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Abstract

There is a cross-coupling effect between the vertical velocity and water-heat fluxes (sensible and latent
heat) of atmospheric turbulence. The functional form of the coupling coefficients can be deduced with
the help of the nonequilibrium thermodynamic theory and the Onsager reciprocity relation, but itlacks
universality depending on the different observation conditions. The applicability of the cross-coupling
coefficient function is verified and extended in this paper by using the meteorological and flux obser-
vation data from homogeneous farmland surfaces in the Yingke Oasis Station of the Heihe River Basin.
Based on the physical mechanism of velocity-water-heat flux coupling effect, a particle swarm optimi-
zation algorithm is introduced to improve the fitting accuracy of the coupling coefficients, and a more
reasonable empirical functional equation is established; using latent heat flux as an example, the dif-
ference in model accuracy before and after the coupling modification is assessed by comparing the
estimation of latent heat fluxes under the updraft/sinking airflow conditions with observations. It
is found that the systematic deviation between the estimated and observed heat fluxes under different
vertical motion conditions is reduced from 21% to 10% with the newly fitted coupling coefficients,
which reflects the importance of the vertical velocity coupling effect in the transport of water-heat
fluxes (particularly latent heat), and suggests that the consideration of the coupling term can signifi-
cantly improve the estimation performance of the actual turbulent fluxes over this homogeneous farm-
land surface. The validated and optimized cross-coupling coefficient model based on measured data
from this site is suitable for characterizing the observable and quantifiable vertical velocity coupling
mechanism in atmospheric turbulence over such surfaces. This provides a reference for a deeper un-
derstanding of the turbulent transport characteristics and improvement of the classical turbulence
parameterization scheme, as well as preliminary scientific guidance and methodological insights for
the study of turbulence coupling effects in complex environments such as plateaus or non-uniform
subsurface.
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Figure 1. Research framework flowchart
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Figure 2. Functional relationship between vertical velocity coupling coefficient K, (m . s’l) and dimensionless parame-
ter W/u. before (left) and after (right) removal (z= 10 m, > 0)
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Figure 3. Functional relationship between vertical velocity coupling coefficient X, (m 's") and dimensionless parame-
ter W/u, before (left) and after (right) removal (z =2 m, W <0)
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Table 1. Functional relationship between vertical velocity coupling coefficient K, (m . s") and dimensionless parameter

W/u, fitted using particle swarm optimization algorithm
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BH2E 1 Al 2, AR & B R BT NIRRT T, BREUE A RN N K, =g, exp(a* W /u)
AL FEFRERH PSO. o HHIFE z=10 m N—0.7, z=2m AN 1. HEEERNE, BRp2 HEz=10 m,
p2=-0.7;z=2 m, p2 = DB EERR T IR FERAAE M, 5 pl [EEMEE NN 2.8, wlReE K2R
FH £ DX N SRS AR X Y —,  (E S 7150 )2 AR AN 3, DR A P H A () P M 5 P i O
e Fe A0 A IR IR PT RE R AR B 22 5, B pl SR = 23 EFAE o PSO M AL AU & RS A 221 i) e B 33k %ot
OB E B IE, EFRETEE RN K& 5w &N SN AR E PR & RECS WA C & .

3.2. BEERE - BRBERSYNAISTIRLEHE

600

W>0, C=0.79 / w>0, C,,=0.90 /
R=0.996 * - A
500 so0 | RE0-944 / w*
/
400 —~ 400
9 |
£ g
£ 300 = 300
~ ~
' o
< 200 . ~ 200 .
100 100 C
L_CX ) ¥ y_ VWX
0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600

AE (W-m™?) AEAAE,(W-m™)

He B REBIEWEEAE, ) vs IWE(AE, ), REBIERARE = ¢ HE: MEBIEEMNEHE
(AE, +AE,) vs LME( AE,, ), EIERIAREE = C,,, -
Figure 4. Comparison of latent heat flux (W -m™) correction effects without (left) and with (right) consideration

of vertical velocity coupling effects under updraft conditions (> 0)

B 4. EASREEHTV> ORFEED)MEERGB BEREBEYLAEREE(W -m~ IEEBRILL

DOI: 10.12677/ag.2025.159124 1346 HOBRBL 2RI


https://doi.org/10.12677/ag.2025.159124

PUNTEZ S

PRI 2 A T T R R A KR T A B ) SR AE 22 S (6] 4 R 5)o B R FUR RN &
B, KPR AL S B B AE, ) S5 IR BN SO 1 OB R AE MM RNERZLN 0.79, HX R
R L 0.996; RIEL MK AUL FE TR L K BHS, HEHEABRIRNCN 1, KV Al S S A R K
DA RS ETUS, BARIZEEE R 0.90 AL 11%), HHEGTEAAME, (A R EKERIK, 7550
1 0.996 [£%2 0.944 (W> 0)F1 0.995 (W <0). AHXTI51 10T HHT 5 5 T 2000 55 k) AT 58 5 B0 & RN 1942
RS Vs AR B A B R

IEMEFEEAWI,, 52 AR AR &) N i PR 1 B A

600 600
W<0, C=0.79 /» W=<0, C,,=0.90
R=0.996 * R=0.995
500 ‘ 500
‘5\400 /r G400
z =
5 300 = 300
\GJ \ﬁ')
s3] e
< 200 . ~ 200
100 100
y=C y=C x
X ¥ vw
0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
AE (W-m™) AE HAAE (W-m?)

FEW: REIEMGFEAE(AE, ) vs MIE( AE, ), REBIEBIAREE = € A MERILEMHEE(AE, + AE, ) vs.

Figure 5. Comparison of latent heat flux (W -m™) correction effects without (left) and with (right) consideration of vertical
velocity coupllng effects under descendlng airflow condltlons (W< 0)

4. Emefnitie
AT 8 AT T 050 1 4

=G

BHNEEBRBEEW -m? ) IEIEMRIIEL

RN 208 R BN T EEH AR, 4 B sl Al S O Kodfs 5 5t

T2 MR PRWEBR RO AR S AR, PRV T B AR A RN A Ol A S i E . BRI

W R

1) AR E RN o 3 I 0F PR £ TAE v A AT S P AR R B, IARB B2 1R 5 IR/ BE A 55

5 ULIME PR PG R R 4R

w120 1%, FEIRTIAE BT A 2% 1 38 T 0 v Al B 2 1EAE AN

A2
2) WA B AL . R TSR T 3 AR BRSO B R W fu, (509 H AR A e
SPROAEEOG R o T B RS P LB R0, 6 2 m 15 10 m RAREA LLIRTBCR y 2.8, R AT

NG R MR BRI S = 2 R OR R

3) MBS SRR . SEIG X HIE AR 4H T B —,
RUSLAEAN[F] e FE L F) A 25 72 SRR ALE

B, REWBME
5 RN o

K

B 00 00 1) 2

AR

i B AE B R IR ST T BT 4 N A

4) XU EIR RIS SRR AT — R EENE 7 R Ui AP 2 387 A B8 v 58 T 7Kk

DOI: 10.12677/ag.2025.159124

1347

HEREF A HT AT


https://doi.org/10.12677/ag.2025.159124

PUNTEZ S

AR G RN S AR R R e TS DN B R PR R 5 XIUNUR AR S A, R £ 080 (13 3 1 A P 147
i S0 Bl UE S A 78 S S E .

Eﬂ%ﬁ%%#ﬁ@?ﬂﬁﬁﬁ%%%ﬁﬁﬁm,#ﬁ%ﬁ@%ﬁ%ﬁ&*%ﬁwﬁﬁiﬁﬁLﬁ
B R0SE R B Al BB IENV AN R . B DAL, B R SINGRS . MERIEEE . R R A
ZACEHATARG M, MR SR O P B A S AR [26] Lﬁﬁﬁﬁﬁ@ﬁ%ﬁ%&%%%ﬁ%mﬁ
I3 AT AT LA BAE IE DA 06 pR K HLER 22 ST SEVE T2 R AR & R AR [27], ot - S E AR T
PRBESCRR o AT TR W) 3 LI P 5 R0 A v Gl B A v B LR A . AR ER IR 5 SR P
R RAB IEF AT S T L 257, (BRI XI5 2% P (97 e BL R AU B AR A 5 i
AT, T FLIE L R G RN SO IR T Al B RO LR 5 1. BARASHT 5T AT P BN
WAIE 1 3 FUE AR S RN B IERCR, BT AR SR BB (A1), ZAR S L] FRE A T/
IR (H). AR TORAE R AGE R BN MR TE, B PRz B e & . MR
B S RIIF IR R — 7, WA RS W A I LEE . REE P A R SRR R BRI UG,
WA B2 () S8 5 BB A AU S Atk 52 38 MR AL BRI R 1) o

S
B RIE T B K e R REE W F 7 (http://data.tpde.ac.cn).
HEemE

ZRURIHE - U AP B UG S0 5 2024 SETFIGE IR BL2024Y - 1) RIMILIE A #0874 240 2
FHERF LI H (24G093) %5 8 .

SE

[11 Hu, Y. and Chen, J. (2009) Nonequilibrium Thermodynamic Theory of Atmospheric Turbulence. In: Lang, P.R. and Lom-

bargo, F.S., Eds., Atmospheric Turbulence, Meteorological Modeling and Aerodynamics, Nova Science Publishers, 59-
110.

[2] Wu, W. and Wang, J. (2020) Nonequilibrium Thermodynamics of Turbulence and Stochastic Fluid Systems. New Jour-
nal of Physics, 22, Article ID: 113017. https://doi.org/10.1088/1367-2630/abc7d2

[3]1 FHBRHE, ZoubHE. SRS A T AR SR I 2E D). mR A, 2004(2): 132-138.
[4] ZABGE, SHRHE. IEIRAE R AR M S B T]. HhERYEE 2E3], 2005(6): 20-24.

[S1 Chen,J., Hu, Y., Lii, S. and Yu, Y. (2013) Experimental Demonstration of the Coupling Effect of Vertical Velocity on
Latent Heat Flux. Science China Earth Sciences, 56, 684-692. https://doi.org/10.1007/s11430-012-4574-1

[6] Chen,J., Hu, Y. and Zhang, L. (2007) Principle of Cross Coupling between Vertical Heat Turbulent Transport and Vertical
Velocity and Determination of Cross Coupling Coefficient. Advances in Atmospheric Sciences, 24, 89-100.
https://doi.org/10.1007/s00376-007-0089-7

[71 Muschik, W. (1993) Fundamentals of Nonequilibrium Thermodynamics. In: Non-Equilibrium Thermodynamics with Ap-
plication to Solids: Dedicated to the Memory of Professor Theodor Lehmann, Springer, 1-63.

[8] Karasewicz, M., Wactawczyk, M., Ortiz-Amezcua, P., Janicka, L., Poczta, P., Kassar Borges, C., ef al. (2024) Investigation
of Non-Equilibrium Turbulence Decay in the Atmospheric Boundary Layer Using Doppler Lidar Measurements. A¢tmos-
pheric Chemistry and Physics, 24, 13231-13251. https://doi.org/10.5194/acp-24-13231-2024

[9] Obligado, M. and Vassilicos, J.C. (2019) The Non-Equilibrium Part of the Inertial Range in Decaying Homogeneous Tur-
bulence. Europhysics Letters, 127, Article 64004. https://doi.org/10.1209/0295-5075/127/64004

[10] Steiros, K. (2022) Balanced Nonstationary Turbulence. Physical Review E, 105, Article ID: 035109.
https://doi.org/10.1103/physreve.105.035109

[11] Steiros, K. (2022) Turbulence near Initial Conditions. Physical Review Fluids, 7, Article ID: 104607.
https://doi.org/10.1103/physrevfluids.7.104607

[12] Li, P. and Wang, Z.H. (2020) A Nonequilibrium Thermodynamic Approach for Surface Energy Balance Closure. Geophysical

DOI: 10.12677/ag.2025.159124 1348 HOBRBL 2RI


https://doi.org/10.12677/ag.2025.159124
http://data.tpdc.ac.cn/
https://doi.org/10.1088/1367-2630/abc7d2
https://doi.org/10.1007/s11430-012-4574-1
https://doi.org/10.1007/s00376-007-0089-7
https://doi.org/10.5194/acp-24-13231-2024
https://doi.org/10.1209/0295-5075/127/64004
https://doi.org/10.1103/physreve.105.035109
https://doi.org/10.1103/physrevfluids.7.104607

PUNTEZ S

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]
[26]

[27]

Research Letters, 47, €2019GL085835. https://doi.org/10.1029/2019g1085835

Bowen, P. and Thuburn, J. (2022) Consistent and Flexible Thermodynamics in Atmospheric Models Using Internal Energy
as a Thermodynamic Potential. Part I: Equilibrium Regime. Quarterly Journal of the Royal Meteorological Society, 148,
3730-3755. https://doi.org/10.1002/qj.4385

Nilsson, E., Lohou, F., Lothon, M., Pardyjak, E., Mahrt, L. and Darbieu, C. (2016) Turbulence Kinetic Energy Budget during
the Afternoon Transition—Part 1: Observed Surface TKE Budget and Boundary Layer Description for 10 Intensive Obser-
vation Period Days. Atmospheric Chemistry and Physics, 16, 8849-8872. https://doi.org/10.5194/acp-16-8849-2016
Schroder, M., Bitge, T., Bodenschatz, E., Wilczek, M. and Bagheri, G. (2024) Estimating the Turbulent Kinetic Energy
Dissipation Rate from One-Dimensional Velocity Measurements in Time. Atmospheric Measurement Techniques, 17, 627-
657. https://doi.org/10.5194/amt-17-627-2024

Huang, Y.N. and Durst, F. (2001) A Note on Thermodynamic Restriction on Turbulence Modelling. International Journal
of Heat and Fluid Flow, 22, 495-499. https://doi.org/10.1016/s0142-727x(01)00118-7

Wactawczyk, M., Gozingan, A.S., Nzotungishaka, J., Mohammadi, M. and P. Malinowski, S. (2020) Comparison of Dif-
ferent Techniques to Calculate Properties of Atmospheric Turbulence from Low-Resolution Data. Atmosphere, 11, Ar-
ticle 199. https://doi.org/10.3390/atmos11020199

Vassilicos, J.C. (2015) Dissipation in Turbulent Flows. Annual Review of Fluid Mechanics, 47, 95-114.
https://doi.org/10.1146/annurev-fluid-010814-014637

Launder, B.E. and Sharma, B.I. (1974) Application of the Energy-Dissipation Model of Turbulence to the Calculation of
Flow near a Spinning Disc. Letters in Heat and Mass Transfer, 1, 131-137.
https://doi.org/10.1016/0094-4548(74)90150-7

Wactawczyk, M., Nowak, J.L., Siebert, H. and Malinowski, S.P. (2022) Detecting Nonequilibrium States in Atmospheric
Turbulence. Journal of the Atmospheric Sciences, 79, 2757-2772. https://doi.org/10.1175/jas-d-22-0028.1

T, P, , G BRI R R —— WE 2R B B b5l . KBRS 2E SR,
T, SUIE, &, 5F W] VA 58 R Uk M TR [ 25 R 06 BF o HAs 50 77 0], s ERL dt fe
2008(9): 897-914.

Wulfmeyer, V., Senff, C., Spéth, F., et al. (2023) Profiling the Molecular Destruction Rates of Temperature and Humidity
as Well as the Turbulent Kinetic Energy Dissipation in the Convective Boundary Layer. Atmospheric Measurement Tech-
niques Discussions, 2023, 1-47.

Luce, H. and Yabuki, M. (2025) Turbulence Kinetic Energy Dissipation Rate Estimated from a Windcube Doppler Lidar

and the LQ7 1.3 GHz Radar Wind Profiler in the Convective Boundary Layer. Atmospheric Measurement Techniques, 18,
1193-1208. https://doi.org/10.5194/amt-18-1193-2025

g, MRk, SEE, % BRGEA R AR BRNE X GRS CE BEIRE[Z). BRI
iy, 2015.
2, AN, AEMhOT. RIS A IR B AR R B A )], IBIEER 5 RL AT, 2010, 25(6): 761-765.

Xian, J., Lu, C., Lin, X., Yang, H., Zhang, N. and Zhang, L. (2024) Directly Measuring the Power-Law Exponent and
Kinetic Energy of Atmospheric Turbulence Using Coherent Doppler Wind Lidar. Atmospheric Measurement Techniques,
17, 1837-1850. https://doi.org/10.5194/amt-17-1837-2024

Ortiz-Amezcua, P., Andjar-Maqueda, J., Manninen, A.J., Pentikdinen, P., O’Connor, E.J., Stachlewska, L.S., et al. (2022)
Dynamics of the Atmospheric Boundary Layer over Two Middle-Latitude Rural Sites with Doppler Lidar. Atmospheric
Research, 280, Article ID: 106434, https://doi.org/10.1016/j.atmosres.2022.106434

DOI: 10.12677/ag.2025.159124 1349 HOBRBL 2RI


https://doi.org/10.12677/ag.2025.159124
https://doi.org/10.1029/2019gl085835
https://doi.org/10.1002/qj.4385
https://doi.org/10.5194/acp-16-8849-2016
https://doi.org/10.5194/amt-17-627-2024
https://doi.org/10.1016/s0142-727x(01)00118-7
https://doi.org/10.3390/atmos11020199
https://doi.org/10.1146/annurev-fluid-010814-014637
https://doi.org/10.1016/0094-4548(74)90150-7
https://doi.org/10.1175/jas-d-22-0028.1
https://doi.org/10.5194/amt-18-1193-2025
https://doi.org/10.5194/amt-17-1837-2024
https://doi.org/10.1016/j.atmosres.2022.106434

	大气湍流非平衡态的垂直速度–热通量耦合效应：观测验证与模型优化
	摘  要
	关键词
	Vertical Velocity-Heat Flux Coupling Effects in Nonequilibrium Atmospheric Turbulence: Observational Validation and Model Optimization
	Abstract
	Keywords
	1. 引言
	2. 实验方法
	2.1. 实验站场
	2.2. 垂直速度–热通量的耦合关系
	2.3. 垂直速度–热通量的耦合效应验证

	3. 结果分析
	3.1. 垂直速度–热通量的耦合关系验证
	3.2. 垂直速度–潜热通量耦合效应的实验验证

	4. 结论和讨论
	致  谢
	基金项目
	参考文献

