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Abstract The observation and study of clouds are of great importance for the development of
numerical models, climate change estimation, weather modification, etc. To advance the
understanding of structural characteristics and temporal variations of clouds in the mountainous
areas along the southeast coast of China, observations from a ground-based Ka-band millimeter-
wave cloud radar deployed in Jian'ou of northern Fujian, China, between 2019 and 2022, were
utilized to study the characteristics, seasonal patterns, and diurnal variations of cloud occurrences,
vertical structures, and parameters in this area. Additionally, the causes underlying these observed
characteristics and variations are also discussed from atmospheric water vapor and thermodynamic
conditions. The findings indicate that: (1) cloud occurrence exhibits seasonal variations, with the
highest occurrence observed during spring, followed by summer and winter, and the lowest during
autumn. Low and high clouds dominate during spring and summer, whereas low and mid-level
clouds are predominant during autumn and winter. (2) Radar reflectivity factors of high clouds are
generally larger than those of low clouds during spring and summer. In summer, both ice-phase and
liquid-phase cloud layers exhibit the largest radar reflectivity factors, followed by spring and autumn,
and the smallest reflectivity factors are observed during winter. Cloud base height and top height
are highest during summer, followed by spring and autumn, respectively, while they are lowest
during winter. The thickest cloud layer and largest cloud gap distance also occur during summer,
followed by spring and autumn, respectively, whereas the thinnest cloud layer and smallest cloud
gap distance are observed during winter. (3) Diurnal variations in cloud vertical structures and
parameters are significant in different seasons, and their differences are also apparent. Compared to
spring, summer exhibits earlier and stronger convection activities and a longer lifespan, resulting in
larger and longer-lasting variations in cloud parameters during the afternoon. Diurnal variations in
cloud occurrence, intensity, and other cloud parameters are less pronounced during autumn and
winter compared to spring and summer. However, the diurnal variation trend of clouds in autumn is
similar to that in summer, while the diurnal variation trend of clouds in winter is similar to that in
spring. (4) Average specific humidity, horizontal wind field, and convective available potential
energy show significant positive correlations with the seasonal and diurnal variations in cloud radar-
observed cloud-related changes in the local area.

Keywords Cloud vertical structure, Temporal variation and characteristic, Millimeter-wave cloud

radar, Mountainous area of northern Fujian
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JFHX M EE R mIE S S KA T, EERAXEFEEW RS TASE, BERERX A
R FERRX M= ZEEFBESAERHK 10 km PLE, TIRTERX N =ZRE RS
BEAARTENIR 10km AT, 75780 JE i X ) 4 4R R B4 T 4K 4-11 km. 740755 (2013)
WA Cloudsat BRMITFL T AR T KKE B K AR B K = 1) T8 ELAG M), 48 HH R /K 2 R Je v i
FEFEHITHT 8 ke LA, [ 38k o FE i v B 184 0 2 S 0 R ok S a5, TR K = 32 B P fE 8-
12 km, [AIy58EZRE & LS FAZE . Lismalini et al. (2021) FFHERZS BRI T 78 K FEER
B (TRITERE D T 50 F o3 B A A, R I X IR 22 J6 e FEE A0 2= T v A 3
mE, REZIHIMR D SRR A X R . 485 (2021) WA ERZS 2R
FTRE FFRZBENEESN, RIKRE S EESHEAHES R, 766 XRE N
NS, REEEHXEEASRERNESR: RROREERIC /G s T
e, REREETHMEET.

ITAER, B T IR IR R R R, o R R ) 2 oK 2 R Ak s R e I8 B
NEEERMAFET A (fpEE%, 2009; Moran et al., 1998; Li and Moisseev, 2019; Kollias
et al., 2020; PUFFAESE, 2022; XIBT-, 2023; 35584, 2023). AT BEEBMIRTSE, H
LK 2 TR Ik B A B R A 23 0 PR AR A NG S, FLRENE 538 o 2 I T HERAR IR I
RN R R A EE S, HFRREER SRR JRe . TmMERESE (CE5SE,
2016; SEMIAE, 2017). FET 2R FEAKEE MR, EEESE (2021 KIHE#
mRM X F R HE UMK Mma T EMXaTEE. aREENRZEEEI R
I (8] 01-09 I S5 W /1N, 10-20 I IZ#THE K, 21-24 I SGBHHE/DN: S BEIEM 01 I IF46
BN, A 13 WA R/ MEJE ORI N, Zhao etal. (2016, 2017) RHLAN il H X (1 =
BIKBEF G2 TR IMER R, =R A B8 s B I sl s K2 K= HAR AR
%, ZRERMEERBINMRIN. TR (2021) 75 EE8 B = 2 M HET T 4tit
SRR, TENENEEFRIBTENMA DX, ShX ZEnt KX 2, DLs At
ZNRFE; mEENTERIME EIFEER, EFR EEPTIRHEIR, K = TE AT



HH 4-7km 2 6], Livetal. (2017) #8HAERHLIX ) 2= 2 ZAE P AEFEHLTE 3 km BA R A 6-10
km Z[f); ARz Fm 2 B BRFE AL, 2 (B3 9 AR 50 s 0 IAE P 7K 2 B ] 8 o s
FERGINTT I, EAR K 2 IR [ e B i v AR . 45055 (2023) BRFLR B, WRANRS
R X 2R AP s 2o BRAEN, TRtz as T LT EEsEERTA

=,

AR HAL T R R U S VSRR PO, AR R T S T, R E AR
PR HIMIX 2 — o MR, BEA /L — /K~ HZ 8. [, AFZE i
XK RIAARGEIRZH, WAENP AR EIEMEN RS, BRERNFN. X, Bl
AR NBEE . ERAMIE ., RARRGM KA MLETEN T, X =B 45
]y ANTRISS TR) RUBE S (0 22 3 anqer S 1) e, H R R A SR FE Al . 35 Tk, A SCA
PR AL AR A MR (X — 0 Ka Y B K I 2 TR IESE 4 SF A R B BURE, AR 1Lt
X ) = B A5 R E S BORFL AT TR TC, R AN RFTAMA RN 2 £ 57 . A3
FERE— 5 A PR B 2R 3l LU b M DX ) = P BARRAE , D2 X R e . RN TR MR

RERMS % .

2 BERIIT 3%
2.1 B K ER

AR SAS PR BERLUL I T A g A A R T [ S A Ry, il U A 43 79004 118.326°E Al
27.047°N, R EEN 155 m, MR 2019~2022 5. Wil 1a fios, SIS s 47 46
AL L L X (R e 23 T SR A, S A DO T A AR L L R SE . W T A e
s B TAER 8 —+ =W A & Ka B K = FiE (0 1b). EnFHikRH
T ELAR RN, TARMZENy 35 GHz, BORDEEEY 0.4°, HRIEEVEREDY 0.12-20 km, (A
AR 8] 3 253 0079 1 min A1 30 mo %22 f IR R AN I CAE, SR SRR S 5 2 K]
T Z. (dBZ). ZFEEE V (msD). % W (ms). ZeMEEMRALEL LDR (dB) FZhR ik
FESE . N T&GAW RN RN, R T AR, G R E R
(Mp). FEE (M. BB (M) MK (Mp), i My AT Mp fE2CR %
ik AR 2RI 7K, My A M R B Jika LRI o fl g 2=, DA 32 i
RESHER 1 PR, DA T BRI 0L B 1B 7RSS (2022) frid. PUAMEEAIR UGRI,  IF
K Liu et al. (2019) B 77 vERL G T A 2 UL AHE ,  mil& B 7E 2t 5 km A1 10 km &b
B /N AT [RIRE CRIBUED 73 71%9°8-36 dBZ H1-30 dBZ.

RT S AR A FE R Z) 2 2800 K RSB E R ARHE, ASCGERF] 2019-
2022 FFH) ERAS Wi, HKF R, HIR. XA 26 E CAPE. M i 2 Fl i
SURE . ASCCA R A i R TE s B IR S i B R 1 b e



Latitude

116°E 117°E 118°E 119°E 120°E
Longitude

P 1 LG R A B e R R () AT Ka B2 KR = B AR K (b)

Fig.1 Location and surrounding terrains of the observation site (a) and the outdoor scene of the Ka-band

millimeter-wave cloud radar.

R 1 Ka P B K = 5 ik A I 3 2 RE S 4
Table 1. Major parameters of four operation modes of the Ka-band millimeter-wave cloud radar.
TR (M) maB (Me) BEREES (Me)

ZHATR WA ERA (ML
ke 5 P2 fus 0.2 9 25 0.2
ik 25 5 A% HZ 16666 8333 5988 5988
TR 4 2 1 1
IR aAtid 16 32 32 32
FFT 524 256 256 256 256
PEES /3 HEIm 30 30 30 30
AR = FE km 0.12-7.5 1.47-75 3.87-20 0.12-20
T RABRIEE/(m s7) 8.93 8.93 12.83 12.83
PR (cm s 6.98 6.98 10.02 10.02
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Fig.2 Time-height cross sections of radar reflectivity before (a) and after (b) quality control observed on February
22,2021, in subgraph (b), the black stars and circles denote cloud top heights retrieved by the cloud radar and FY-
4A, respectively.
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MRS, AERK SR AR NREL R RE ST, MRS MEm s RE, £ 1L.5kmHl 7.5
km T &AFAE—DNIEE. K] 3b #E B TN FE K S MR AR E S, 45
REW, KM RARGEENFHBONHE, MmasfRERGEEEEZEFHAE,
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Fig.3 Occurrences versus heights for all clouds and non-precipitating clouds during the four-year observation

period (a) and occurrences versus heights for non-precipitating clouds observed in four seasons (b).
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km, AW T A UK I I 5 S R A 1B O, T SCBE RERE  TH ) a

T2 (R2EH5, 2013; sk Ean%s, 2023; Liet al, 2020). AEEEEMT, RV FEEREDE
8



St R RIS R AE, R B AR B R SR I, DA R OK R R BB 2 K
FEEFRI UK /K TR 5 0 T e 50 P A PR A PR BB R, Rl 2 T e A R PR R R 9 T Y
KRAFAS TR IE AT N BRI R B (Kollias et al., 2005; Heymsfield et al., 2008). ZE&
JEUAT AT, B 2 MR AR S IR AR, Bl o B R B . B R
VUZ= Z B P A BB EAE 1.47 A1 3.87 km LA AR IR, X ZR NIEX P S
& RIS FERMBL I AE FAL A FITRIIAR 20 R SR 1) 22 3 30 T XM AR A
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Fig.5 Boxplots of CBH, CTH, CTK, and CGD for four seasons. In each boxplot, the base and top edges of the
black box denote 25 and 75 percentages, respectively, the center bars are medians, the circles represent averages,
the black dashed lines extend to the maximum and minimum values, respectively, and the grey crisscrosses mean

outliers.
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Table 2. Sample numbers and percentages of single-layer cloud, double-layer cloud, and multiple-layer cloud for

four seasons.

BN B WZE ZE=

#HZA 121425 (71.13%) 39616 (23.21%) 9667 (5.66%)

HZ& 99117 (63.57%) 43152 (27.68%) 13647 (8.75%)

ZE 68324 (77.98%) 15925 (18.17%) 3373 (3.85%)

&Z= 75310 (77.75%) 18102 (18.69%) 3447 (3.56%)
5 ~IEELMEHARN

EWMHA (Zhao
NI 2 R AR

52K BHAR SRR SR S A AR s, < 1 2 LA M AN S5 22
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clements in each box is the same as depicted in captions of Fig. 5.
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