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Abstract Using the micro rain radar (MRR) observations in Xingtai, Hebei Province, the vertical structure and evolution

of precipitation associated with clouds along a cold front are explored. The accuracy of MRR observations has been
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examined by comparing with observations of the weather radar, raindrop disdrometer, and rain gauge. Combining the
MRR with the disdrometer and the laser ceilometer, factors in different relative humidity ranges and average vertical
distribution of the raindrop size as well as the evolution of precipitation characters with the altitude and time have been
investigated. The results show that the observed cumulative rainfall and its trend are similar among different data. The
difference between the rainfall intensity observed by the MRR 200 m and that observed by the disdrometer is the
minimum with an average value of about 0.05 mm h™' and the correlation coefficient is 0.93. Compared with the
disdrometer, the MRR overestimated the small drop concentration and underestimated the large drop concentration.
However, the medium drop concentration is consistent between observations of the MRR and the disdrometer.
Precipitation is greatly affected by evaporation under low-humidity condition and affected by different microphysical
processes inside and outside the clouds. The vertical variations are different. During the initial stage of precipitation, the
average reflectivity (Z) and rainfall intensity (R) obviously decreased below the cloud base and the average concentration
of small and medium drops decreased rapidly under the influence of evaporation. At other time, the average Z and R
slightly increased and the concentration of small drops changed little. The concentration of big and medium drops
increased, which indicates that coalescence processes have happened between raindrops and cloud droplets withinthe
cloud. The average effective diameter increased obviously and the average total concentration of raindrops decreased

with decreasing height in lower levels outside the cloud. Besides, the decreasing of small drops and increasing of big

drops indicate that the coalescence processes in low levels outside the cloud are stronger.
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Table 2 Overview of the stratiform precipitation event occurred on 13 May 2016
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Fig. 1 Time-height variations of reflectivity (Z) from (a) cloud radar, (b) MRR (Micro Rain Rader), and (c¢) S-band weather radar, (d) temporal
evolution of rainfall intensity (R) from disdrometer from 1800 LST (local standard time) to 2400 LST on 13 May, 2016. The solid red line marks the
height of 0°C layer from the sounding data at 2000 LST. The solid black line marks the cloud base height from the laser ceilometer
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Fig. 2 (a) Temporal variations of the cloud top height from cloud radar (solid line) and Z from disdrometer (chain dotted line) during 1900 LST-

2100 LST on 13 May, 2016; (b) scatterplots of cloud radar observations of cloud top height versus Z calculated from the disdrometer observations

during 1900 LST-2100 LST on 13 May, 2016
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Fig. 3 Temporal variations of half-hour precipitation accumulation observed by the MRR at different heights, the disdrometer and gauge from 1930

LST to 2400 LST on 13 May, 2016
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LST and 2400 LST on 13 May, 2016. The dashed line is the fitting curve; the solid line marks y=x
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Table 3 Comparison of characteristic quantities of values observed by MRR 100 m and disdrometer
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Table 5 Comparison of characteristic quantities of values observed by MRR 300 m and disdrometer

FEAEE
T 2 UESES: B TiR % &S Ha &K
z 0.67 dBZ 0.94 2.33dBZ 0.92 1.79
R —0.01 mmh”! 0.88 1.06 mm h™* 0.85 0.39
LWC —0.0lgm™ 0.87 0.05 gm™ 0.99 0.01
ED 0.14 mm 0.78 0.23 mm 0.66 0.30
log(N,) —0.34 0.73 0.47 133 0.84

19:00~24:00 T b 2 4k F EL A F IR R A, 22:00
J LT K AL AR (IR A o MR 1Y) £ 5
SYHT, 22:00 Z 1 I B TE T 75 FE 52 728 RAE
FH 5 45

HINFI A MRR X T B 7K ) 22 25 74 (1) it 7 %
FHK MG 45 H, FIFHW K/ (Peters et al.,
2005; Das and Maitra, 2016) B¢ [#/K35% (Wen
etal., 2017) XJRE7KBEATRIZr, XT LUAS [R5 5 1) %
TKEAN [ B 7K R AR 2 B A B S R IR 22 e, (RGP AS
I [ 7K B O 2 N 2= M 35 46 ) 222 e PRI 56
Do AR YR K G R b T AR R FE /N B KA B B AR
b, FIRERE K278 RAE R 5E,  Wooy i BOKRE
I B2 R 9 T T L 2 AT o AR s b T X9 FEE /S
Wbk RIEAF B : (1D 25 —Br B 19:38~

19:50; (2) % BB 19:50~20:50; (3) H=KrE&
20:50~21:35; (4 ZE DY BL21:35~24:00, Xf |3
b T A B Y L 0 SN 34% ~42% 42%~60%
60%~80%- 80%~91%.
33.1 REEEMEEKFIE TS H oA 4EIE

SIATRFIE 2 IR 2 B 200 A B TR N B K )
T FE A S5 R (Yuter and Houze, 1995). N
AIF 55 S R 88 7K Gt R A [ P o BB B K Bl AR
(225, X DA B BORT S K G R TR R AL B 1) T 3
I H O ARFIE AT 08T

Bl 7 AN [FII (A BN O 26 R WS K &
WA RRCE R RN R A OR R F Y (E BE AR
b Hr, 100~3000 m 45 5 1 MRR #0415 51,
0 m 25 5 B AR R B . S — B BP S RO



3 3] B PR IATE L — IRV B = R B K 10 3 B2 0 43 A Sl AR RAIE
No. 3 CUI Yunyang et al. Vertical Structure and Evolution of Precipitation Associated with Clouds along a Cold Front ... 627
logN (D) logN (D)
5.0 . : . . . I 5.0 5.0 " . . ! . . I 5.0
a
4.5 1 @ - 4.5 4.5 1 ®) F 4.5
4.0 4 14.0 14.0
3.51 13.5 13.5
3.0 1 13.0 13.0
=) =)
£ 251 125 E {2.5
Q Q
2.0 1 2.0 2.0
1.5 1 1.5 1.5
1.0 1 | 1.0 1.0
0-5 T L | ‘H ol Jl. l PN TRVY Y S 0.5 0-5
1800 1900 2000 2100 2200 2300 2400 1800 1900 2000 2100 2200 2300 2400
13 May 13 May
2016 . 2016 .
Time (LST) Time (LST)
logN (D) logN (D)
5.0 L - L L L I 5.0 5.0 1 L - L L L I 5.0
c
4.5 1 © - 4.5 4.5 1 @ F 4.5
4.0 1 14.0 4.0 1 14.0
3.5 1 13.5 3.5 1 13.5
3.0 1 13.0 3.0 7 13.0
=) =)
£ 251 125 E 251 12.5
S Q
2.0 1 2.0 2.0 1 2.0
1.5 1 1.5 1.5 1 1.5
1.0 1 ) 1.0 1.0 1 1.0
o TR
0.5 .M 'm’t'ﬁ‘ 0.5 0.5 -'AJ'J\ I Yk ALt J 0.5
0 T T T T T T 0 T T T r r t
1800 1900 2000 2100 2200 2300 2400 1800 1900 2000 2100 2200 2300 2400
13 May 13 May
2016 . 2016 .
Time (LST) Time (LST)

5 20164E5 H 13 H 18:00~24:00 (a) W %{X5 (b) MRR 100 m. (c) MRR 200 m Al (d) MRR 300 m i[5 275 (¥ RN i 20k
N(D) (Bafir: mm™ m™) Bl ] A28 1k
Fig. 5 Temporal variations of the raindrop number concentration N(D) (units: mm™' m™) from (a) disdrometer, (b) MRR 100 m, (c) MRR 200 m,

and (d) MRR 300 m from 1800 LST to 2400 LST on 13 May, 2016
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Fig. 6 (a) Temporal variations of ground temperature, relative humidity from 1900 LST to 2400 LST, and (b) the sounding data variation with height
at 2000 LST on 13 May, 2016 at Xingtai station Hebei Province
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Fig. 7 Average vertical profiles of (a) Z, (b) R, (¢) LWC (Liquid Water Content), (d) ED (Effective Diameter), and (e) log(X,) during 1938 LST to

2400 LST on 13 May, 2016 . Black horizontal lines indicate average cloud base height during the corresponding periods
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from the laser ceilometer



3
No. 3

Bt PR S IERE R — KA o R IR 2 B4 1 73 AT S AR RAAE
CUI Yunyang et al. Vertical Structure and Evolution of Precipitation Associated with Clouds along a Cold Front ...

631

34 BEKRMIBEEMRER BN ENTL

DI T SR 2 7K I v e 7K Al g o s 1) A g
(R AR I R, KRR AIE B IS A M o 2 P AR A AT
Mro

K194 19:00~24:00 A K1 Z. MR W
KSR LWC, WM SEORE Ny | KERZD,,
I T 0 v 5 P AR A B M THD Y 58 B o R) AR 4k . AN
Z. R. LWC. N, EZNE H, 78 H L%

S @

Z/dBZ

3000

2500

20001

15001

Height/m

10001

500
1001
0-

|

EEE- mn
2100

2200 2300

1900
13 May
2016

2000

2400

Time (LST)

3000 : : . P
© I 0l

2500 ‘ 0.5

2000

1500 1

Height/m

1000 1

5001 k
100 1 ' )
1 L x 3
2000 2400

1900 2100 2200 2300

13 May
2016

6

5

4

3

| 2

1

- 0

2400

30004

2500

2000

1500

Height/m

1000

1900 2100 2200 2300
13 May

2016

2000

Time (LST)

IKFFUE R AERT (19:38), &/ MRFAE & B = B PRI R
Wik /Iy, 100 m s FE AR EAEARAG,  ERLthth i ok
PRI K o IX R BB AT B 7E N VR I fE 28
RAEF RIS mECR, WA TR KIE S — 2 i 5 Hh
A2 M IBEK . F 19:38~23:30 IR BEN, 24 HY
PR SR AR R 2 mm T A ERC5E FE K, Z A D, AR
EHLE (500 mPARD) HBLIE N, 20 e T
ERARIF K . 19:50~20:10 i 8] B P LWC F

log (R
3000 } g; )

(b) [ |
25001 1.5
2000 1

1500 1

1000+ l 0.5
5001 | \ l h -
100 I -5

01 1l 1 L

2000 2100 2200 2300

2000

Height/m
(=}

1900
13 May
2016

3000 e
(d)

2500
2000
1500
1000
500
100

L

2400

Time (LST) -

Height/m

LEk |
THEESS T L 0
2100 2200 2300 2400

0
1900

13 May
2016

Time (LST)

1o

A

0 T T T T
1900 2000 2100 2200 2300

13 May
2016

2400

Time (LST)

B9 201645913 H19:00~24:00 (a) FHikSEHEET. (b) MR, (o) WAKSE. () wKEL. () [ A B0 BE N 8] w2
AL, S S O = B SRR R N SIS EE . (D 20164E5 3 13 H 19:00~24:00 H i 77 58 KE I 17 (1938 1k

Fig. 9 Time-height variations of (a) Z, (b) R, (c) LWC, (d) D

‘max

and (e) N, from 1900 LST to 2400 LST on 13 May, 2016. The solid black line marks

the cloud base height from the laser ceilometer. (f) Temporal evolution of R from disdrometer during 1900 LST to 2400 LST on 13 May, 2016
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