(m−3 mm−1))
appeared after 5 min, (see Figure 5b). At that time, the corresponding rainfall intensity was
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0.61 mm/h. The third precipitation event (Figure 4c) occurred on September 7, 2019, and lasted
for 105 min. Thirteen minutes after the start of precipitation, the rain intensity, radar reflectivity factor,
and liquid water content all reached their maximum values, which were 2.19 mm/h, 657.66 mm6/m3,
and 0.15 g/m3, respectively. The corresponding raindrop concentration also reached a maximum value
(i.e., 3.15 log10(m−3 mm−1)) (see Figure 5c), and the corresponding class was 0.437 mm in diameter.
The fourth precipitation event (Figure 4d) occurred on July 4, 2019, and the spectral width was 5.69 mm.
Six minutes after it began to rain, rainfall intensity (i.e., 38.69 mm/h) and raindrop concentration
(i.e., 3.48 log10(m−3 mm−1)) reached the maximum values (see Figure 5d); the corresponding was
0.562 mm class in diameter. Then, the second peak of rainfall intensity (i.e., 24.19 mm/h) appeared
eight minutes later, and the corresponding raindrop concentration was 0.55–3.26 log10(m−3 mm−1).
After that, raindrop concentration began to decrease. The fifth precipitation event (Figure 4e) occurred
on July 6, 2019, and lasted for 99 min. The spectral width was 3.94 mm. The rain intensity reached
its maximum (i.e., 54.32 mm/h) at 23:55. At this time, the radar reflectivity factor and liquid water
content also reached their maxima (i.e., 32726.53 mm6/m3 and 2.59 g/m3). The maximum raindrop
concentration was 3.63 log10(m−3 mm−1) (see Figure 5e), and the corresponding class was 0.437 mm in
diameter. The sixth precipitation event (Figure 4f) occurred on 26 August 2019, and lasted for 53 min.
The rain intensity, radar reflectivity factor, and liquid water content all reached their maximum values
at 16:23, which were 14.28 mm/h, 955.13 mm6/m3, and 0.65 g/m3, respectively.
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Figure 5. Changes of N(D) over time for precipitation processes of (a) 2019/6/27 3:00–4:43, (b) 2019/8/5
2:16–3:25, (c) 2019/9/7 22:44–2019/9/8 00:31, (d) 2019/7/4 22:02–23:00, (e) 2019/7/6 23:05–2019/7/7 00:48 and
(f) 2019/8/26 16:11–17:04. Note: the color bar represents the raindrop concentration on the logarithmic
scale (i.e., log10(N(D)).

From Figure 4 and the above analysis, we can see that the microphysical parameters (i.e., R,
W, and Z) of stratiform precipitation are generally smaller than those of convective precipitation,
and the changing trend of the microphysical parameters of stratiform precipitation shows a multi-peak
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structure. From Figure 5, we can see that the spectrum width of stratiform precipitation is smaller than
that of convective precipitation. In addition, according to the above-mentioned maximum raindrop
concentration value of each precipitation event, the maximum raindrop concentration of stratiform
precipitation is smaller than that of convective precipitation.

3.4. Z–R Relationship

Generally, the Z–R relationship can be expressed as follows:

Z = aRb (3)

where Z denotes the radar reflectivity factor, R denotes the rainfall intensity, and a and b are coefficients.
Normally, for the standard Z–R relationship of the WSR 88D (Next-Generation Weather Radar of the
United States), the default coefficients are a = 300 and b = 1.40 [43], which have been widely used in
weather radar rainfall estimation [23,24].

Based on the data from the above six precipitation events, the two coefficients of the Z–R
relationship are quite different. However, for the same type of precipitation, certain regularities can
still be summarized. Based on the data derived from stratiform and convective precipitation (Table A1),
the results shown in Figure 6 could be obtained using the curve fitting tool in MATLAB. The coefficients
of determination were 0.55 and 0.43 for stratiform precipitation and convective precipitation, and the
fitting passed the significance test of 0.05. That indicates that the fitting performance for stratiform
precipitation is better than that for convective precipitation. For stratiform precipitations, the values
of a (i.e., 186) are lower than for the standard Z–R relationship (i.e., a = 300), and the value of b
(i.e., 1.42) is higher than for the standard Z–R relationship (i.e., b = 1.40); by contrast, for convective
precipitation, the value of b (i.e., 1.50) is also higher than for the standard Z–R relationship, the value
of a (i.e., 154) is lower than that for the standard Z–R relationship. That is attributed to the fact that the
exponential factor b is only related to the shape factor µ of the raindrop size distribution and b increases
with the increase of µ [44]; moreover, the shape factor of convective precipitation (i.e., µ = 6.28) is
higher than the shape factor (i.e., µ = 5.82) of stratiform precipitation. In contrast, the coefficient a
is related to the shape factor µ, total raindrop concentration NT, and mass weighted diameter Dm.
The coefficient a increases as Dm increases, and decreases as NT increases [44]; moreover, the NT of
convective precipitation (i.e., NT = 680.31 mm−3) is much larger than the NT of stratiform precipitation
(i.e., NT = 288.04 mm−3), which results in the coefficient a of convective precipitation being smaller than
a of stratiform precipitation. Known from Figure 6, the red line is below the blue line, which means
that when R is the same, Z derived from the standard Z–R relationship is less than that value fitted.
Therefore, the standard Z–R relationship will underestimate the radar reflectivity factor in this region.
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4. Conclusions

This study analyzes the microphysical characteristics of different types of precipitation in China’s
inland arid region. Based on the observed data in the study area located in Qinghai–Tibet Plateau
during the one-year study period, several new findings are achieved. The major contributions of this
study can be described as follows:

First, compared to the exponential distribution, the gamma distribution is the better function
to describe the raindrop size distribution in this region, especially for the raindrops with relatively
smaller sizes. The large raindrop concentration is mainly distributed at the end of small particles
(0.2–1 mm). Therefore, the fit of small particles determines the fit of the entire distribution.
Therefore, for local precipitation, the gamma distribution is better than the exponential distribution.

Second, in this region, for the number of particles, raindrops with diameters of 0.25–1 mm
account for over 85% of the total contributions for both stratiform precipitation and convective
precipitation. For rainfall intensity, raindrops with diameters of 0.25–2 mm account for over 95%
of the total contributions for both stratiform precipitation and convective precipitation, indicating
that the raindrop sizes which contribute most to the rainfall intensity are below 2 mm for stratiform
precipitation and convective precipitation.

Third, the coefficient a over the study region is smaller than for the standard Z–R relationship and
the coefficient b over the study region is higher than for the standard Z–R relationship. The standard
Z–R relationship will underestimate the radar reflectivity factor in this region. There are some
considerable differences with previous studies, the coefficient a values of the Z–R relationship of both
types of precipitation are smaller than those of the standard Z–R relationship, but a is larger than
that of the Z–R relationship of the Nagqu region of the Tibetan Plateau [29], which is related to the
local environment and data processing methods, such as different raindrop concentration, leading to
different coefficients.

Furthermore, due to the limited observation period (i.e., one year) and study area, this study
only presents the preliminary findings which are different from those in other regions. A longer
observation period and larger study area are necessary to validate the obtained results and achieve the
more accurate and reliable conclusions. In addition, the obtained results may change in future due
to climate change strongly influencing precipitation. Nevertheless, with the awareness of the above
limitation, the results reported in this study can provide a new avenue of analyzing the microphysical
characteristics of different types of precipitation in inland arid regions, which would be valuable for
water resource management and numerical models in such regions.
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Appendix A

Table A1. Samples of different types of precipitation (S-stratiform, C-convective, and M-mixed).

NO Date Time
(UTC+8)

Number
of

Samples

Maximum
Rainfall
Intensity
(mm·h−1)

Standard
Deviation
(mm·h−1)

Echo
Intensity

(dBz)

Maximum
Echo (dBz) Type

1 2019/6/27 00:55–01:28 34 0.67 0.11 15.11 18.97 S
2 2019/6/27 03:00–04:43 103 4.31 0.87 20.37 32.35 S
3 2019/6/29 13:46–14:39 54 4.42 1.06 21.76 36.19 S
4 2019/6/29 17:33–18:12 40 3.85 1.1 19 31.48 S
5 2019/6/29 19:22–20:24 63 2.1 0.39 19.94 33.14 S
6 2019/7/6 20:48–22:37 102 3.25 0.84 19.65 27.81 S
7 2019/7/10–7/11 20:01–05:24 539 4.73 0.71 19.39 36.25 S
8 2019/7/14 18:19–18:50 32 3.06 0.74 20.19 27.67 S
9 2019/7/17 00:15–03:01 145 3.65 0.88 16.08 32.11 S

10 2019/7/17 05:03–05:51 46 1.7 0.47 12.75 22.09 S
11 2019/7/18 09:30–10:16 46 0.78 0.18 13.75 21.48 S
12 2019/7/21 07:14–07:57 40 0.54 0.12 15 20.64 S
13 2019/7/21 10:18–11:09 51 0.64 0.14 13.9 18.61 S
14 2019/8/5 02:16–03:25 70 0.69 0.21 11.51 22.61 S
15 2019/9/7–9/8 22:44–00:31 105 2.19 0.71 15.11 28.18 S
16 2019/9/8 14:31–15:14 43 0.52 0.10 12.57 19.43 S
17 2019/9/8 15:36–16:12 37 4.36 1.30 18.57 35.30 S
18 2019/9/19 01:11–04:39 200 1.85 0.53 14.26 25.81 S
19 2019/6/27 21:06–22:43 94 10.6 2.93 25.34 36.77 C
20 2019/7/04 22:02–23:00 57 38.69 10.43 24.36 53.81 C
21 2019/7/06 23:05–00:48 99 54.32 18.33 23.75 45.15 C
22 2019/7/07 11:20–12:08 49 6.25 1.63 19.81 32.81 C
23 2019/7/11 19:25–20:04 40 5.57 1.59 20.61 31.04 C
24 2019/7/17 07:32–08:35 64 8.34 2.43 21.04 37.63 C
25 2019/8/26 16:11–17:04 53 14.28 3.98 22.48 39.80 C
26 2019/9/11 20:34–21:06 33 6.23 2.21 21.60 41.28 C
27 2019/6/27 18:38–19:34 57 5.49 1.43 20.63 29.63 M
28 2019/7/13 20:47–21:23 37 7.17 0.85 25.08 30.77 M
29 2019/8/7–8/8 23:08–02:31 184 7.86 1.22 19.56 38.84 M
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