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Abstract

Separating the solid precipitation from liquid precipitation in an-existing
historical precipitation observation data—series is a key problem in the
monitoring and study of climate anomaly and long-term change of extreme
precipitation events in difference phases._——this—study—bBased on the
comprehensive analysis of the historical daily air temperature, precipitation

data, and visual observations of precipitation phaseweather—phenomenon

records in the northern areas of Mainland China (north of 30°N), this paper

proposes a e-snowday-direct-definition-mothod-isprepesed to determine the

threshold temperature of rainfall and snowfall-in-histerical-precipitation-data for

a complex and diverse geographical and climatic region-were-determined. A

statistical model of separating solid precipitation-from liquid precipitation was

established—,—and-—a-methodof separating—solid—precipitation—from-—liguid
precipitation—was—propesed—. The main conclusions include: (1) in northern

China, the actual-thresheldthreshold temperature range of the daily mean
temperature of rain and snow determined based on weather phenomenon
records was between-from -1.2°C to —6.3°C, with a difference of 7.5°C among

areas, and a mean threshold value of 2.82°C for the whole region. The actual
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thresheld—temperature in the northern Tibetan Plateau was the highest
(generally higher than 4°C). The low threshold temperature values appeared in
eastern Northeast China, North China, and northern Xinjiang Autonomous
Region, which were less than 2°C. (2) The aetdal-threshold temperature
decreased with increase in longitude east of £05100°E;-, but meanwhile-it was
more dispersed in the areas west of £05100°E. The actual-thresheldthreshold
temperature was generally higher and more variable in the low--latitude-areas,

and while—it—-was—lower and more concentrated in the high-—latitude.; Tthe

threshold temperature waslower-in-thelow-altitude-areas—and-higherin-the
high-altitude—areas,—and-it-generally increased with altitude. (3) There was a

negative correlation between the actualthreshold temperature and the annual

precipitation. -——Tthe-actual-threshold-temperature-was-higherin-the-areas-with

thresheldthreshold—temperaturelt was also negatively correlated with the

annual average relative humidity—and-was-generallylow-in-humid-areas-with
relatively-large-humidity-and-vice-versa. (4) The multivariate regression fitting

model developed in—this—paper—based on latitude, altitude, and annual
precipitation was able to simulate the actualthresheldthreshold temperature of
the precipitation phase in northern China well. TAeccording-to-the calculated

threshold temperature based on the model_has a smaller —the—relative

errordeviation foref snow days and snowfall-are-smaller, and the stations with

less than 10% of relative errordeviation reached 95.1% and 90.7%,
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respectively. The results of this study can therefore be appliedused for the

separation of solid and liquid precipitation events in the areas without sufficient

(R R BRI Arial

weather phenomenon records-ermetadata.,

Key words: Northern China; Precipitation; Phase; Sneowfalk—Rainfall EE)
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Separation; Statistical model;-Simulation; Regional differences,

1. Introduction

(R 7k B

J

Precipitation is an important parameter used to characterize climate

characteristics and climate change, and it is one of the key components of the Earth’s
water and energy cycles (Loth et al., 1993). The influence of different phases of
precipitation on the surface water and energy cycles is enormous (Vavrus, 2007; Wu

et al., 2009), as more than 50% of the global meteorological disasters are closely

(EmRm: e B

related to different—phases—oef-abnormal precipitation, including extreme intense

W Tk Y

rainfall, heavy snowfall or blizzards, freezing rain and droughts, (WMO, 2013; Wang

WK Tk A

et al., 2005). Under the similar same-precipitation amounteendition, the effect of BRI i JEI

(
E’%%iﬁﬁ‘]: R
(

WA i R

o

different phases of precipitation on the Earth’s surface system and the social and
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economic system is clearly different, thus it is important to distinguish and understand

the characteristics and anomalies of snowfall or sleetmixed-phase events and their

causes. In addition, in when—monitoring and-—studying—the—long-term changes in

extreme precipitation events on sub-continental to global scales, it is also necessary to
distinguish rainfall and snowfall events from historical precipitation data.

To date, many studies have been published on the characteristics and"

multi-decadal variation of snowfall in China (e.g. Jiang et al., 2003; Yang et al., 2005;
Qin et al., 2006; Liu et al., 2012, 2013; Zhang et al., 2015). Also, many studies on
both the global and Asian regional total precipitation and extreme precipitation events
and their long-term change have been reported (Becker et al., 2012; Noake et al., 2012;
Polson et al., 2013; Blanchet et al., 2009; O’Hara et al., 2009; Kunkel et al., 2009;
Ren, 2007, 204522015k, 2016; Liu et al., 2011; Fang et al., 2011; Yu-et-al—2014;

Zhong et al., 2013; Wan et al., 2013; Yu et al., 2014; Xiao et al., 2015; Dang et al.,

2015). The analyses of precipitation change generally showed a detectable trend

toward more precipitation amount and more frequent extreme rainfall events over the

last decades. All of these studies have greatly enriched the understanding of global

precipitation and snowfall climatology and the climate change and variability in
different regions and varied scales.

There are few direct observations of precipitation phase at the global scale.

| R R (BRA) Times

Researchers can partition precipitation phase, but there are difficulties in doing so at

air temperatures near freezing (Ding et al., 2014; Jennings et al., 2018; Stewart et al.,

2015).
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wstaHy-cannot-separate-Hguid-and-selid-precipitation-{snewfall—Even in the case of

relatively abundant meteorological observational data in China, some works often
need to use certain methods to separate the different phases of precipitation in

historical precipitation data.

PreviousMany worksseholars have discussed the phase identification of

precipitations-{Harder2013,2014). Bourgouin (2000) introduced the area-method in

separating different precipitation phases, which is based on the vertical thermal

structure of the atmosphere, the distribution of condensation nuclei of water vapor,

and the descent velocity to predict the precipitation phase-{hguid-orsohid). Dai (2008)

analyzedses the temperature range of precipitation phase change on the continent and

the ocean, and discusseds the relationship between the phase change temperature and

the pressure. Stefan—Kienzle et al. (2008) proposeds to use two input variables

(thresheld-temperature and range) to estimate daily snowfall from precipitation data.

Ye et al. (2013) suggesteds the that-apphication-of site-specific thresholdgeritical values

of air temperature and dewpoint to discriminate between solid and liquid precipitation

is—needed-for to-improvinge snow and hydrological modeling-atlocal-and—regional

seales. Froidurot et al. (2014) pointeds out that surface air temperature and relative

out—that atmospheric moisture impacts precipitation phase and that wet-bulb
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temperature, rather than ambient air temperature ;sheuld be used to separate solid and [ ]
- . . . | RS e JEINKL, SRR
liquid precipitation. Harpold et al. (2017) and Jennings et al. (2018) pointed out thata {’é: HERE . }
{Eﬁ§§§§%:$ME,?%%}
.y .. .. . : N5
humidity phase prediction method had sSimilar or more effective accuracy compared | BHAN: 7 AL A
& HERE
to temperature phase prediction method in separating snowfall from precipitation data., {g%iﬁtgﬁﬁ;}i g%: AEhH, AR J
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This was also shown by other authors (e.g., Ding et al., 2014; Harder and Pomeroy, New E%% E{J\E], S,
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However, in a larger scale study;, it is usually difficult to obtain the observational

records in the global dataset. To study the separation methods pf precipitation phrase

on the continental and global scales, only the surface air temperature data are more

easily available. Dew point temperature and relative humidity data, for example, can

be used only in regional scale investigation, despite their good suitability as indicators

of precipitation phrase separationcan-be-used (Harpold et al., 2017; Jennings et al.,

hydrelogicalprocesses—Fherefore—n-In some hydrological models, the solid-liquid

precipitation separation useds the double threshold temperature method (Wigmosta et
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al., 1994; Kang et al., 1999, 2001; Chen et al., 2008) and the single threshold

temperature method (Arnold et al., 1998; Refsgaard-et-al—1998:-Wang et al., 2004);

The customized threshold temperature method has a larger errordeviation (Marks et

al., 2013; Han et al., 2010). Han et al. (2010) developed an gsed-the—insurance

probability guarantee—rate—method to determine the discussed—the—difficulty—of

=

applying—the—double—single threshold temperature_and build—a fitted model in
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In this work, we used. the daily observational data of the national stations for N =TT )
. . . . L Y R I )
years 1961-2013 in_mainland China, including the long-term records of air (WA T )
o . . . : N (R i i )
temperature, precipitation, relative humidity and visual observations of precipitation 17;,,,[%%ﬁm: =1k S ]
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separation_wWe applied usethe Snowday Direct Definition Method (SDDM) to — LHHRE: 6. Fink )
(R e B )
determine the single threshold temperature values of rainfall and snowfall in northern
China (north of 30N). A statistical model of the threshold temperature was
: . . : (R Tk R )
established to provide a toolmethed for use in studies of large-scale snowfall
climatology and climate change, weather forecasting, and hydrological model
(R v S )

arameterization. It is believed that China has sub-continental scale characteristics of
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lands and natural conditions, and has-a diversity of climates and topographic types,

and the phase separating methods developed in mainland China should have a better

universality in continents and the world.

A

2. Data and methods

2.1 Data

The main purpose of this study was to develop an, easy and convenient way

method for separating solid and liquid precipitation, so that the objective separation of
solid and liquid parts of precipitation can be achieved without exhaustive reference of
observational data. International exchange data generally only contain the daily
temperature and precipitation, with no other reference data, so we have only used the
indicators related to temperature and precipitation to develop a method of separation.

<

The data used—was obtained from the National Meteorological Information

Center of China Meteorological Administration (CMA). The air temperature,

precipitation and relative humidity data were derived from the “China Land Daily

Climatic Dataset (V3.0)”. The precipitation phase observation weatherphenemenon

RE YT

was derived from “China Land Climatic Data Daily Weather Phenomena Dataset”.
All the data have been quality controlled. Collected since January 1951, the “China

Land Daily Climatic Dataset (V3.0)”” contains the daily data of air pressure, surface

air temperature (daily mean, daily maximum and daily minimum), precipitation,

pan-gvaporation, relative humidity, wind speed, sunshine hours, and 0-cm ground
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temperature from 839 stationsdaily-data-ef 839-national stations’air-pressure;surface

temperature: The “China Land Climatic Data Daily Weather Phenomena Dataset™ is

the daily records encoded by the 752 national stations in mainland China since 1951.
Cross comparison of the two datasets and the examination of station information was
performed, and any incomplete temperature, precipitation, relative humidity and

weather phenomena data were removed. At-the-same-time-the-data-of-the-latitude-and

lengitude-ofthestation-were-correeted—There are total 523 stations selected for use in

the study, all of which meet the demand to have information integrity, sequential
continuity, and records of more than 20 years in climate reference period (1981-2010).
The data may contain inhomogeneities caused by the relocation and other factors, but
they would exert little influence on the analysis results, so the data are not adjusted for
homogeneity.

First, the precipitation caused by fog, dew, and frost as well as the trace

precipitation was removed, and daily precipitation greater than or equal to 1 mm was
taken as the effective precipitation. In this regard, the main consideration is that the

international exchange precipitation ebservation—data only contains nho less than 1
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In the separation of daily rainfall (pure rain), mixed-phase eventssleet, and snow

(pure snow) events, ‘pure rain’ was fegistered—recorded when the weather
phenomenon data indicate that only rain occurred on that day without snow and

sleetmixed-phase events; it was registered as ‘pure snow’ when only snowfall

occurred without rain and sleetmixed-phase events, and ‘sleetmixed-phase events’

when there is rain and snow in the same day, in the records of weather phenomenon
data. The daily maximum and minimum temperature during an occurrence of

sleetmixed-phase events at each station were recorded as the reference thresholds for

the snow and rain temperature threshold values.

When there is less snowfall at the station in lower latitude zone or more arid

regions, there may be_arbitraryrandem,-_cases of snowfall. An example is from

Lijiang station, Yunnan, located in 26 N, at which pure snow occurred only six times
in the 30 years from 1981 to 2010. The representation of the threshold temperature
would be poor in these cases. In order to ensure that the snowfall frequency is great
enough and the threshold temperature is representative, we took 324 stations (Fig. 1)
in northern China for use in this study. They are generally located north of the Yangtze
River, approximately consistent with the January mean temperature isotherm of in
3<C or the 30N parallel. The days with the snowfall records during 1981-2010 were

greater than or equal to 100d_for each of the stations, In order to avoid the influence of

extreme values on the determination of threshold temperature, the maximum and
minimum daily mean temperature in each of the precipitation phases were not

counted.
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For the cases of extreme large rain and snow records at the stations, comparison

was made to ensure that the minimum and maximum temperature was correct by
examining the weather phenomena, surface air temperature and precipitation on the

same day. When sleetmixed-phase events occurred, the range of daily mean

temperature was generally larger. Threshold temperature was determined only for

pure rain and pure snow; tFhe daily mean temperature on a sleetmixed-phase events

day was only taken as the reference temperature threshold value.

2.2 Methods

According to the method of China’s physical geographical regionalization,

mainland China is divided into three natural geographical regionsgivisions: Eastern

Monsoon Region (I, 231 stations), Northwest Arid Region (Il, 67 stations), and

Qinghai-Tibetan Plateau Region (Ill, 26 stations) (Fig. 1). More stations are

distributed in Eastern Monsoon Region, and there air only 26 stations in

Qinghai-Tibetan Plateau Region. A vast region of western part of the Qinghai-Tibetan

Plateau is the well-known no-man land without climatic observations, and this would

affect the analysis in some extents. The representative station of the Eastern Monsoon

Region is Zhaozhou station (Zhaozhou-| hereafter) jn Heilongjiang province, which

has the lowest threshold temperature of snowfall and rainfall in the country. The

representative station of the Qinghai-Tibet Plateau Region is Shiquanhe station

(Shiguanhe-Il hereafter) jin Tibet Autonomous Region, which has the highest

threshold temperature of snowfall and rainfall in the country. There are relatively

fewer precipitation events in the Northwest Arid Region, and Balikun station
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(Balikun-I1l _hereafter) jn Xinjiang Autonomous Region was selected as the

representative station because it observed relatively more precipitation events, and the

rain, steetmixed-phase events, and snow events were evenly distributed. The station is

also far from the two other regions (Table 1).

(BRI 15 MY

(BaeRp0: 7 Tkl

(BRM: 7 B0 Arial

J

| East Monsoon Region
Il Northwest Arid Region .
Il Qinghai-Tibetan Platean O =

80 90 100 110 120 130 °E

40

I & East Monsoon Region
Il ¢ Northwest Arid Region .
Il Qinghai-Tibetan Platean a >

80 90 100 110 120 130 °E

FIG.1. Regionalization and distribution of 324 national stations north of 30 °Nin mainland China
(I: East Monsoon Region; II: Northwest Arid Region; Ill: Qinghai-Tibetan Plateau;
Blue triangle: stations in the East Monsoon Region; Green diamond: stations in the Northwest
Arid Region; Red circle: stations in the Qinghai-Tibetan Plateau.
The purple diamond denotes the representative stations in different regions: Zhaozhou of Region
I; Balikun of Region II; Shiquanhe of Region III)

Table 1 Information of representative stations_in the three regions,
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obtain-the-“Optimal”variable-subset—The advantage of stepwise regression is that the
number of the arguments contained in the regression equation is fewer, it is easy to
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The maximum daily meanaverage temperature at the occurrence of snowfall at the {‘:ﬁ?ﬁﬁﬁﬁ: gk g Lo }
‘ T
weather station is Tsm, the minimum daily meanaverage temperature at the time of I )
(B 78 AR )
rainfall is Trn; the number of snowfall days between Trn and Tsm is Sn, the number of
rain days is Rn, and the total number of rain and snow days between Trn and Tsm 4tis
Nsr = Sn + Rn; the single critical temperature of rain and snow days is Tt-d, that is,
o _ _ (R Tk AR )
the precipitation event that occurs when the average-daily mean temperature is lower
than Tt-d is considered to be a snowfall event, otherwise it is considered as a rainfall
event; the single critical temperature estimated by the statistical model is Tt-p-.
. . — . R R e ]
Using the Ssnowday-Ddirect-Ddefinition-Mmothod (SDDM) to define the [ﬁﬁ%ﬁﬁﬁ ey ]
o _ L (ERRN: ik )
threshold temperature of precipitation phase, the calculation steps wereare as follows: (Rt wik: i )
(R Tk AR )
First, find the Trn and Tsm in the dataset of the 623 stations, and count Sn-, Rn, [ ##=e: 1k e )
(R e Bna ]
and Nsr. Second, calculate the daily average temperature of Nsr and sort it in (BmaRm: 70k AR )
(#ReRp: Tk AEk ]
ascending order. Last, the average of daily mean temperature of the S day and the (MR ik Akl )
h . . . (R Tk AR )
(Sn+1)™ day wasjs calculated, and it wasgs taken as the threshold temperature (Tt-d)  (BRRR: . R )
RN R JRn
of the rain and snow days. For the area where pure rain and snow events dide not [ )
. . . . _ (R ik )
overlap (Tsm<Trn, that is, the snowfall and rainfall events didg not intersect in the (BRI 7 )

17




379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

sorted daily average temperature series), the average of Tsm and Trn wasjs taken as

the Tt-d. The average of Tt-d and the daily mean temperature of mixed-phase events

day wasjs taken as the Tt-d when Tt-d wasjs not in the range of mixed-phase events

day daily mean temperature. The Tt-ds values in this study wereare all within the

daily mean temperature of mixed-phase events day, however, and this operation wasis

not required.
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snow;-rain;-and-sleet-can-occur-during-the-autumn-and-spring-Figure. 3-2 and Table 2

show phase temperature distribution of precipitation events at the stations. The total
precipitation events at 324 stations were included in the statistical calculations, and
their corresponding daily mean temperature values (Fig. 3a2a) were examined: only
snowfall occurred when the daily mean temperature was below -12.9 <C; only rainfall
occurred when the daily mean temperature was higher than 22.1<C; and the three

phases of snow, rain, and sleetmixed-phase events occurred when the temperature was

between -12.9<C and 22.1<C.

In northern China(Fig—3a2a) pure snow (snowfall) events occurred when the

daily mean temperature was below 8.5<C, and 95% of the snowfall events occurred
when the daily mean temperature was fess-lower than 2.7<C and higher than -16.6<C

(Fig. 2a), All pure rain events (rainfall) occurred when the daily mean temperature

was higher than -4.9<C, and 95% occurred when the temperature was lower than

26.0<C and higher than 6.4<C. All sleetmixed-phase events-events appeared in the

temperature range of -12.9-22.1<C, with 95% occurring when the daily mean

temperature was lower than 8.3<C and higher than -1.6<C.
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stations (a-324 stations; b-Zhaozhou-I; c-Balikun-Il; d-Shiquanhe-lll)

At ZhaozheuZhaozhou-1 station (Fig. 3b2b), the pure snow events all occurred

when the daily mean temperature was lower than -0.9<C, pure rainfall occurred when

the daily mean temperature was higher than -3.4<C, and sleetmixed-phase events

occurred in case of -4.5-6.5<C. ZhaezheuZhaozhou-I station had the lowest threshold

temperature_ (-1.2<C) —of snowfall

and

rainfall in the study

region.

At

BalikunBalikun-11 station (Fig. 3e2c), the pure snow events all occurred when the
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442 | daily mean temperature was lower than -5.1<C, pure rain events occurred when the

443 | daily mean temperature was higher than 4.1<C, and sleetmixed-phase events occurred

444 | within a temperature range of -7.8-12.3<C. At ShiguarheShiquanhe-1I1 station (Fig.

. (R Tk T )
445 | 3d2d), the pure snow events all occurred when the daily meanaverage temperature
446 | was lower than 6.4<C, pure rainfall occurred when the daily mean temperature was
447 | higher than 6.1<C, and sleetmixed-phase events occurred when the temperature was
448 | from -35.3<T to 16.0<C. ShiguanheShiquanhe-Ill station had the highest threshold
(R Tk T )

449 | temperature (6.3<C) of snowfall and rainfall in the whole region.
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temperature of rainfall) among the stations.

mean-temperature—of rainfall-(Frm-Trn)—As—can-be seenfrom-Figure 3 shows that

t7Fhere is a common spatial distribution feature in the Tsm, Trnmaximum-datly-mean |

and the
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492

average daily mean temperature of sleetmixed-phase events day-in northern China,

with the high values generally in the Tibetan Plateau and southern Xinjiang, while the

low values mostly in eastern and northern Xinjiang. At} the stations analyzed, most

have a relationship of Trn<Tsm, that is, the minimum daily mean temperature at the
time of a rain event is lower than the maximum daily mean temperature at the time of
a snowfall event. Only in a few of places in Northwest Arid Region, is the maximum

daily mean temperature of a snow day lower than the minimum daily mean

temperature of a rain day, indicating that the js;—pure rain and snow events do not

overlap.

s o o

Average daily mean temperature
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FIG.43. The distribution of daily mean temperatures when precipitation occurs (a. Tsmmaxint-

b Trnminimum-dathy-mean-temperatire-efram-day; c.

average daily mean temperature of sleetmixed-phase events-day; and d. difference between Tsm

and Trnspow-dav-maximum-daily-mean-tem

temperature) (Red thick line represents 0°C isotherms)

3.2 Threshold temperature determination
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Figure 5-4 shows the distribution of the relative-deviationrelative error of the

snow days and snowfall in northern China, determined by the threshold temperature

as mentioned in section Data and Methodsgbeve, to the actual snow days and snowfall

counted by using weather phenomenon records. The relative-deviatienrelative error of
snow day was smaller. This is due to the definition of threshold temperature being
directly determined by snow-day mean temperature. Since the daily mean temperature
of the Sn™ day and the (Sn+1)" (or more) day is the same under this definition,

however, there will be a slight positive bias in the threshold temperature of the same

temperature day, with a range of relative-deviatienrelative errors (0, 2.3%).

The spatial distribution of the relative-deviationrelative error, of the snowfall was

mainly positive, which is due to the systematic deviation of the method. Larger

deviation appeared in eastern part of the Qinghai-Tibetan Plateau and the

Yangtze-Huaihe River Basins. These areas have more precipitation and sufficient
water vapor. Under the same water vapor condition, the observed rainfall was greater
than the observed snowfall, and the amount of snowfall determined by the threshold
temperature was slightly large, with the certain sites even larger. Small values
occurred in the southeastern Northeast China, the border zone between Inner
Mongolia and Xinjiang, and western Xinjiang, with the main reason related to the less
precipitation and insufficient water vapor. Overall, the relative-deviationrelative error,

of snowfall is between -5% and 20%. There were 312 stations (more than 96%)

withhese deviation was—less than or equal to 10%, and the absolute value of the

relative-deviationrelative error was less than 5% in most areas.
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(b) of snowfall determined by the threshold temperature (Tt-d) in northern China

The spatial distribution of the threshold temperature (Tt-d) of rain and snow at the

stations north of 30N are shown in Fig. 65. The average Tt-d is 2.3 T for Eastern
Monsoon Region, 3.4 <C for Northwest Arid Region, and 5.2<C for the
Qinghai-Tibetan Plateau. The highest threshold temperature of the study region is

6.3C  (ShiguanheShiquanhe-11l, Fig. 3d2d), the lowest is -1.2<C

(ZhaezhouZhaozhou-1, Fig. 3b2b), the threshold temperature range was 7.5<C, and

the average threshold temperature for the whole region was 2.8 <C. The high-values,

area-wereas in the northern Qinghai-Tibetan, Plateau, with a threshold temperature of

more than 4<C, and the low-value-areas were generally in eastern Northeast China,

North China, and northern Xinjiang with the threshold temperature mostly Jess than

2<C. The threshold temperature east-of90FEdecreased—from—west-to—east—and—it

he—west of
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105100E showed an approximately zonal distribution, and it the—threshold
temperature—decreased with the increase of latitude; the east of 205100E had a
meridional distribution, and the threshold temperature decreased with increasing
: . o (R 7k )
longitude.__There are some uncertainties on the distribution of the threshold
. . - . BHERM: i Al
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FIG.65. Spatial distribution of threshold temperature of precipitation phases in northern
China (I: East Monsoon Region; IIl: Northwest Arid Region; Ill: Qinghai-Tibetan Plateau. Unit: 'C)
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3.3 Correlation between threshold temperature and geographical/climatic factors

analysis—found-that-tThe threshold temperature (Tt-d) is related to the longitude,

latitude, altitude, annual precipitation, annual mean air temperature, and annual
relative humidity of the observational sites, with a positive correlation with altitude
and a negative correlation with the other factors. All the correlations passed the

significant test (p=0.05)at-0-05-evel (Fig 6).

lower latitude area, the threshold temperature was generally higher and more

dispersevariable, while in the higher latitude-area, it was generally slightly lower and
relatively eentralizedless variable. The threshold temperature had a clear decreasing

trend with increase of latitude (Fig. 6a). In lower altitude area, the threshold

temperature was lower, while it was higher in mountains and plateaus, and a highly
significant increasing trend of threshold temperature with altitude can be seen_(Fig.

6b). There was a negative correlation between the threshold temperature and the

annual precipitation, and a more significant negative correlation with the annual
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FIG.76. Relationship of the threshold temperature (Tt-d) with latitude (a), altitude (b), annual
precipitation (c) and annual mean relative humidity (d) in northern China
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It is possible that the relationship of the threshold temperature with longitude and

latitude is also related to the variations of altitude and relative humidity in the study

region. The altitude and relative humidity generally decrease from west to east and
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from south to north, and the altitude and relative humidity have better correlations

with the threshold temperature, which may be the reason why threshold temperature

decreases with the increase of the longitude and latitude. Therefore, altitude and

relative_ humidity may be the more important factors in determining the threshold

temperature.

The threshold temperature was positively correlated with altitude, which may
mainly be because the ground surface receives stronger solar radiation, causing the
boundary-layer atmosphere to heat rapidly in the high altitude areas during daytime.
However, the upper air temperature is low, the temperature lapse rate is larger, the
cloud bottom-height is low, and the path of snowflakes is short, so the snowfall

phenomenon can also be more frequently observed when the daytime surface air

temperature is high.

The threshold temperature was negatively correlated with annual precipitation in
particular with relative humidity, which may be related to the low latent heat flux and
high sensible heat flux in arid area. When the sensible heat flux is high, the ground
surface air temperature is high, and the temperature lapse rate is large. In the case of
the same condensation height or cloud bottom-height, snowfall is more likely to occur

under the condition of higher surface air temperature._It is also possible that the higher

the threshold temperature in arid area than in humid area is caused by a difference of

the more complicated microphysical processes around the snowflakes between the

two climatic conditions.

3.4 Establishment of the threshold temperature model
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874 Considering that the relative humidity data of some areas is difficult to obtain, the

precipitation factor was selected as the independent variable. Using the SPSS software

stepwise regression analysis method, a statistical model of threshold temperature was

established with annual mean air temperature, altitude, and annual precipitation as

influential factors. The model, which passed the significant test (p=0.05), can be

expressed as follow:

Tt-p = 1.69147 + (.09585) * T + (.001311) * H + (-0.00172) *R (1)

where Tt-p is the simulated threshold temperature (<C), T is the annual mean air

temperature(<C) of the station, H is the altitude of the station (m), and R is the annual

precipitation of the station (mm).

The correlation coefficient between Tt-p and Tt-d (threshold temperature

determined by using the synoptic phenomena) is 0.88. The median and standard

deviation of the simulated threshold temperature (Tt-p) were 2.54°C and 1.17°C,

which were close to the median (2.64°C) and standard deviation (1.33°C) of the Tt-d.

The maximum simulated threshold temperature was 5.9 <C, minimum was -0.4 <C,

temperature range was 5.5 <C, and average simulated threshold temperature was

2.8 T for the whole region. The maximum positive deviation of the Tt-p to the Tt-d

was 2.9 <C, and the minimum negative deviation was -1.8 <C. The numbers of

stations with relative error less than 10% for snow day and snowfall reached 97% and

92% respectively.

In the East Monsoon Region (Region 1), the simulated threshold temperature was
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generally lower than the Tt-d (0.026 <C in Reqgion | on average). However, it was

higher in the Northwest Arid Region (Region II) and the Qinghai-Tibetan Plateau

Region (0.063<C lower in Region Il on average, and 0.065<C higher on average) (Fig.
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FIG.7. Simulated threshold temperature (Tt-p), threshold temperature (Tt-d) and their difference

for observational stations in different regions of northern China (Region 1: East Monsoon Region;

Region 2: Northwest Arid Region; Region 3: Qinghai-Tibetan Plateau Region)

The mean absolute errors of threshold temperature of the simulated snowfall are

0.476°C_for East Monsoon Region, 0.560°C for Northwest Arid Region, and 0.435°C

for Qinghai-Tibetan Plateau Region. Fig. 8 (and also Table 3, Mean errors of threshold

temperature of simulated snowfall and snow days for the study area and the three

regions) shows the spatial distribution of the absolute errors of threshold temperature

of the simulated snowfall and snow days. Larger errors can be seen in the Northwest

Arid Region.
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FIG. 8. Absolute error distribution of snowfall days (a) and snowfall (b) for the simulated

threshold temperature

Fig. 9 shows spatial distribution of the relative error of the simulated snow days

(Fig. 8a) and snowfall (Fig. 8b) relative to the actual snow days and snowfall at the

stations. The relative error range of snowfall days in northern China was between

-16.8% and 17.0%, with an average of -0.1%; the relative error was smaller in

mid-southern parts of the study region, and larger in the coastal areas and the northern

Qinghai-Tibetan Plateau. In the Qinghai-Tibetan Plateau Region, the medians of the

simulated snow days were smaller than those of the actual snow days, and the relative

errors were larger. This may be related to the fact that the snowfall days in northern

Tibetan Plateau fluctuated greatly, with some years with larger numbers of snowfall

days. The relative error range of snowfall in the whole region was between -15.5%

and 29.0% with an average of 1.1%, and the spatial distribution was basically the

same as that of the relative errors of snow days.
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739 Affected by the extremely low air temperature and the abnormally deficient water

740 | vapor due to the East Asian winter monsoon, the pure-snow days (snowfall) with only

741 | snowfall weather phenemenen-were relatively less frequent (low) in northern China,

A EREER: R AR
742 | as compared to other regions of the same latitude; therefore, it is more likely that the [ )
. . . . i o S | 9|
743 | relative—deviationrelative error is large in the study region. However, the relative [ )
(R 7 B )

744 | deviatienrelative error range shown here is acceptable, and the fitting effect is

745 | generally good.
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748 | annual snow days and the amount of snowfall were less in the mid-southern parts of

(R ik T )

749 | the study region which had negative relative-deviationrelative errors of the simulated

750 | snow events; however, snow days and snowfall were slightly more numerous in the
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northern part of the Sichuan Basin. The number of snow days and snowfall was less in

the coastal area which had positive relative-deviationrelative errors of the simulated

snow events, while there were more snow days and snowfall in the northern

Qinghai-Tibetan Xizang-Plateau. The relative-deviationrelative error of snow days

(snowfall) and the threshold temperature had a correlation coefficient of -0.38 (-0.31);

both passed the significant test_(p=0.05)-at-8-05-level. It can be seen that the relative

deviationrelative error, in the area with low threshold temperature tends to be positive,

and thaterelative-deviationrelative error, in the area with high threshold temperature is

generally negative.
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45. Discussion

China has a vast territory. The study region across the latitude range 30-54 N,

and a longitude range of 73-136E, with various climate types of temperate monsoon
zone, continental arid zone and alpine including the highest mountainous system of
the Qinghai-Tibetan Plateau. The complex and diverse geophysical and climatic
condition makes the region ideal for understanding the transition of precipitation
phrases and developing a method to separate the different precipitation phrases.

We made an attempt to develop such a method to separate the precipitation

phases by using a high-quality daily observational dataset in this paper. Our study not
only determined the threshold temperature with more reliable results, but also tested
the statistical model of threshold temperature, provided the results of the model and

the relative—deviationrelative error range for different regions, and confirmed the

applicability of the method in the complex geographic area with diverse climate types.

With the method of determining threshold temperature developed in this paper,

the relative-deviationrelative error of snow days and snowfall calculated for most of

the stations was very small, and the stations with less than 10% relative

deviationrelative errors accounted for 95.1% and 90.7%, respectively. This method

could be used to better determine the snow days than the snowfall, with the relative

deviationrelative error, of snowfall was slightly larger in the Huaihe River basin. This

is mainly because, when using the threshold temperature to calculate the amount of

snowfall, rain days with a daily mean temperature below the threshold temperature
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could be identified as the snow day, and also some snow days with a daily mean
temperature above the threshold temperature could be classified as rain days. In the
frequent transformation of the precipitation phases (early spring and early winter),
precipitation on a rain day is often greater than that on a snow day, so the priority to

ensure the determination of a snow day, the estimated relative-deviationrelative error,
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Han et al. (2010) used the insurance probability method to determine the single

threshold temperature of rain and snow, taking the daily mean temperature of the 98.5%

insurance probability of rainfall and snowfall, 50% insurance probability of

mixed-phase events as the threshold temperature. For comparison of SDDM and the

insurance probability method, the number of snow days (Sn) and rain days (Rn)

between Trn and Tsm was calculated, respectively, using the two methods. The

corresponding daily mean temperature at the insurance probability of the snow and

rain days between [Trn, Tsm], X (x€ (0-99%)) (at 1% intervals), was estimated. For

example, the number of rain days and snow days between Trn and TSM is 100d

respectively; when x = 90% is taken, the rain day temperature Tr90 corresponds to the

insurance probability of 90%, that is, to ensure the minimum daily mean temperature

in the event of 90% rain days between Trn and TSM, while Ts90 is to guarantee that

the maximum daily mean temperature in the event of 90% snowfall days is between

Trn and TSM. The arithmetic mean of each station’s Trx and Tsx is defined as the

threshold temperature Tt-x at the station’s insurance probability x.

The threshold temperature (Tt-x) was calculated according to the insurance

47



883 | probability method, and the threshold temperature (Tt-d) was obtained based on the

884 | definition in this paper; the relative error comparison is presented in Table 3. For

885 | simplicity, the insurance probability interval in the table was taken as 10%. The

886 | maximum, minimum, and range of the threshold temperature (Tt-x) under different

887 | insurance probability, and of the (Tt-d), in northern China, are given in the table; at

888 | the same time, the maximum, minimum, and range of the relative error of the snow

889 | days and snowfall, as well as the number of stations with a relative error less than or

890 | equal to 10%, are also given.

891

892 Table 4 Comparison of statistics and the relative errors resulting from threshold temperature Tt-x

893 and Tt-d
o Threshold temperature (‘C) Relative error of snow days (%) Relative error of snowfall (%)
) ) ) max-min  Stations ) max-min  Stations
nax min max-min max min max min
o % <10% % <10%
Tt-0 6.4 -2.3 8.7 30.2 2111 41.3 311 36.6 -15.3 51.9 280
Tt-10 $.4 -2.3 8.7 25.1 2111 36.3 313 29 -11.8 40.8 284
Tt-20 .5 2.3 8.8 25.1 9.5 34.6 316 29 9.7 38.7 287
Tt-30 .5 2.2 8.7 23.6 7.1 30.7 314 31.5 -15.3 46.8 287
Tt-40 b.4 2.2 8.6 23.6 -5.8 294 316 31.5 -8.4 39.9 289
Tt-50 $.5 2 8.5 21.1 5.7 26.8 312 32.2 9.7 41.9 286
Tt-60 $.4 -15 7.9 19.1 6.5 25.6 313 32.2 9.7 41.9 289
Tt70 $.4 1.4 7.8 15.6 6.5 22.1 314 30.2 6.2 36.4 283
Tt-80 $.7 14 8.1 18.3 5.8 24 307 45.2 -8.4 53.6 282
Tt-90 $.5 1.2 7.7 23 7 29.9 306 334 9.7 43.1 276
Ttd $.3 1.2 7.5 2.6 0 2.6 323 20.2 =Ai3 24.5 312
894
895 Table 3 shows that, using the insurance probability method, the test results of the

896 | threshold temperature (Tt-70), obtained when the insurance probability x = 70% was

897 | taken, represented the best values, as the difference between the minimum and

898 | maximum values of the threshold temperature was small, and the relative errors were

899 | small, with the relative error of the snow days at 314 stations <10%, and that of the
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snowfall at 283 stations < 10%.

The range of threshold temperature Tt-d of snow days determined in this paper

was less than that of the Tt-70. The relative error of snow days was obviously small,

and the relative error of snowfall was much less than that of the Tt-70, with more

stations having the relative errors <10% for both snow days and snowfall. Therefore,

the method developed in this paper has an advantage over the insurance probability

method developed in the previously works.

Ding(2014) used a parameterization scheme to determine the precipitation type

with wet-bulb temperature ,relative-humidity,and surface elevation. In the work of

Ding, each precipitation event is assigned a number, determined phase with Ding’s

parameterization scheme and other nine scheme in the literature. The accuracies over

the air temperature range [0°C,4°C] show that Ding’s method is better than other.

In order to compare with Ding’s work, the accuracy of Tt-d is tested over the

same air temperature range. The results are shown in Table 5, the accuracy of Ding is

from Ding (2014). The Tp-CH is the Tt-p of all stations in the study area. The Tp-R1

is the Tt-p of stations independent sample modeling in East Monsoon Region . The

Tp-R2 is the Tt-p of Northwest Arid Region. The Tp-R3 is the Tt-p of

Qinghai-Tibetan Plateau.

Table 5 Accuracies of Ding’s and SDDM over the air temperature range [0°C ,4°C]

Ding Tp-CH Tp-R1 Tp-R2 Tp-R3

China 59.3 87 87 84 84
R1 53.1 83 83 78 80
R2 60.1 89 89 90 88
R3 66.1 99 99 99 99
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Ding separated rain, snow, and sleet. The work of this paper only separates

rain_and snow, so the accuracy should be higher. However, the test result of Tt-p of

each region is relatively stable. The SDDM is stable and reliable for the separation of

rain and snow. Liu and Ren et al.(2018) tested the possibility of extrapolating the

statistical model of separating solid precipitation from liquid precipitation.

Considering less snowfall in the lower latitudes and less rainfall in the higher latitudes,

the proposed area for use of the method is between 30N to 60N in the latitude range,

and areas outside this range may have large deviation.

In this paper, only the two phases of pure snowfall and pure rainfall were

determined, however, and the sleetmixed-phase events weregs not analyzed. In the

case of sleetmixed-phase events, the surface air temperature changed greatly during a

day; there was probably sleetmixed-phase events, pure rain and pure snow in the same

day, the actual-thresheldthreshold temperature fluctuations were large, and it would be
difficult to accurately determine and simulate. Because the method used in this paper

did not quantify the sleetmixed-phase events, when precipitation was separated into

solid and liquid state, the mixed-phase eventssleets will be classified as snow when

the daily mean temperature is lower than the threshold temperature, and as rain when
the daily mean temperature is higher than the threshold temperature, causing a certain
error. However, for the study of large-scale snowfall climatology, especially for
studies of the larger than subcontinental scale snowfall climate change, the snow and
rain separation method presented in this paper could well meet the needs._

Liu and Ren et al.(2018) tested the possibility of extrapolating the statistical
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model of separating solid precipitation from liguid precipitation. Considering less

snowfall in the lower latitudes and less rainfall in the higher latitudes, the proposed

area for use of the method js between 30N, to 60N, in the latitude range, and areas

outside this range may have large deviation.

56. Conclusions

Based on the analysis of the historical daily temperature, precipitation, and

A

weather phenomenon observation data in northern China, the threshold temperature
model for determining the phase of rain and snow was established and tested. The
main conclusions are as follows:

(1) The threshold temperature value of rain and snow determined based on

A

weather phenomenon data is between -1.2-6.3<C, with a temperature range of 7.5 T
and an average value of 2.81 <C. The high values were in the northern
Qinghai-Tibetan Plateau, reaching more than 4 <C, and the low values were found in
Northeast China, North China, and northern Xinjiang Autonomous Region, generally

less than 2 <C. The west of 185100 showed an approximately zonal distribution,
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and the threshold temperature decreased with latitude; the east of 205100E had a
meridional distribution, and the threshold temperature decreased with increasing
longitude.

(2) The threshold temperature was more variable in the low latitude areas, while

A

it was slightly lower and relatively centralized in the high latitudes, with a clear
decreasing trend with increase of latitude. The threshold temperature was lower at low
altitudes, higher in the high altitude areas, and had-a-trend-to-increase with altitude.

There was a geed-statistically significant negative correlation between the threshold

temperature and annual total precipitation and annual mean relative humidity, with the

negative correlation with relative humidity especially significant.

(3) A statistical model based on latitude, elevation, and annual precipitation can

be used to simulate the threshold temperature of the precipitation phase in northern

China, with less relative-deviationrelative error in simulated snow days and snowfall.

The stations with relative-deviationrelative error less than 10% reached 95.1% and

90.7% for the snow days and snowfall respectively.
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