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Abstract: Measurements within the atmospheric boundary layer (ABL) play a key role in
understanding the exchanges of energy and mass between the land surface and the atmosphere.
But the commonly used radiosonde and remote sensing observations have some limitations in
capturing the details of the temperature and moisture variations in the lower ABL — surface layer.

Small unmanned aircraft system (SUAS) is a good alternative because of its flexibility, low cost
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and capability to provide measurements of higher spatiotemporal resolution in the lower ABL. The
goal of this study is to demonstrate whether the accurate and high spatiotemporal resolution
thermodynamic profiles of the lower ABL over the urbanized areas could be obtained using SUAS.
Twenty flights in total were conducted in Shanghai during winter (in December 2018) and spring
(in March 2019) months, and 19 profiles (surface - 200 m) of temperature and moisture were
collected. Measurements from automatic weather station (AWS) and radiosonde at the same site
were used to evaluate these profiles. Results show that surface temperature and relative humidity

derived by SUAS are close to those from AWS, with the mean differences of -0t

winter flights and 0.9 °C, -5.9% for spring flights. The general features of te
humidity profiles obtained from sUAS are consistent with those from
temperature inversion near the ground and so on. These findings atggthat SUAS\
revealing detailed structures and variations of the IowerABliv% areas.
Key words: small unmanned aircraft system, urban, planetary bandar erfevaluation
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HH T X . T X R A 2% (Grimmond and Oke, 1999), iiiiiG s, I Eitk
B2, X AHL AT B LRI BE RS20 5 2 WA 22 R B0K o ST X se 15 i D T e o
AHURIAES, IRAF = FERI Bk, e 7R — B 7.

IR T AL KT i, HugA-FE, ST A0 12 XOR U 2R R - (Liang and
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Fig. 1 (a) Vertically taking off and landing Fixed-wing UAS deployed and sensor placement configurations; (b)
picture of sensors used in this study
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Table 1 Specifications of temperature and humidity sensors
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Fig. 2 Shanghai nighttime light values in 2013 and the location of Baoshan District Meteorological Office
(marked by black solid circle)

Te AR DN B i 25 200 m =5, e AMLAAH T 3 BES &, #13% 100 m &)


http://www.ngdc.noaa.gov/dmsp/downloadV4composites.html

108
109
110
111
112
113
114
115

116
117

118
119

120
121
122
123
124
125
126

127
128

O NC TR R, B2 FIIA 200 m = . 3 Bl WS R, T AN ETHE B 1 E A 3 mis;
RRENCHRT, MR A IS R A F B RCH AN B, #ie1% 200 m, JCH m
2 30m, WHTHEEEBA 22 mfs, HORTEF ARG 100, ¥ATRLZRBINE 3, Fik 200 m
JG, BENE—PFE, SRJE DAEEARTE BIR S AIE N IR

AR SC BTN T TR SR (5 . 2018 4F 12 F 11~14 H LA K 2019 4 3 [ 25~28
AR, 72 g5 L O R IESE 4 RIMTEANERINALS, SAL5em 20 Jks, Hdak
DR RER I 01858 19 8, SRR 9 vk, R IA) . AT AR B LR
2.

250
200!
;( 150 >
= 100.
50
121 .ZEE"
121.444 e 731391
’/[/)n/o ]2'44 ://}JJI»’L/O
K] 32019 4F 3 H 27 H 13:57~14:04 I ARG X B2 (1 T8 AL _E T8

Fig. 3 Flight pattern of the ascgft coid
2018 ¥ 12 f 11~14 H K¢ f @ MR, TR BRI TR S [T (anfEl 4). 12
H11H12K% 12 A 12 H 08 @ 1] T
VEININ -2 I W Z 100°K: 01200 12 H E4FE 12 A 14 B, R R THE T R
T 4 RN
2019
i) %5 26

R AN XIS BLEE WL /N T 500 m k55, 3 H 25~26 H, StIFfE 5k
3 H 27 042 28 HE5ME, bt X I REKIERE, FEREK IR
J& 6 TE ML B L XA K, TE AL ETHE 125 m 5 TR

®2 TAHERMRIECE

Table 2 Summary of sUAS flights performed at Baoshan station

s H# | ot 7 FRR 5 AR 2] SRR BRI HH
1 20181211 10:03-10:08 / \
2 20181211  10:43-10:46 / x
3 20181211 13:51-13:54 / \

4 20181211 16:07-16:13 / \
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7 20181213 14:57-15:00 15:03 \
8 20181213  16:09-16:16 16:17 \
9 20181214 07:15-07:23 07:15 \
10 20190325  07:26-07:34 07:15 J
1 20190325 13:39-13:47 / \
12 20190326  07:36-07:44 07:15 J
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16 20190327 10:55-11:03 / l \
||

17 20190327 13:57-14:04 /
18 20190328 07:04-07:09 07:15
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20 20190328 11:04-11:10
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Fig. 4 (a) Temperature and"(b) relative humidity obtained by SUAS (red dots) during 11-14 December 2018 shown
as a function of in situ observations (black line) at Baoshan station. Temperature and relative humidity data from
AWS are minutely. Measurements of SUAS here represent the means of the lowest 3 m of the profiles obtained

during the ascending portions of flights
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Fig. 6 Differences of (a) teggperature and (b) relative humidity measured by SUAS and radiosonde. The numbers in
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Fig. 7 Comparison of temperature profiles (0 - 200 m) measured by SUAS and radiosonde. SUAS flights were
started at (a) 0715 LST on 12; (b) 0717 LST on 13; (c) 1609 LST on 13 and (d) 0715 on 14 December in 2018
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Fig. 9 Comparison of temperature profiles (0 - 200 m) measured by sUAS and radiosonde. SUAS flights were

started at (a) 0726 LST on 25; (b) 0736 LST on 26; and (c) 0754 LST on 27 March 2019



253
254
255

256
257
258
259
260
261
262
263
264
265
266
267

200 . 200 f
180 :;gm i 180 %
160 - ' 160 '
1
140 | 140 :
1 -
120 ’ 120 ,~
E 4 / E /
i 100 i 100 !
fIT 80 \ IE 80t
\ ]
60 A 601 |
\
40 S 40
20 ! (a) 27 (b)
\
0 l\ O \\
70 80 90 100 70 80 90 100
RH!% RH!%
200 ¢ ; ’)
']
180 - ;
1
160 - :
140 | sl
'd
120 - ‘
£ !
£ 100 '
T 80 .
!
60 - \
40" d
! 1
20 \ \(C)
0 \
40 50 60 70
RH/%
v

9, WH A I B BR 2%

K1
/ 0 As in Fig. &/ but for relative humidity profiles
i

FEL R [ e B AN SR B %, 75 LI AR, 0 2018 442

2019 FHEFEKRS | FKEZ PR, IR INIGHRMIRL,
EINEERVOUNIE M, BT [F)h R R B B Bk TR DL AR SR, IRV T AL
RO GORIRIRS B2, DUBE ORI T B, BRI T0 AHLLE DRI EE DR 3 1 s 320 5 2 D T P
P EELWWT:

D BEANERMF IR ER CRUR AHXRED (H5 A BRI R Z RN, Gel
B b sz W A R R AR 2 U RS A R A T i b T AR R R R B PR AR A SRR AIE « & 2RI B0
], o AHLERIN BT IR AR S B Bl Bk P35 i 22 5-0.5 °CFI 4.9%:; HZEIR
B SUIIA] - I AATLARIN ARyt T =T AAAE XS 38 5 1~ 23 0 22 - 791 0 0.9 °CHI-5.9%.

2) T NHUER I P35 P JBE 48 5 4R 25 R 25 -0.75~1.26 °C,  Horbdth i (i 22 B ks MAXHE
FEERER S PR 1R 75-12.87~10.43%, i 22 B8 = FER AR E— DRI, TE AHLER

3 ZEIeH




268
269
270
271
272
273
274
275
276
277
278
279
280
281

282

283

284

285

286

287

B S5 RZ PR i 22, SRR BORRUR . 1B AR B AL B DI R, BCR IR R 2 1)
TUHRAHXS B /)N o

3) T AMLIAI 28 S HENS RN 0 i <5 A IR P T LA M IR ARSI, KPR R
TR (30 2 S5 K S Fs AR R AT ARG IR DN BE 70 » (BT ML It 10 5 JE A A 1) 5
WA Z 5 . HIERIT AN SR N 2 2257, W& TR K il 77 /= S5 1) 22
S A HELE S R G T L 45 A I TR Y AR AR AIE P S Bk

ARSCAE AR R DX R A TE NS, HARM BB ORE 5 NOAA I eS8 [X JT fie
M ABLRYE (Lee etal, 2019) #2, LRSI REM, IR DOT I BRI, fiE
ERAF I AR P (A I A2 R ARG P Rk, e v ik A S A R PTG

B U R R XA R R R GRS ITERWETERT R gL XIE . SERE.
BB LB AR TS ML R ARD R G

il RISt . PR T ST

k/A



288
289

290
291
292
293
294
295
296
297
298
299
300
301
302

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

320

321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

SR

FRJE, AFHL, EvkaK, 45, 2019. LRI — ke Ead R s O BUEAE IR FE[J]. R 44, 77(5): 835-848. Guo L C, Fu D
H, Wang Y W, et al. A numerical study of urbanization impacts on a snowfall event in Beijing area[J]. Acta Meteor Sin, 77(5):
835-848 (in Chinese).

), GEPR, EESE, 4 2009, FIHTEANERD & KRS TR RRHEN]. AR ¥R, 20(5): 579-585. Li Y, MaS Q,

Wang G R, et al, 2009. Characteristics of meteorological elements during typhoon Kalmaegi observed by unmanned aerial vehicle[J].
J Appl Meteor Sci, 20(5): 579-585 (in Chinese).

XUFRZR, TRAR, Sk, 4, 2014. 1978-2008 A4 T S 1k 5 M X AR AL W P15 BT[], A4, 40(1): 94-100. Liu W D,
Zhang B Z, You H L, et al, 2014. Preliminary analysis of urbanization effects on temperature change in Beijing during 1978-2008[J].
Meteor Mon, 40(1): 94-100 (in Chinese).

SEFIR, R, WEEL, 1997, BTN E KHURT WSS HT A D). PRS2 B4R, 20(2): 171-177. Ma S Q, Wang G, Pan Y,
1997. Experiments on robot craft sounding[J]. J Nanjing Inst Meteor, 20(2): 171-177 (in Chinese).

WD, FEYENE, S, 4%, 2020. RTTRRHIITHEREQN]. SRR, 78(3): 477-499. Miao S G, Jiang W M, Liang P, et al, 2020.
Advances in urban meteorology in China[J]. Acta Meteor Sin, 78(3): 477-499 (in Chinese).

50, &R, REF, F, 2011 EFREKTEEENE TR X RBUTEFN 5K AU ﬁ@&ﬁ%)&?ﬁ(ﬁw): 169-176.

A N
Shu Song, Yu Bai-lang, Wu Jian-ping, et al., 201 1. Methods for deriving urban buyt—up area using night-light

data:assessment and application [J]. Rem Sen Techno Appl, 26(2): 169-176 (in Chinese) A 4
Tk, BN, 2k, 45, 2020. i@ FIE AN ER IR BN B AT B H AR — Yk Z R SR N I 0] KA, ): 89-97.

Wang H B, Wu H, Li Y, et al, 2020. Validation of rotorcraft UAV boundary layefimet:
in a heavy fog event in Yancheng[J]. Meteor Mon, 46(1): 89-97 (in Chinese).
T, W, BRI, 4, 2019, MU RURE bR A S S KA BT [T, K, 45(@)n1262-157R X
2019. Observation analysis of the influence of surface wind on urban heat island in Shanghai[J]. Meteor Mon, 45(9): 1262-1277 (in

ation data and its application

,Zhang L, Qi L B, etal,

Chinese).

ERE, BEBL, B, 5, 2019. ST HAS RN i G
2019. Study of urban barrier effect on local typhoon precipitation r Mon, 45(11): 1611-1620 (in Chinese).

KBk, IR, BEIF, S 2011, B R = A IR R B AR B Ik T E SR BB, RRA, 31(4):
431-440. Zhang L, Yang X Q, Tang J P, et.a i atisland effect and its impact on atmospheric boundary
layer structure over Yangtze River Delta r¢ i J]. J Meteor S€, 31(4): 431-440 (in Chinese).

WRPRE, EBREE, FKE, 2, 2017, XS

. K%, 45(11): 1611-1620. Yue CJ, Tang Y Q, Gu W, et al,

HFETS, /EEE, 2018. M), 4, 44(11): 1471-1478. Zheng Z F, Ren G Y, 2018. Analysis

on atmospheric humi 0 urbanization in Beijing area[J]. Meteor Mon, 44(11): 1471-1478 (in Chinese).

PRI T #A Sy PR L R A R I BB [I]. KSR, 44(3): 657-678. Zhu L, Miao J F, Gao Y

Alaoui-Sosse S, P, et al, 2019. OVLI-TA: an unmanned aerial system for measuring profiles and turbulence in the
J]. Sensors, 19(3): 581.

Barbieri L, Kral ST, Bailey S C C, et al, 2019. Intercomparison of small unmanned aircraft system (suas) measurements for atmospheric

atmospheric bounda

science during the lapse-rate campaign[J]. Sensors, 19(9): 2179.

Fu X S, Yang X Q, Sun X G, 2019. Spatial and diurnal variations of summer hourly rainfall over three super city clusters in eastern china
and their possible link to the urbanization[J]. J Geophys Res, 124(10): 5445-5462.

Greene B R, Segales AR, Bell T M, et al, 2019. Environmental and sensor integration influences on temperature measurements by
rotary-wing unmanned aircraft systems[J]. Sensors, 19(6): 1470.

Grimmond C S B, Oke T R, 1999. Aerodynamic properties of urban areas derived from analysis of surface form[J]. J Appl Meteor, 38(9):
1262-1292.

Huang W J, Li J, Guo Q'Y, et al, 2017. A satellite-derived climatological analysis of urban heat island over shanghai during 2000-2013[J].
Remote Sens, 9(7): 641.

Imhoff M L, Lawrence W T, Elvidge C D, et al, 1997a. Using nighttime DMSP/OLS images of city lights to estimate the impact of urban
land use on soil resources in the United States[J]. Remote Sens Environ, 59(1): 105-117.

Imhoff M L, Lawrence W T, Stutzer D C, et al, 1997b. A technique for using composite DMSP/OLS “City Lights” satellite data to map



340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

371

urban area[J]. Remote Sens Environ, 61(3): 361-370.

Islam A, Houston A L, Shankar A, et al, 2019. Design and evaluation of sensor housing for boundary layer profiling using multirotors[J].
Sensors, 19(11): 2481.

Jacob J D, Chilson P B, Houston A L, et al, 2018. Considerations for atmospheric measurements with small unmanned aircraft systems[J].
Atmosphere, 9(7): 252.

Koch S E, Fengler M, Chilson P B, et al, 2018. On the use of unmanned aircraft for sampling mesoscale phenomena in the preconvective
boundary layer[J]. J Atmos Oceanic Technol, 35(11): 2265-2288.

Kotthaus S, Grimmond C S B, 2014a. Energy exchange in a dense urban environment — part I: temporal variability of long-term
observations in central london[J]. Urban Climate, 10: 261-280.

Kotthaus S, Grimmond C S B, 2014b. Energy exchange in a dense urban environment — part 11: impact of spatial heterogeneity of the
surface[J]. Urban Climate, 10: 281-307.

Kral ST, Reuder J, Vihma T, et al, 2018. Innovative strategies for observations in the arctic atmospheric boundary layer (isobar)—the
hailuoto 2017 campaign[J]. Atmosphere, 9(7): 268.

Lee T R, Buban M, Dumas E, et al, 2019. On the use of rotary-wing aircraft to sample near-surface thermodynamicdiglds: Results from

recent field campaigns[J]. Sensors, 19(1): 10.

Li D, Liao W L, Rigden A J, et al, 2019. Urban heat island: Aerodynamics or imperviousness?[J]. Sci Adv, 5,

Li ZQ, Song L L, Ma H, et al, 2018. Observed surface wind speed declining induced by urbanization in
50(3-4): 735-749.

Liang P, Ding Y H, 2017. The long-term variation of extreme heavy precipitation and its link to urbanizati shanghai during
1916-2014[J]. Adv Atmos Sci, 34(3): 321-334.

Martin S, Bange J, Beyrich F, 2011. Meteorological profiling of the lower troposphesgyusi
Meas Tech, 4(4): 705-716.

Rautenberg A, Graf M S, Wildmann N, et al, 2018. Reviewing wind measurement approal
Atmosphere, 9(11): 422.

Wang J, Yan Z W, 2016. Urbanization-related warming in local temperature records: a review[J]. 0s Oceanic Sci Lett, 9(2): 129-138.
Wang J, Yan Z W, Quan X W, et al, 2017. Urban warming in thi mmer heat wave in eastern China[J]. Climate Dyn, 48(9):
3015-3033.

Witte B M, Singler R F, Bailey S C C, 2017. Development of an unmanne I vehicle for the measurement of turbulence in the

.



