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Abstract: In order to study the turbulence characteristics of boundary layer and its
effects on the transport of momentum, heat and water vapour in the Source Region of
the Yellow River (SRYR), northeast of the Tibetan Plateau, large eddy simulations are
performed for the first time to investigate the fine structure of turbulence in the
convective boundary layer (CBL) over two different underlying surfaces (grassland
and lake) in the SRYR. The GPS soundings and eddy covariance data observed during
a field experiment in the Ngoring Lake Basin in summer 2012 are used. It shows that
the averaged structure of CBLs over the grassland and lake is in good agreement with
the observations, but the characteristics of the turbulence structure over both surfaces
are in large differences. The budget of turbulence energy, spatial-temporal distribution
of turbulent properties and the structural feature of turbulent eddies above the
grassland are consistent with the thermal-driven CBL over the land. The organized
convective rolls presented on the top of the CBL over the lake. There is larger
turbulence intensity at the top of CBL over the lake due to the strong entrainment,
while the same thing occurs in the surface layer over the grassland. It is found that the
simulated results are sensitive to the horizontal resolution over both surfaces. The

higher horizontal resolution applied over the lake helps to improve the accuracy in the



simulation of turbulent kinetic energy and turbulent fluxes of the surface layer and the
entrainment layer, and the contributions of various scale’s waves to turbulent fluxes
are fully simulated as well. The grid spacings of 100 m-200 m are recommended to
simulate the fine turbulence structure over the grassland if the simulated time is
considered.

Keywords: the Source Region of the Yellow River, convective boundary layer,

turbulence structure, large eddy simulation, horizontal resolution

][l

1 3]

VER NS TE RN A P72 16 30 27 Pl B KA 52 Mk —R A (R P o A e
BARIAINFR, ZHUERR MM (5K58, 2003; XI#EE4E, 2013; Zhang et
al., 2018) . I AE R E ) F R, fEH R FJE B ORAA R IAE
. AR AR AR e T EE A (Gousseau et al., 2012; Liang et
al., 2014) . HARFHAFEZ MBI R, AR RS RS,
BEE . KA A S AN B IE AN A, ©A 1R 22 243 R A WL AN S B B0l 1R 56
T IR Rkt AT o3kl . FRBET2. YD Eak. miRKRiA
FHJ= i, BN Yue etal. (2015) %3 - ey Ji S % R WA 7045 21 B R ANES
SE SRR IR D1 RID) AR L [F AR P AR IR A BE, T U AR A A ) AR i A ) 3 B AL
il RIS (2014) FIFH WRF BE4045 21 5 22 [0 PF 5 MRy B R 2 i I 7408
BEEFUREKE, (ARIETRELRER BN KRR Z . 4, iK% (2017)
RIS B % 25 A Wik —=ORH LA I 9 A0 DGR 2 1) R, i e Rk R AL 38190 ol 6 b
DX AT WL 7894 FE IR N T R~ A AL 1) B I 0t DX ek A= A5 A8 A [ s e 42
BES2, TR IH E VE 2 T 4 R B S~ 10 45 () R PR AT 7 3R (R Rt . A
SIF T AR A B S8 AR LTI T A . SR AR A e R 8, 6K (Xiao
etal., 2013) . FH#FH (Lietal, 2016) . 94 (Wangetal., 2017) ZE59H
i FIF R, I A R T B E W AL S R Hh R T AR B 2 2 =

PeRR g “ TR 1T s SR DX SR A BRORUBE (1 R SRS B LY
m (SEEMESE, 2004, REEESE, 2016) , SEEKSIAREFZ AT (Chen et
al., 2016; Xu et al., 2016) , [fij = BRXT KT TT L B AT 32 22 I8 I T i 4
ATV SR RSB LI GO IS, 20160 o H 1979 58— IR H i
KABFHRIG )G, 1998 EEFRMIZ . Ay TEH T T8 ZIkE s RS
BReEREe, IR 70w EA R XK S IS ZRHERAR (X065, 20005 B



PE4%, 2001; ZE9i4%, 2009) , HE—DIGUE T AN A HL X B R R LR
G ik 5h 77 2 5% 5 E 2 1A)39 £ Monin-Obukhov FHAFE IS 1) “1/3 R 7 @/ (F
MARAE, 2001; SHREHIEE, 2002; REEF, 2013; MENAREE, 2017) o /RN
VP22 32 BRI A R H ) s SR A AR A “ KIS , B Anda T 2 oK)
A% 40 (Qiu and Jane, 2008) , K2 37%FH iy i I AR A& # i VA 78 75 10 .
fagiit, FHm R 32,843 NMHNH, A IREEIH S HH) 50%, o E KRG
ST AL 75%, AR _EXHR = MR K 3RS R A 344 T 38 KR & 1F
(Biermann et al., 2014; Wang et al., 2017) . VA2 1A K 8] ) BE B /K A% 4
e 1 1 et o N 1 P Ve S5 5 i =79 Y & B T o =N W 1 Bk i p e TRV A

2014; Wang et al., 2015) i 50t PR S8 ) 4R A EE 90 1 i i a0 HL SR AT, ]
FERLER A e AT AR AY s PRSETRIGK T (2019) X 5 R 5 2 2 70 4 19 1 W
DURFF 72 45 S 2 B 3 A 0T #4  FR0 R0 2 2 R s /6 T 71 I AR U (E ol I e
e, BEHE T BRATIR AN [ XK A 52 5 40 DL e S B R v 5 2 M 3l
b2 Vi YRR AE R A AR A A

FAPRIX (SRYR) MU im AR AL EE, BimfL 1.22x10° km?, i
KR BB X, R TR AR S TR B X SR 3 3 X, TR 2
A2 R, RARSDREVFRMBE XS (FEEY%, 2012a; 58 B
7, 20125 JENGSE, 2013) o SRR THIFNFL R W SR X PR AN B K I (Wen
etal., 2015) , 1976-2014 4 [a] BRI T AR B S B 46 59 Tk IR0 I 7 (BOK R4S,
2015) , WHIASE K GEIRLE N BIZAR A0S X3 22 TR B IX R K L K SCRIAE RS R4t
HRIEAEIR KB (Mudassar et al., 2018) . I THIIEE A4S RGN, i
PRIX 5 A ERSEARAA7 BURE, DF AR BAYRIX [ 20 tHh4d 50 AR DLRF 15 DA
10 4F EF 0.3 CHIEARLL, BaBRFIKF I =% (Mudassar et al., 2018) ,
A SRR VKB s (52004, 2018) , AR, KA LRk,
R, TRk (B R, 2004) 25— RAVESHEINIRL. HIEAN
BT 512 DX 3 B R T T 25 KA TR 0 5 R e it A o () R, ) T BERAA 1%
by DX A S PR BRI K B 5 52 S AR AR LSS AR G R Ry SR e e A B . IR AR
K, EWNEHETFR AR P CRBRBIRIFLIERETD M X K Tt 2 T i A
(AR 78 TAE, RS (2012b) @it 404 2010 42 5 2= 50 B i1 b X 50 A )
ORI, BV X Tk LAE RO 3 ERESE (2013) FIH 2010 4 6-7 H
S0 I 0 B AR (14 3T 2 U I S R B, SR I IX (R R A R, Y HE
HE S, R R HIEHGEE R Lietal. (2015) i is 2R 1 HE X AR TG UK
SRR BRI T8I, AE LI A A K38 0 s Bl T 7K I e =GR, i ot T



AR 28 0N IE, T B2 2 R L 4ERF ANRGE JZ 4 o IS I FE iR 1 3K
AITXF SRYR M AN _FJ2= KRR R AN K 73 S B BRI R, SR T K<L 5 = i
PERIRE— W FC 52 IR T v i 25 0 A SR sk =, F AT SR sk 11X
SRYR K/ FJZ it 45 A6 A R AL T 7, JCHGZ 8RO X SRYR KARIL =
PRSI PR TR 2XFH iR B2 B X T i ZKIRR B B S W) B R 20 AT S R FRR NI A . 5
RN, X SRYR R MR A AMURE N = FR AR B #E SRYR
¥ BE B o i i R AT S B LER A 7 5 5 S A, 3 RO 20 SOt AR 5
AR5 T i B E A RSB T RIREE RIS %

XA A0 45 R B 0 B, AT A SE AR S R A T2 i R SRS A AL (5K amAn A
Bk, 2001) , KiBidl (LES) (EANEH 2 fmift R ks i HAT IR %5 . A
TR RIS 75 3%, DA il DX A 8 Sl R 9 1 557, 70 90 0 R
AR CRATEED _EXFRA SR (CBL) MIS5H ., SACKRHE A mif b
HHEE A RFAEBEAT AL AT 7T o 3T SO A KT 70 R U ik s, 20 AN FRR
JEE By s 0 P A AN TR BT | CBL [ BE DTk S X i BE AT QDA K P B
2 18] 73 AT RN, 3 VAN R RUBEE R ROR i i S DOk, JF 4 7 R A
A CBL IR AR e FE il Ay I AL AT sl RegA 5 Jmidt—2
T Je SR IX AR 2R 3 i b R 5= i At D IR 2 2 A R S FL R 400 o A g
EAIE I IR Bt S .

2 KimtRA R FERINTE

ASAE AR A e ] SRR R X (Large Eddy Model (LEM) Version
2.4 (Grayetal., 2001) ) o ‘B0 T BLE )2 i RS R = R i)
R o e RBP4 BUE A EARSCRIRR S, KT R
FH SR WA A, 2 T ) K PR o vy B A A () sk it s o 7K O Il B4R, X 38l 10
km 10 km, FRAERLS T KF MRS EE Y 50 m; AR m EECH 6 km, T BT ) &
NS BELE ST HI T, 292 1.1 m, MBEUR R 2 km s 8 1) B K T B PR A2 64.8 m.
BB S AR AR, R E AR NI B o R AR TTON E ik
(SRR, ERR B R TTRZ) 2/3 (3500 m) (¥ e B T AR E Je i 2 «
2 3R 10 2640 2 EBAHBLER 1S 1Y) Businger-Dyer /7245 . RIIE )
IR A% R TR S FH ) 72 Smagorinsky-Lilly 75 % (Brown et al., 1994) .

AR SCASE FH B Bk 2012 4 B 2= g Y DX 50 B i S ek BT 40 0 N S 56 A 1)
R o 70 DX I BRI RO s i B an Pl 1 (51 H Lietal. (2017) ) Fiow
UL 35t 3 ) SR 0 o A G 2 4 (PR P RS (TSD 5 BEAT WR Bl AH I I (1) 50 i



TP JEEEITE (LS Wb AT SR B Mt 5 (GS) Il FRFAR IR 2SI A 780
P (TS BED JhRE, 7 A2 AR i a7 =, AEdROR I B 5
BRI LLZR 30 km A 22 SR G (MDD BEAT 17 [RI 2 4825 W0 o A5 S B9 2 2012
FTH28HETH3I HEZSZE (MD) M7 H 23 HE 8 H 1 HFSRRMIF
B (TS BHED FIERZS TR L & 2012 4F 7 F S8R i AL 3BT (35.026N,
97.652F) | SRR R E M (34.913N, 97.553F) {14 I 55 H b I B WL
B PRSI S . R A K i B TR BT A1 footprint 73 AT IE AL PR AR E
/2480, Lietal. (2015) Al Lietal. (2017) . 7 A 28 HAl 29 H¥AIE S KA,
BERE 3 h BRI — IRIRAAX, BRI T A3 BRI SR BT, R A G B H ARy
HZWE R e Bl 2012 45 7 H 29 H 6:30 (4 3CRAIMTT I, b5t =
T +15 0D HZ ARG LA 7 A 28 H 18:30 SREEIATE & Chf LI H L)
R FTAFALMR - 7K RGE . Cu A1 v) - PR B RS R 2 70 il VR v R R 5 4
(1)) T AR DA T8 B BT R g, SRR e AL BRI (LS 00 safi A1 [ V81 1 2
(GSD 3 Fy b 2 At B BX Al KA o B iR b AU I 75 0 46 e 21 1)
REALIR EEIR BA R KPR BR 2o ) EFE I 2¢ A 2d g it 534h, R s AT
R G I DL S oS A D)AE B ECMWF (BRI IR S TR 00D 1 1° X1°
BT R RS R], M RGHEA 3O dug/dz= (ug-Ue)/(z-20), dvgldz=(vg-Vo)/(z-2o),
Horp B DL ST T 2R 2o v FE AL B R L RN uo, Vo, TUFHETH z 1 B2 bt %
KR Ug, Vgo BEABEAURTEISY 12 h, 1B BEFE 0.5 h 4t — s .«
K1 fiH LandSat #ods 2 It 7 X 38 DR SR, B rh 3 T B AR T B2 W s A & .
WA (LS) MEHE, (GS) MEmiEE . Mt EMirfE KRR, TR
WSS (TS) MWEFRAER TR E RERIRA] 2 RE AR ESE) « 2 R0 (MD)
e EAR R E RS (B 151H Lietal. (2017) HHIE 10
Fig. 1 Map of the study area using Landsat data, with the location of the observation stations
marked by yellow stars. Turbulent fluxes, radiation components and standard atmospheric
variables were measured at LS and grassland station (GS). At the tower station (TS), the standard
atmospheric variables (wind speed and wind direction, air temperature, relative humidity, etc.)

were observed at five levels. Madoi station (MD) is a fixed meteorological observatory of the

China Meteorological Administration (Fig. 1 is quoted from the Fig. 1c of Li et al. (2017))
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Table 1 Horizontal grid spacings and grid points in sensitivity numerical tests with different

horizontal resolutions
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Fig. 2 The change of virtual potential temperature of grassland (a) and lake surface (b) with

height. Solid lines and dashed lines show the observations and simulations of the day over

grassland (RG50) (a) and night over lake (RL50) (b). The initial profiles of potential temperature,

specific humidity and horizontal wind over grassland and lake are shown in (c) and (d),

respectively
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Fig. 3 Simulated horizontal distribution of vertical velocity (m s™) above grassland at 15:30 at
heights of (a) 0.3zi, (b) 0.5zi, (c) 0.7zi, and (d) 1.0zi from RG50 and which above the lake at 03:30
from RL50 (e, f, g, h)
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buoyancy term B; dotted line, shear production term S; dashed line, dissipative term D; dot/dash

line, turbulent transport term T and pressure transport term P
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Fig. 5 Dimensionless turbulence statistics above grassland at 15:30 from test RG50 and above
the lake at 03:30 from test RL50. Shown are the profiles of (a) u variance, (b) v variance, (c) w
variance and (d) 6 variance profile
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Fig. 6 Virtual potential temperatures in the mixed layer above (a) grassland at 15:30 and above
(b) lake at 03:30 from tests with horizontal grid spacing of 50, 100, 200 and 500 m
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Fig. 7 \ertical profiles of buoyancy flux (b, d) and the shear production term (a, ¢) in the mixed
layer above grassland (a, b) at 15:30 and above the lake (c, d) at 03:30 from tests with horizontal

grid spacing of 50, 100, 200 and 500 m. The resolved and sub-grid results are presented in solid

lines and dashed lines, respectively
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Fig. 8 The instantaneous y-z cross section of the vertical velocity (m s™) at 15:30 above the
grassland from tests (a) RG50, (b) RG100, (c) RG200 and (d) RG500 and which at 03:30 above
the lake from tests () RL50, (f) RL100, (g) RL200 and (h) RL500, respectively
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Fig. 9 The PDFs of vertical velocity (a, d, g), potential temperature (b, e, h) and water vapor

mixing ratio (c, f, i) above grassland from test RG50, RG100, RG200 and RG500. All are at 15:30
and from z=0.3zi (g, h, i), z=0.7zi (d, e, f) and z=1.0zi (a, b, ¢)
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Fig. 10 Same as Fig. 9 but for the lake at 03:30 from test RL50, RL100, RL200 and RL500
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Fig. 11 Turbulent stress (a, €), turbulent kinetic energy (b, f), heat flux (c, g) and water vapor

flux (d. h) for daytime grassland (a, b, ¢, d) and nighttime lakes (e, f, g, h) from simulations

(height: 3.5 m) and observations (height: 3.2 m), respectively
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Fig. 12 Ogives of boundary layer fluxes at 15:30 over grassland and at 03:30 over lake from

different resolution runs. Heat fluxes are shown in a, ¢, €, g and water vapor fluxes in b, d, f, h,

respectively
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Fig. 1 Map of the study area using Landsat data, with the location of the observation stations
marked by yellow stars. Turbulent fluxes, radiation components and standard atmospheric
variables were measured at LS and grassland station (GS). At the tower station (TS), the standard
atmospheric variables (wind speed and wind direction, air temperature, relative humidity, etc.)
were observed at five levels. Madoi station (MD) is a fixed meteorological observatory of the
China Meteorological Administration (Fig. 1 is quoted from the Fig. 1c of Li et al. (2017))
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Fig. 2 The change of virtual potential temperature of grassland (a) and lake surface (b) with
height. Solid lines and dashed lines show the observations and simulations of the day over
grassland (RG50) (a) and night over lake (RL50) (b). The initial profiles of potential temperature,
specific humidity and horizontal wind over grassland and lake are shown in (c) and (d),

respectively
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Fig. 6 Virtual potential temperatures in the mixed layer above (a) grassland at 15:30 and above
(b) lake at 03:30 from tests with horizontal grid spacing of 50, 100, 200 and 500 m
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Fig. 10 Same as Fig. 9 but for the lake at 03:30 from test RL50, RL100, RL200 and RL500
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Fig. 11 Turbulent stress (a, €), turbulent kinetic energy (b, f), heat flux (c, g) and water vapor
flux (d. h) for daytime grassland (a, b, c, d) and nighttime lakes (e, f, g, h) from simulations
(height: 3.5 m) and observations (height: 3.2 m), respectively
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Fig. 12 Ogives of boundary layer fluxes at 15:30 over grassland and at 03:30 over lake from
different resolution runs. Heat fluxes are shown in a, c, e, g and water vapor fluxes in b, d, f, h,

respectively



