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Abstract; Surface energy imbalance not only imposes constraints on the application of eddy covariance observations in
research on land surface 'model development and evaluation, but also creates uncertainty regarding measurements of long-
term net ecosystem CO, exchange. Lakes are a main component of the climate system and their surface energy balance is the
dominant driver of biophysical and biogeochemical processes in lake ecosystems. In this study, observations of energy
fluxes, radiation components, micrometeorological conditions, and water temperature profile were used to investigate the
energy balance closure of Lake Taihu on different temporal scales (e.g., hourly, daily, and monthly). Energy balance
closure was evaluated by linear regression of turbulent energy fluxes ( sensible heat flux plus latent heat flux) against
available energy (net radiation minus heat storage in water volume) and by calculating the energy balance ratio, the ratio of

turbulent heat fluxes to available energy. Furthermore, the effects of three mechanisms—the stability of boundary layer
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atmosphere, friction velocity, and lake-breeze—on energy imbalance were analyzed quantitatively. The results showed that
the heat storage in lake water volume had a diurnal variation similar to that of net radiation with comparable magnitudes,
reaching a maximum at noontime. Both the sensible and latent heat flux showed much smaller diurnal variations and peaked
in the morning and afternoon, respectively. Energy balance closure was observed at only 0.59 for the smooth Lake Taihu
with half-hour averages, but increased to 0.73 using daily averages. Compared to land observations, there was less obvious
diurnal variation in energy balance closure at Lake Taihu due to its aerodynamically smoother surface. Throughout the year,
energy balance showed an obvious deficit during the warming months but perfect closure during the winter months«-At an
annual scale, the energy imbalance was 27% , which is comparable to values reported from eddy covariance observations on
land and a few field surveys of lakes. The energy balance closure significantly improved with friction velocity during both
daytime and nighttime, which indicates that mechanical turbulence is the main constraint on energy balance/at Lake Taihu.
The energy balance closure was approximately 0.7 for less unstable conditions ( atmospheric stability parameter — —0.1) ,
but was only 0.4 for very unstable conditions ( atmospheric stability parameter — —1.5). Our resulis indicated that the
poorer closure for very unstable conditions compared with less unstable conditions was due to‘reduced friction velocity ( from
0.25 to 0.1). Although lake-breeze reduced the energy balance closure by 0.1 on an hourly scalesthis was indiscernible on
a daily scale. In addition, large-scale atmospheric motion, the stratification of lake water, and the source area mismatch
between turbulent heat fluxes and available energy also contributed to the observed energy imbalance at Lake Taihu.
Cospectra analysis showed that large-scale atmospheric motion was obvious. at Lake Taihu, particularly during stable
conditions, which may be filtered by a half-hour block average. Good ‘energy balance closure was achieved when water
thermal convection occurred with a 100 cm depth water temperature higher than that at 20 cm depth. The footprint of
turbulent heat fluxes was much larger than that for available energy, and also varied with atmospheric stability and surface

roughness. However, it is difficult to qualify the energy imbalance resulting from footprint mismatch.
Key Words: Lake Taihu; energy imbalance; eddy covariance; turbulence exchange; atmospheric stability
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Fig.2 Monthly mean diurnal composite of energy balance components in 2012 at the BFG site( modified from reference of [49])
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BATFE FERAMRIRIX . BFG B AN ZPE RN R S(0.64) i T H RS H (0.55)  {HEER V-4 [ EBR
HILE R G 0.04 3 5 1A EEE X GH H AR IS A O (18 4) o Bl Az 25 52 e 7e 4 1] EE 482 XU /s (]
4) B i & AN T4, FLRE B DA A R I AT LR AR 25 SR e SR A, GIR R, BFG B RE R
PG B R AE I B R P PERT (0,04 < ¢ < 0.04) , RAATRER (£ < -0.04) Ja i, RAFEER(L >
0.04) Fe/hh o AU RAMIATRE 5 nl i — 20 & e 23Rk BFG i iR & P16 B, FERf A 2 R 40 EC UL H 4
KRBT % —g s

®1 FARRE ASBEEMERBSEHT BFG i/ WNENEEE A ST

Table 1 Energy balance statistics on the 30 minutes scale at the BFG site for different combination of wind direction, atmospheric stability

and time

15 —— zwuwz N %ﬁﬂﬂ«ﬁﬂg I fgi P L% *ﬁa‘é%?ﬂt R
Data group Sample size Linear regression Llne.ar regressions._/Energy l?alance cone}gtlon

slope intercept ratio coefficient

LB AlL the data 13811 0.59+0.01 19.79+0.76 0.80 0.57
135°—315° &[] Wind direction within 135°—315° 6602 0.54+0.01 21.91+1.12 0.74 0.57
FasE (¢ > 0.04) Stable (£ > 0.04) 3481 0.48+0.01 14.53+0.95 0.68 0.56
FPE(-0.04 < ¢ = 0.04) Neutral (0.4 < ¢ = 0.04) 2546 0.6740.02 24.21+2.27 0.88 0.64
AR (L < -0.04) Unstable (¢ < —0.04) 7646 0.58+0.01 21.84+1.10 0.81 0.52
HX(R,> 0) Daytime (R,> 0) 6092 0.55+0.01 28.89+1.22 0.82 0.54
(R, < 0) Nighttime (R, < 0) 7674 0.640.01 11.92+0.98 0.78 0.60

H KA Stable conditions during daytime 1780 0.49+0.02 15.50+1.80 0.66 0.55

H K Pk Neutral conditions during daytime 1161 0.62+0.03 37.26+3.61 0.91 0.62
FIRAFaE Unstable conditions during daytime 3096 0.51+0.02 36.68+1.62 0.87 0.49
WA E Stable conditions during nighttime 1701 0.44+0.02 14.21+0.86 0.74 0.53
i Neutral conditions during nighttimé 1385 0.71+0.03 13.55+2.89 0.84 0.65
W AFaSE Unstable conditions duringhighttime 4550 0.660.02 9.65+1.50 0.76 0.57

+ RN 95% 1 B A5 IXJAYE [l ;£ . REFRTE FE S5 atmospheric stability parameter; R, - 1545 5T net radiation ; A8 Z& AR /351 7R T i g il i 5
I RE e 100 07 R ) AR SR

2.2.2 1 HRE T RORBIRE R A G RHIE

W& 5 J9F7R  BFG i it AE 38 £ H A/ N T AR RE & H YA, Zet 179 R0 3 S Wi g 2 M5 B2 0.
73, RERF B PR AR 2 AN 17.2 W/m® o 75 H RUE b BFG B RER P& BEAL LR AR 25 AR 8 BC WL 4G
(0.8) " MI.0.07  ELFE PI Bl K #& EC WL 25 3 v b F rp 45 KO (6 2) , 53R EEE S KA Logan” s
Dam 7' HIZ5 % Lake Valkea-Kotinen ™ (R BE £ P4 HE WL (E #2237 , (A T 25 [ Ross Barnett Reservoir' ™ [ L]
25 53.(0:97)

5N AR, HRJE B BFG SigEEMIEE BT T 0.15, BTN T . E 5%, 7E K] BFG 351y
EC WL ZR S8 5T 2 18] 8.5 m 1928 AN, iR B2 SR BB AR A T | ES i v & H X (LAY 1 90 03 0/ T 0.7
W/m*F1 1.0 W/m? , B07E H R F 203k SERE REAAA# U0 T BRG 3 AE & P S IR BL 2 M LI, R, Rk A4
S RARE 32 R D30 B P RRAE 0 0] /K A A it a1 45 PT3535 4 DR K SR U 00 o 5 ke 1) B
PLIR2E . Leuning 55" 48 Hi R FI H 24 {H A8 0 % 2035 La Thuile 55 45 (04 R P SR UL, SCER U07E AR
PSR AR ORI AR S R SR R R A SR

http ; //www.ecologica.cn



18 # T F. R SRG SRS RHIE S K & 5943

R2 EMMEKEERNEEHORN LR

Table 2 A summary of the energy balance closure observed in inland water bodies!*

P/ R y .
ZH e NI s Bz fERMEE .
PIRIK P 447 Laltiﬁ(gyei A I ())Ll::e]niin h::;i , Eﬂaie 253k
Inland water bodies name L Area/km?  Mean/maximum . 18y ” References
longitude period closure
depth/m
A, 31°10" N,
Lake Taihu, China 120°04" £ 2,388 1.9/26 2012-01-01—2012-12-31 0.73 A3
Ross Barnett 7K | 35 [# 32°26' N,
Ross Barnett Reservoir, USA 00°02' W 130 5/8 2008-01-01—2008-12-31 0.97 [25]
T, 25°45' N, 0.80 (X),
Frhai Lake, China 100°11" E 250 11/ 21.5 2011-01-01—2011-12-31 0.70 (EAtE) [23]
2005-04-27—2005-11-27
Valkea-Kotinen i, 75 % 61°14'N, 0.041 25,65 2006-05-02—2006-12-22 0.82 (2006) , [24]
Lake Valkea-Kotinen, Finland 25°03" E ’ ' ’ 2007-04-15—2007-11-07 0.73 (2007)
2008-04-23—2008-11-21
Kuivajirvi #, 75 % 61°50'N, 2010-06-01—2010-10-31 0.83
Lake Kuivajirvi, Finland 24°17" E 0.63 1257132 2011-06-09—2010-10-31 0.79 [57)
Merasjirvi {# , Fii it 67°33' N,
Lake Merasjini, Sweden 21°58' E 3.8 5.1/17 2005-07-29—2005-08-02 0:80 [26]
Eshkol /K42, L) €351 32°46' N, 2005-09-02—2005-09-10,
Eshkol Reservoir, Israel 35°15" E 0.36 33 2005-09-13—2005-09-17 092 [43]
2008-05-28--2008-09-25 0.70 [58]
Timnaren 1] i 60°00" N,
Lake Tmnaren, Sweden 1720’ E 37 1.2/2 1995-05-07—1995-06-24 0.53 [59]
Raksjo # , i 60°02" N,
Lake Raksjo, Sweden 17°05" E 1.5 43/10.5 1995-05-20--1995-08-26 0.63 [60]
Soppensee 1#], Hij 47°05" N, B . s
Lake Soppensee, Swissland 2905’ [ 0.25 12/27 1998-09-21—1998-09-23 5%2%<10 W/m [60]
FIH gk 61°55' N,
Great Slave Lake, Canada 13°44" W 27,000 41 /614 1997-07-24—1997-09-10 0.96 [47]
AR, A 27°34' S
Logan's Dam, Australia 152090 E 0.168 4/6 2009-11-10—2009-11-28 0.72 [52]
0.80( &)
IR , "
Y, i 36°35' 27.65" N 0.69(5)
Qinghai Lake, China 100°30" 067K, 4432.32 21716 2013-05-11—2015-05-10 0.68(F) [61]
1.65(%)

2.2.3  7EH R WK 6E M A 4 AE

W 6 FrR , BRG, et P LR R I 42 5 = IR0 2= 0 AR (L RRAE | BB P LR A B KAE (1.0)
AR/ ME(0.59) 75 HHEAE 12 AF1I3 A . Bl A HE A 3.9—9.2 W/m® Z (B 284k, i 80% (15 5 43
BOL v, A T /K 8 , BRAC RO Wi S R 4G 1 1 ZE 1 AR (b e B — 30, KR A o 2 B AR e
TEAE AN AL ARRE B B A R AE St ) A6 7 22 8 H 22 0], 2 A& 7 A KRB 17 1], Bl i 1y
AR TR T IR A RS oh 4% 10 BE Sl K RIS T i 7. 8 H Z284F 1 A A K IR i IR i
Y, W e SR, KR TR ] RSB Z BT AP P RE £, DAZE R IR ORI T #E , X — B 7E 11 H A 12
RAJC AR,

ANTR) T il b 35 i 0 DA 5 B A 25 3 I 2 R W 8 RO AR 10T BRG 3 1 SE X RE R A L LR 21
(0.59) A& ZE(1.0) IZETTALEHIE , 13X 5K FIIE Logan's Dam 8 LAS WUMEE AR F W EC WL
R I E A RER S R (0.69) A LA ZLE R (1.65) i —2F" ;25 2% Lake Valkea-Kotinen Y HE i 47 b %
MRAEH I BLE 7—8 A Y BIRA/ N/ B TR VEAR H B BE - LR B4 3 R AR Z 1 AR (b
AEL? DN RE T o0 (0 i O, TR £ 5 v i S T ALY, S G/ N JEC TR ARG 1 R 2 ST 55
AJEFHBFG difig e ARG ER . #5 EC RGAFTENRAL T I B8 S 5t (1 B fa , 0] o 32 S i 7 ) Ve G 1
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Fig.5 Linear regression relationship between the daily mean

turbulent energy ( H + AE) and available energy (R -AQ) in

2012 at the BFG site
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Fig.6 Seasonal variations in energy balance components and

energy balance ratio (EBR) in 2012 at the BFG site
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Fig.7 The energy balance closure (S) and friction velocity (u* ) varying as a function of atmospheric stability ({), energy balance
closure varying with thermal-induced turbulence ( 77) at the BFG site

TT:#J1ii i thermal-induced turbulence
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Wi KA e FURARAE J7 0] & ¢, BFG S BE LM B B SR T I, M R R B AR E R (¢ = -1.5) , H
AE A RS 2 0.44, WL, BFG S 7EMCARRUE 45 1F NI RE R P A T ZE T A RRERT IEs 5R . #RYE ¢ e
(5 8—9) A1, I LG 9 ( TT) Bl i i s 55 (™ ) 9 Al 3 R SRR . QB 7 FioR, S FEEE
KU w0 Bl ¢ BAS R A3 H S BEE IR TR (TT > 0) Wi e, 1 5, & E % (TT > 10x107
m*/s*) A B e A A BE B TR (< 0.15) 32/ TF 30 7 3 U A BT S R 1 B P A E YR AR (0.4)
ZE B AL FE RS MAFAE I, BEIEXKGHE IS/ Nl BFG 3 g B A5 BE R, MRS R BE T o, K i) A 1 ]
AR EEZ B i A e B (AR ) (IR
it A 25 2R GE EC LI 2 BR, i 1k P A B S5 KSR B IR RAIR 1> SRR e i X i &
JRNAZ PR, 2 B U 45 253 D 25 5 il A, AP R R 8 (v RUBE SR AR IR Y= & 8 ) 3 5 18
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Fig.8 Energy balance closure (S) varying with friction velocity (u* ) for different combination of time and atmospheric stability () at

the BFG site[*!
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Fig.9 Linear regression relationship between the turbulent heat fluxes and available energy (a) on 30 min scale and (b) on a daily scale in

2012 at the BFG site when lake breeze happened (L.B) and no lake breeze was found (NLB)
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