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Abstract: Based on the 24 h surface precipitation observation data from 08:00 BT to 08:00 BT of the next
day and upper-air sounding data at 08:00 BT and 20:00 BT during 2016 —2023 as well as ERA5 reanalysis
data from the European Centre for Medium-Range Weather Forecasts (ECMWEF), this paper identifies a
total of 83 torrential rain days in Beijing during the study period. On this basis, Beijing torrential rain
events are classified according to the synoptic situations at 500 hPa, and a statistical analysis is conducted

on the specific humidity characteristics at 925 hPa, 850 hPa, 700 hPa, 500 hPa and 200 hPa during the torrential
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rain days. The results are as follows. The torrential rain events in Beijing are divided into six types: tor-
rential rain induced by Mongolian low vortex and trough type, subtropical high and westerly trough type.
Hetao low-vortex type, northeast cold vortex type, tropical cyclone (typhoon) type, and westerly trough
and typhoon type. The Hetao low-vortex type and tropical cyclone (typhoon) type tend to produce more
extensive extreme torrential rains, while the northeast cold vortex type is dominated by localized torrential
rain. In terms of specific humidity, it is markedly higher at all atmospheric levels during torrential rain pe-
riods than that during non-torrential rain periods. Among the six types of torrential rain events, tropical
cyclone (typhoon) type and Hetao low-vortex type feature the highest specific humidity, which corre-
sponds to the strongest precipitation intensity and the largest rainfall coverage of these two categories.
Furthermore, based on hourly precipitation data, the precipitation conditions within one hour before and
after the upper-air observation time (08:00 BT and 20:00 BT) are categorized into three grades: torrential
rain (=10 mm), light rain (0. 1—9. 9 mm) and no precipitation. The specific humidity is the highest at all
levels during torrential rain period, followed by that in light rain period, and the lowest specific humidity
is found in no precipitation period. In addition, the specific humidity of torrential rain events corresponding
to winds from eight directions at different levels is statistically analyzed, and the results indicate that the
specific humidity reaches its maximum when the wind direction ranges from 90° to 225° with jet streams,
and drops to its minimum when the wind direction is between 270° and 315° accompanied by jet streams.
Overall, this study has not only analyzed the specific humidity characteristics below 700 hPa during torren-
tial rain events, but more specially found that the increase in specific humidity at 500 hPa can serve as a
significant predictor for torrential rain forecasting.

Key words: torrential rain, classification, specific humidity characteristic
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Fig. 1 Proportion of classification in torrential

rain in Beijing from 2016 to 2023
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Table 1

Start time of 24 h widespread torrential rain with six classifications of

torrential rain events in Beijing from 2016 to 2023

SRS R A P KR R [LES RS

AAL A PHATEEROR IR S A XSGR

2017-07-06-08
2018-08-12-08
2019-07-22-08
2020-08-12-08
2021-07-05-08

2017-08-22-08
2018-08-05-08
2023-09-08-08

2016-07-19-08
2016-07-20-08
2019-08-04-08
2021-07-11-08
2021-07-12-08

2021-06-25-08

2018-07-23-08
2018-07-24-08
2023-07-29-08
2023-07-30-08
2023-07-31-08
2023-08-01-08

2017-08-02-08
2019-09-09-08
2022-07-03-08
2022-07-05-08
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Table 2 Key weather systems and moisture origins associated with six classifications
of torrential rain events in Beijing from 2016 to 2023
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PO SEAC A Y o AR AL A 14 R R T 45 )2 TR A/ L AR
KE BRI ] 2% R 9 A



%9 M /N KA AUt T AL R Y 5 28 LR GE TR AE 2 1041

.
2
2

AP VNPV

113 114 115 116 117 118 119°E

38

37

36

40

39

38

37

36

95 100 105 110 115 120 125 130 135 140°E

s SR NN
112 113 114 115 116 117 118 119 120 121 122°E

SRS I AN
. 2

250

100

50

25

10

0.1

T \ T \ T
113 114 115 116 117 118 119°E

B 6 20234 7 J1 30 H 20 B} (a)500 hPa,(b)700 hPa,(¢)850 hPa & i 3% (&l 4% , B {7 . dagpm) .
R (D iR GEAA) |, (D #h T K ORCED FISUE S (GREZ B0 hPa)
(e)29 H 08 B} % 30 H 08 B AI(H30 H 08 B} & 31 H 08 B F/K it

Fig. 6 The geopotential height field (contour, unit: dagpm), wind field (barb)

and specific humidity field (colored) at (a) 500 hPa, (b) 700 hPa and

(c¢) 850 hPa, (d) surface wind field (barb) and pressure field (contour, unit: hPa)
at 20:00 BT 30 July, and (e, f) precipitation from (e) 08:00 BT 29 to
08:00 BT 30 and () 08:00 BT 30 to 08:00 BT 31 July 2023
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Fig. 7 The geopotential height field (contour, unit; dagpm),
wind field (barb) and specific humidity field (colored) at (a) 500 hPa,
(b) 700 hPa and (c¢) 850 hPa at 08:00 BT 2 August, and (d) precipitation
from 08.:00 BT 2 to 08:00 BT 3 August 2017
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Fig. 8 Distribution of specific humidity at various levels
for all torrential rain events and widespread torrential

rain events in Beijing from 2016 to 2023
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Fig. 9 Distribution of specific humidity at
various levels during torrential rain periods
and non-torrential rain periods
for all torrential rain events

in Beijing from 2016 to 2023
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Fig. 10 Distribution of specific humidity at various levels during torrential rain periods and non-torrential

850

rain periods for all torrential rain events in Beijing during May— September from 2016 to 2023

R3 20162023 F 59 AL FEMAENIEENNREAEEANREELBEPMAB (AL g kg™

° [
925

Table 3 Median specific humidity at various levels during torrential rain periods and non-torrential rain periods

for all torrential rain events in Beijing during May— September from 2016 to 2023 (unit: g « kg~')

Ay T 5 T B B 200 hPa 500 hPa 700 hPa 850 hPa 925 hPa
B 0 1.16 2.66 4. 84 6.25
° 75\ 0.01 0.73 2.98 4,44 4.75
= 0.02 1.67 5.15 10.0 11. 62
6 & 0.02 1.84 5.86 9.03 11. 44
, 2 0.03 3.85 8.09 13.53 15. 44
= 0.02 0. 84 6. 74 12. 27 15. 06
o B 0.03 2.31 7.28 12.57 14. 69
& 0.02 0. 94 7.81 11.3 15.02
= 0.01 1.48 6.43 9.77 12. 00
! & 0.02 0. 62 5.00 7.86 10. 69

BOR B 53 kT 10 g < kg '\ 13 g« kg '
500 hPa [ JC W B B /N T /N 5 2 W, T A 2%
Mk Bl 3.85 g« kg ', KU BB E RN
5.08 g+ kg '(F 5 MK 12), NERWTHEBE
AL ie (Em .

83 A~ZRTH H BT A B 43 BTG L /NN L 2%
B L 22 ) = 25 R% 7K 500.700.850.925 hPa f4 1
TEAT R 13) . 45 )2 RO HE TR 24 2 28 TR 4 KL /)

I TORT B /)



1044 A % 952 %
25 - 25 — 25 —
(a) Zédh iR (R Ay (b) il 5578 AU A (QRTIE(IS1E
- - -
R I R 5 R
20 20 20
T 151 Yo 151 o 151
A i) i)
K K K
< < <
= 104 10 = 10
= ey ey
51 M 51 5]
[ )
0 0 d 01 ara
200 500 700 850 925 200 500 700 850 925 200 500 700 850 925
p/hPa p/hPa p/hPa
25 - 25 25
(d) ZRALARIAY (e) Fir hE(H )R (f) PEIAHE 5 & A2 A 7Y
I R I R [y
R R o [~ Esliged
20 201 20
Top 151 . Tep 151 * Teg 151
Ad d 2
K K K
N N ~N
= 10 H = 101 ! ° = 101
= = =
5] 5 j 5 .
o °
—_—- [ ] 1l aa . o : :
200 500 700 850 925 200 500 700 850 925 200 500 700 850 925
p/hPa p/hPa p/hPa
B 11 2016-—2023 4t 5UA [ 28 Y 52 1 45 )2 LG 1 43 A
Fig. 11 Distribution of specific humidity at various levels for different types
of torrential rain in Beijing from 2016 to 2023
Fz4 20062023 EFEAALBEENEEBPFAEB(AA g kg™
Table 4 Median specific humidity at various levels for different types of
torrential rain in Beijing from 2016 to 2023 (unit: g+ kg™')

T ST BT A B 200 hPa 500 hPa 700 hPa 850 hPa 925 hPa
—— 5 0.03 1. 96 7.33 12.49 14.78
e PR IARAR % 0.02 0. 79 5.95 10. 54 12. 96
— I 0.02 2.48 7.08 11.78 14. 06
Rl 5 5 7 R e 7
e " % 0.02 1.33 6.36 10. 14 12. 96

=]
I 0.03 3.68 8.06 12.57 15.06
AL T
S w 0.02 1. 40 7.13 11.52 14. 25
AL im A e 0.01 1.55 5.84 11. 29 12. 27
AL iR %
X &5 0.01 1.08 6. 49 9.58 11. 48
=]
B 0.06 5.08 10.0 14.32 16. 94
P S e (B XD &
HEHE (A % 0.03 3.94 8.10 14.23 16. 40
- I 0.02 3.50 7.73 13.27 15. 35
At & 0.02 0.45 5.84 11. 86 14. 69
2.2.5 FRE NGR4T 180°~225°,225°~270°,270°~315°,315°~ 360",

RUg KA iz 3l ) 45
YR A5 R A B A R O . B KU 43 iR
8 A5 ] (0°~45°.45°~90°,90°~135°,135°~180°,

WL AR 25 A RE =L B AR AL RE AL (NNE) L R A 4t (ENE) L K & 1
(ESE). B A& 7 (SSE) . ® /i 7 (SSW) . 74 74§ &5

(WSW) 7 7546 (WNW) L7536 (NNW) KL, 28 S
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Table 5 Median specific humidity for different precipitation intensities at various levels during

torrential rain events in Bejing from 2016 to 2023 (unit: g *+ kg™')

[ K i 2 % 7k 7 200 hPa 500 hPa 700 hPa 850 hPa 925 hPa
B A R AR 0.02 0.93 5.59 10. 27 13.29
L T Pl 5 o 3 0.02 1.82 5.59 12.57 15.16
JI A B T o AR 0.02 2.76 7. 44 11. 90 13.89
b 0 FE B 2 0.03 5.97 8.52 13.57 16. 08
B A R T AR 0.05 3.85 8.73 13.92 15. 44
I KT Pl 2 3 0.06 5.08 10.21 14.78 16.43
(a) JCRf — FArRmLe » (b) /NFE — P RmLR » (¢) B[ — PHTRmLR
— KGR B R — KGR . — KGR
20 20
Z 154 %k 215 F
o9 =
1 = 104 = 10
J# | ﬁ# . ?H
/ 0Ll —a— 0 .
200 500 700 850 925 200 500 700 850 925 200 500 700 850 925
p/hPa p/hPa p/hPa

[ 12 2016-—2023 4Ft 5t 2% T AL FRAS [R] e /K ok 94 )2 LI o0 A

Fig. 12 Distribution of specific humidity for different precipitation intensities

at various levels during torrential rain events in Beijing from 2016 to 2023
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Fig. 13 Time-series of specific humidity at 500 hPa, 700 hPa, 850 hPa and 925 hPa for

torrential rain, light rain and no rain in Beijing from 2016 to 2023



1046 A

%

%52 %

WGE =12 m « s™ ' @i 2 R A WK 14 A
% 6,90°~180" (AR R PY M WO 25 2 Wi B K. A 2
DT L 2 AR TN 7 o | VTV N R Vi 87 T I 2 AT

H—EaRNERMAR. KRGEaEE.
45°.45°~90° &% Z B B & i % /b, 500 hPa fE 45°~
90° KL In] A B KW EL IR, B JC &7 AL 54 A K

925 hPa KB A%k 19.55 g » kg™ ', HBLFE 6.49 g+ kg 1.4.95 g kg™ ', MK\ 270°~315°,
JTa] 180°~2257, H & K] oy 135°~180°, ¥ A7 315°~360° W & 2 Lo IR 24 W] R B A 20 I A b
DI 5 AR 2 I XU 907 ~1807) L % JZ BETC 2 SN R P8 b XU TV S A KU
ttm@c*ﬁlﬁllzlﬂﬁ,wﬁﬁﬁﬁ BRI R NS Ui R IK PRGN
22.51 i s T wm
20— 1 bl |
50,0 (@) 925 hPa . (b) 850 hPa .
- . 16 {
_ 175 14l !
% 15.0 I s 2 5]
og i
= 12.5 o T {9 10I
o =
3 10.04 2 84
7.51 . 61 3 . + *
L] 4, L e
5.0 ° . .
L] 5 °
NNE ENE ESE SSE SSW WSWWNWNNW NNE ENE ESE SSE SSW WSWWNWNNW
A A
12 T i - i -
(c) 700 hPa e 61 (@ 500 hPa it
104
5,
= 84 /_‘T\
éﬂ E 4+ l °®
® 6] o
N < 39
= 44 X 24
21 . 14
L]
NNE ENE ESE SSE SSW WSW WNWNNW NNE ENE ESE SSE SSW WSW WNW NNW
A A |
14 20162023 4Eb 5 AR A XU 925.850.,700,500 hPa 45 JG & U B L 18 43 15
Fig. 14 Distribution of specific humidity with or without jet stream at
925 hPa, 850 hPa, 700 hPa and 500 hPa for different wind
directions in Beijing from 2016 to 2023
F6 20162023 FIAFRARRNEE L2RMEPAE(EM g kg™
Table 6 Median specific humidity with or without jet stream under different wind
directions in Beijing from 2016 to 2023 (unit: g *+ kg™")
JZW/hPa .2 H 0~45° 45°~90° 90°~135° 135°~180° 180°~225° 225~°270° 270°~315° 315°~360°
925 fH 9.88 13. 04 16. 94 19.13 19.55 / 6.23 10. 97
T 12.55 13. 89 15. 06 15. 06 14. 78 15. 16 11. 85 12.39
850 el 14.10 11.48 14.92 14. 46 15. 30 9.16 5.18 9.24
’ i 8. 84 12.22 12.41 13.23 12.65 11.74 9.24 8.61
700 fH 7.70 / 9.97 10. 85 7.54 8.73 4.32 4.41
o 6.06 5.84 9.47 8.03 7.54 7044 7.44 6.08
500 el / 6.49 4.62 6.33 3.85 2.31 1.17 1.42
’ pn 0.97 4.95 3.72 4.06 3.69 2.31 1. 84 1.17

T/ R TR
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Sk T G b B AN ) 24 TR R W R R L W 4%
JZ R ARRAE . 26 7 B T A6 N 28 B N I K [ 2
T 25 )2 LU 25 %0 ~75 %0 43 0 50, BT DA 45 b ot b X 2%
T 004 £ 4L B I v i i =%
2.2.6 WBLHITZEHRKFELL

XF 83 A~ F W H A 5 TN B B Al AR B B LR
Bl 2 T 5 3 A Bl 8 R B R R AT ¢ S8 3 R K OT
(3£ 8.3 9), B 200 hPa 4b, Hfl 2k ¥t T
0 E VAT R . 0 B IR Z 2K VRS B X B T R
B, ROV X L 2R RN B BEAL - 850 hPa ¢

N B9 (1 =15. 58) 5 K il 5% W 800 5 : 700 hPa &0
iR (t=9.45), MIA B EKRRN P EHWZ/NT
0.01. FILEREA @GR, 7T HERR L 3 52
M, 752 2 W ) 2 R B B 5 AR 5 T B B A A R
JiE (5 KO A 200 hPa, #a SJE (f5 KO B 500 hPa,
MEAKR AL 500 hPa gL T P K 0.05 912
FPEAKOT- A 5 HL At X R BB . N2 AR R
TN 5 AR K 2 WA B KRR . X
A RE AR 2 G FEAS 1 A0 S B0 ARR AR R e T
AFRRAE = TR E B i 5 5%,

R7 20162023 ELFRARLBEENSTERUESETR(BEM g kg™
Table 7 Reference table of high-altitude specific humidity characteristics for different types

of torrential rain in Beijing from 2016 to 2023 (unit: g - kg™')

B /hPa SEEARIAMMEE Rl S0 EEMRRE RIEREE BIFAE(E RO RS SR AR KIE W
925 12.24~17.47 12.00~16.03 12.85~16.43 9.17~13.80 15.44~17. 44 13.29~16. 30 14.15~17.04
850 9.71~4.51 9.46~4.32 11.37~14.15 6.14~12.55 13.04~14.92 10.27~14. 21 12.25~14.92
700 5.08~8.73 5.80~7.08 7.05~9.47  4.69~6.55 9.67~11.52 5.95~9. 31 7.44~10.42
500 1.17~3. 44 0.95~4.29 2.16~4.37 0.52~3.41 4.16~5.77 1.35~4.30 3.16~5.17
200 0.01~0.05 0.01~0.05 0.02~0.05 0~0.02 0.04~0.08 0.01~0.03 0.02~0.08

T X R 25 % ~T75 % Ak,

8 20162023 FIFEMAENEIEENNREEZNHRILEEZRKFEREER
Table 8 Significance level tests during torrential rain periods and non-torrential rain periods for
all torrential rain events in Beijing from 2016 to 2023
JZ IR /hPa ST B AR/ A AR B T B B AR B/ A BB ¢ S B P (H BT
925 384 143 3.42 0. 000666 e
850 386 143 5.59 3.92X10°8 W
700 388 142 4.92 1.13X10°¢ e
500 386 146 8.76 2.55X1017 B
200 373 143 0.12 0.903 TS
F9 20162023 FLARAEEAERFTESEXRCEETILBEREZERFRILER
Table 9 Significance level tests for widespread torrential rain and non-widespread
torrential rain in Beijing from 2016 to 2023
JZUK/hPa R BB REA R/ A AR RS B R AR A KL H ¢ {H KyGH P{E 2 #E
925 128 399 5.91 6.33X10°7 B
850 128 401 7.02 6.82>X 10712 B
700 130 400 9.45 1.08X 1071 B
500 135 397 7.23 1.75X 10712 w3
200 124 392 —1.13 0. 26 e
— M BL AR S D RN AR TE AT A R B
ST 2 I 7 TSRS RS W B B,

3.1 AEZHBEIEFF 500 hPa tkiE R E B EE

RS KRR F BRI H R — A2 e
FPB AR TR o B R X 5 — A R EH E Tz
FPALE KA 25, 500 hPa & B #83d 5000 m,

PR AU (B KO BB T B T TN 2 500 hPa
Jb ot i X 12 3 0 — B0 AR B AL KGR R
12 m s ' & RA R FRKENRE AR 0%, A
RUAIGI Je B A A A F kR A BT, R EW
500 hPa 7K VR AALAL & 3l 1 b TH i 3% F i KR
% AL AR S B DR U b i O 5 T A B L o 7 3K
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i£5.08gkg ', WI20234E7 H29 HE S H 1 H
D=l o NV I =N Pl S S i
Jb 5T AR JZ 3 5 J2 K I ) 2 15 AR AT, AT K
TR TR 6] 7 408 v 3 e I ot % AV 2 AR A i B A
SR L E T i3 gl AR $6 Tt iz 2l 500 hPa iy H iR
AR T 5.0 g kg '

)BT Y B T b 5 b X | %8 850 ~500 hPa
S2 AV BT PG R BAR A L 700 hPa Je DU
TREREMEA IS 20 MY 24,500 hPa /KK &
Bk FARIZ S I3 48 T RPE ik B AR SR (R
DRIV DO R I - A = g AT AL L VAR ey
3.68 g+ kg ',

(PR R RS DRk r e s VI ey (RTAT (1 FIVIN PR
G XRS5 = 28 B N i B 500 hPa /KI5 3 5 8
JI6FHE AT P 28 2 TR /N, L G 500 hPa b
BN,

ZRACAR I 28 2% T L AL 5T 500 hPa S g b XL 1 3
YERI A KR 20k BARZ W3 146 T T L Rl
EARTS T LN

3.2 500 hPa b ERRMMHEXBIERTEATHEERE

IR 2 LI R 2 W B (E A AT R, 500 hPa
FU 1 o, 26 B R SR 2 IR IR 8 2 KR e il RS
AREKEI K, B RRBE AT AR, hiFs
PE R RCR IR KR AE T A RIS BT A B
IR AT 0 5 R R L N 28 B O AR L A TR R K
WP CRTN VNI TG 45 )2 HLIR A U2 L 7R
JZ (i 850 hPa) 7K ¥R F& 14 & il 2 (Bl i =>12 g »
kg D RIFELL T 2500 hPa {1 FC I8 5k AR X 20— i b
B B RN 5 BI M R L R TR 7 G A TR U A TR
55 TAEH A TE IR FLIR 9 2R /1N, 500 hPa F
T 3G X 5% TR A 47 48 A L R 2 0 B 1 n T
FERIE SIS £

3.3 500 hPa tbiBR 7N KA AFEEM

T AL 55 2 DA KRB 041 ™ it hy R Al 58 23
J AR TR G A 0 B B ™ s 2B AT 1T IE . A
SCESIR IR T R s RN BERHAY LLIRAE R . g 2%
BE A ™ il 5 R 2 52 OLRE AT X 2 A s A 2R AR 5K
il i) 500 hPa b 4 52 O B A 1K . 7T RE 47 7%
T ] 2 T A9 XU 5 2 SR A U 4R 19 500 hPa b
PR S B0 Y 8 i A D)2 o B R s A KU

LI

ASCH ] 2016—2023 4 08 WF R H 08 It
24 h.1 h FEK BERE AN 2 WO kL, Se it Tk et 8
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SUN S i e e s T N DS R N G E ST R u N
I AN [ AR S AN [ XL ] e 28 B AR AIE L 4508
mF.

(DARHE 500 hPa 3 T8 ¢, A6 5t 2 W 43 8 7S
Ze A% R IR B /MR I = ity AUE (B XD B L i)
EAR R LR 5 G KA 2 A T 52l A R
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ORe & RSy 8 A4 T7 ) 3 il g it 1A m) 2
BRI EALLEWM (=12 m » s 1) 925,850,
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B LG Fe R UM FE 270° ~315°F 2 i LL i e /) .

(5) BT A 2% W 3t 2\ DR VE Bl 2% W o A L A [R)
B3 AR B T G PR S Y AN [A] B 7K B G4 il LU TR R AIE
195314397 0] WL, 700 hPa DL F b i 42 52 W 191 4 19
HE KR AW SRR 500 hPa H i Xf 4
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T A2 T 9 [ 2% U 5 %2 500 hPa A5 & KRR

&% ik
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relationship with rainstorm[ ] ]. Meteor Environ Sci, 44(2) ;33-
42(in Chinese).
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