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Error analysis of tbe modified Bowen ratio metbod 

Heping Liu" 

Department ofMicrometeorology. University ofBayreuth, D-95440 Bayreuth, Germany 

Abstract The sensible and latent heat fluxes are obtained, using the modified Bowen ratio method (MBR) and 

Bowen ratiolEnergy balance method (BREB) with the data of LINEX-97/l and LITFASS-1998 experiments. 

The error analysis of MBR and the error comparisons between both methods are also made in detail by a lot of 

numerical experiments and the measured data. The results illustrate that the MBR, compared with the BREB, can 

obtain higher accurate results with errors of less than ±lO% for sensible heat flux and less than ±20% for latent 

heat flux. 

1. Introduction 

The Bowen ratiolEnergy balance (BREB) method has been extensively used in 

micrometeorology, agrometeorology, forest meteorology, and other studies on boundary layer 

meteorology since it was published by Bowen in 1926 ( e.g., in the last years, Lindroth and 

HalIdin, 1990; Dugas et al., 1991; Bemhofer, 1992; Nie and Kanemasu, 1992; Dugas et al., 

1993; Barr et al., 1994; Gay et al., 1996). It is generally accepted to obtain sensible and latent 

heat fluxes in many applications mainly because of its simple system with the measurements 

of two level dry and wet temperatures, the measurements of net radiation and soil heat flux. 

However, it could occasionally produce large errors because of its theoreticallimitations. One 

of the reasons is the non-closure of the surface energy balance which leads to inaccuracies of 

BREB fluxes (Horst and Weil, 1992; Foken and Oncley, 1995; Panin et al., 1996; Wicke and 

Bemhofer, 1996; Foken et al., 1997a). Furthermore, when Bowen ratio approaches -1 or is 

exact1y -1, the BREB can give rise to unacceptable errors; therefore, many data are excluded 

when Bowen ratios are between -1.25 and -0.75 (Ohmura, 1982; Cellier and Olioso, 1993). 

Based on the above points, Liu and Foken (1999a) have proposed a new the modified Bowen 
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ratio (MBR) method, which avoids the above limitations, especially inaccuracies caused by 

the non-closure ofthe surface energy balance. Some results and brief error analysis have been 

shown in Liu and Foken (1999a); in this paper, some different results and more detailed error 

analysis are given here to show its possible advantages and disadvantages. Finally the 

modified Bowen ratio system with asonie anemometer and two level psychrometers is 

recommended to obtain sensible and latent heat fluxes. 

2. Modified Bowen ratio method 

The modified Bowen ratio system includes asonie anemometer to calculate sensible heat 

flux from sonic-derived buoyancy flux and two level psychrometers to measure Bowen ratio. 

Assuming similarity of the eddy diffusivities of heat and water vapor, the Bowen ratio 

may be measured by two level psychrometers, and can be rewritten in finite differences as 

(e.g., Fuchs and Tanner, 1970; Ohmura, 1982; Foken et al., 1997b): 

Bo= cp .I1T 
A I1q 

(1) 

Eddy correlation measurements of the latent heat flux are very complicated and 

expenSIve (Moncrieff et al. , 1997; Foken et al. , 1998), but eddy correlation method to 

determine the friction velocity and the sensible heat flux is not very expensive (cheaper than 

net radiometer with a moderate accuracy) (Foken, 1998a). On the other hand, because more 

and more sonie anemometers are widely used in boundary layer meteorology, one of the aims 

of the modified Bowen ratio method is the wish to make full use of the resource of sonic 

anemometer to measure buoyancy flux and then to calculate sensible heat flux. Some 

theoretical backgrounds have already been weIl established (e.g., Kaimal and Businger, 1963; 

Schotanus et al., 1983). If sonic determined temperature is obtained, then the buoyancy flux 

can be written as 

(2) 

If sonic-derived temperature can be determined from the vertical axis (e.g., Kaijo Denki 

DAT 300/A), the relationship between the buoyancy flux and the sensible heat flux can be 

rewritten as followings after considering velocity and moisture transformation (e.g., Kaimal 

and Businger, 1963; Schotanus et al., 1983), 
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-- -- - -- T·u--
w'T; = w'T' + 0.51T· w'q' - 2~u'w' 

C
2 

(3) 

The first term of the right-hand side of Equation (3) is the sensible heat obtained by the 

eddy eorrelation method (w' T') with a thin wire thermometer. In the MBR, sensible heat flux 

is determined using Equation (3), and written as (w'T')c' Ifwe substitute w'q' in Equation (3) 

by w'q' = cp I(A' Bo)· w'T', the following equation ean be easily obtained, 

-- -- 1'·~ - 0.51·T·c 
HJ.1BR = pcp(w'T')c = pc/w'T; +2----=--· u'w') 1(1 + p) (4) 

c 2 A·Bo 

Originally, Bowen ratio is defined as: 

H 
Bo=-

AE 
(5) 

Thus, if the sensible heat flux Hin Equation (5) is obtained aeeording to Equation (4) 

and the Bowen ratio aeeording to Equation (1), then latent heat flux ean be derived from 

Equation (5), 

AE = HJ.1BR 
J.1BR Bo (6) 

Equation (3) is based on asonie anemometer that measures temperature along the vertieal 

axis (e.g., Kaijo Denki DAT-300IA). New types of sonie anemometers (e.g., CSAT3) 

ealeulate the temperature from an average value of temperatures measured in three paths; 

therefore a new equation has been derived to obtain H J.1BR (Liu and Foken, 1999b) as folIows, 

- -- 21' - - - - 051·T·c 
HJ.1BR =PCp(w'T')c = pCp (w'T;+-=-(u·u'w'·A+v·v'w'·B»/(1+ . p) (7) 

c2 A·Bo 

Where A and Bare eorreet faetors, see Liu and F oken (1999b) for detail. 

3. LINEX-9711 experiment and LITFASS-1998 experiment 

During lune 1997, the LINEX-97/1 experiment took plaee at the boundary layer 

measuring field near Falkenberg (52'10'02" N , 14'07'24" E) whieh is about 5km south ofthe 

Lindenberg Meteorologieal Observatory ofthe German Weather Service. The topography of 

the whole area is fairly flat, and was covered by short grass during the experiment period 

(Foken 1998b). 

3 



At the site, an assortment of micrometeorological instrumentation for mean and eddy 

correlation measurements were installed. The list ofthe instrumentation used is given in Table 

1. More details about the experiment site and the additional meteorological measurements can 

be found in Foken (1998b). In this study, we used only the turbulence data collected by the 

Kaijo-Denki DAT-300 sonic anemometer and Lyman-alpha hygrometer at 2m. In orderto 

ensure the quality ofturbulence data, the QNQC scheme is used (Foken and Wichura 1996). 

The wind, dry- and wet- temperatures were measured at different heights on a 10-m tower, 

only the data in 0.5 m and 2 mare used for the present study. The net radiation was obtained 

by measurements of all radiation components at 2m above the grass, and the soil heat flux by 

plates at 0.05m below the surface. 

Table 1. Instrumentation used during LINEX-97/1 andLITFASS-1998 

Height (m) Devices 

o 5 *) 2 0 *) Climatronics anemometer model F 460 . , . 

0.5 *), 2.0 *) 'Frankenberger' psychrometer 

Experiments 

LINEX-9711, LITFASS-1998 

LINEX-97/I, LITFASS-1998 

2.0 Kaijo-Denki DAT 310/A by Hanafusa et al. LINEX-97/l 

(1982) 

2.0 CSAT3, Campbell Sci. LITFASS-1998 

2.0 fast response 12 f1l11 platinum wire, AIR LINEX-97/I, LITFASS-1998 

2.0 Lyman-alpha hygrometer by Foken et LINEX-97/I 

al.(1998) 

2.0 Krypton Hygrometer, Campbell Sci. LITFASS-1998 

2.0 Albedometer CM14 (short wave radiation) LINEX-97/I, LITFASS-1998 

2.0 Net radiometer by Schulze (sum ofshort LINEX-97/I 

and long wave radiation) 

2.0 

-0.05 

Eppley net-pyschometer, modified 

according to Philipona et al. (1995) 

Soil heat flux plate Rimco HP3 

*) Height above zero-plane displacement 

LITF ASS-1998 

LINEX-97/1, LITFASS-1998 

During June 1998, the LITFASS-1998 experiment was conducted in the same location, 

which was covered with less than 10% of short maize, about lOcm in height. A CSAT3 sonic 
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anemometer, a platinum thermometer, and a Kypton hygrometer were used to obtain sensible 

and latent heat fluxes at 2m, and a 6-m mast with 5 level psychrometers was employed to 

measure the Bowen ratios (See Table 1). More details about this experiment can be found in 

Foken (1999). 

4. Results and Discussions 

In processing the turbulence data, in order to ensure the turbulence data with high 

quality, the quality test scheme is used, which is described by Foken and Wichura (1996). In 

order to confirm Bowen ratios were correctly measured, we compared the Bowen ratios in 

Equation (1) with Equation (5) where Hand AE are the values of the eddy correlation 

measurement, i.e., H EC and AEEC ' respectively. Figure 1 illustrates the comparison results for 

the grassland at LINEX-97/1 field experiment on 16, 17, 18 June 1997. Over the grassland, 

the Bowen ratios are from about -1.5 to about 0.9. The Bowen ratios measured by the Bowen 

ratio system are in agreement with those by the eddy correlation system, and the Bowen ratio 

system has measurement errors of around ±1O%. 

0.5 
c 
0 ...... . - c ...... Q) 
co E 0.0 
~Q) 
s.... s.... 
0:::1 o !/) 

>-co -cQ) 
-cE w 

-0.5 

-1.0 

-1.5 

•• 

-1.5 

• •• 

I 
-1.0 -0.5 0.0 0.5 1.0 

Bowen ratio method 

Fig. 1. Comparison ofBowen ratios between by Equation (1) and Equation (5) where Hand AE are measured 

by eddy correlation method for the grassland at LINEX-97/1 field study on 16, 17 and 18 lune 1997. 
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Figure 2. Comparison of heat fluxes for the grassland at LINEX-97/1 field study on 17 June 1997. 

(*,H BREB; ß, H s ;., HJI,ffiR ;., H Ee) 

Figure 2 is the comparisons of H BREB ,H s, H 1>mR and H Ee for the grassland at LINEX-

97/1 field study on 17 June 1997. The results show that H BREB is around 35% higher than 

H He , and much scattering during the nighttime; H s is around 20% higher that H He; H MBR is 

around 10% high er than H Ee. Form the results, the sensible heat flux from the buoyancy flux 

after considering the velocity and humidity transformation can be fully accepted for general 

uses. 

Figure 3 is the comparison of latent heat fluxes obtained by three different methods of 

BREB, MBR, and Be. Similar to the above analysis, AEBREB is around 55% higher than ).EHe, 

but AE1>mR is about 20% higher than ).EHe. 
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Figure 3. Comparison oflatent heat fluxes for the grassland at LINEX-97/1 field study on 17 June 1997. 
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Figure 4. Comparison of heat fluxes at LITF ASS-98 field study on 2, 3, 4 and 6 June 1998. 

(*, H s; O,HJ,1BR) 
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Figure 5. Comparison oflatent heat fluxes between AEMBR and AEEC 

at LlTF ASS-98 field study on 2, 3, 4 and 5 June 1998. 

During the LITFASS-1998 field study on June 1998, a CSAT3 sonic anemometer, a 

platinum thermometer, and a Krypton hygrometer were used to obtain sensible and latent heat 

fluxes. As previously mentioned, because the difference in obtaining sonic derived 

temperature between a Kaijo Denki DAT300/A sonic anemometer and a CSAT3 sonic 

anemometer, a new equation has been derived to get sensible heat flux from the buoyancy 

flux (Liu and Foken, 1999b) as Equation (7). Figure 4 and Figure 5 are the comparisons 

between H s' H MBR and H EC , between AE AfflR and AE EC , respectively. 

In general, from the above results of the both experiments, H MBR has a good 

agreement with H EC' and H AfflR has eITors of less than 10%. The latent heat flux AEMBR IS 

also in good agreement with AEEC ' and AEMBR has errors ofless than ±20%. 
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5. Error analysis 

a. Error analysis 0/ MBR 

The error of sensible and latent heat fluxes by the modified Bowen ratio method can be 

obtained according to Equation (4) and Equation (6): 

8w''f:,: 8w'u' 8T 
-

8u 
8HMBR _ 

H MBR 

W 'T' " wu T + u s + __ ==-~-=-__ --=-_ + _ 
1+2. T·u ._w'u' 1+- ~ -".w'T; 1+ c

2 
• w'T; 1+ ~ ..=c' w'T,.; 

c2 w'T; 2· T· u w'u' 2· T . u w'u' 2· T·u w'u' 
8Bo 8T 

+ Bo + T 
A·Bo A·Bo 1 + -----~~-- 1 + -----=----

0.51·T·cp 0.51· ,cp 

8AE MBR = 8Bo + 5H MBR 

AE,WJR Bo H MBR 

(8) 

(9) 

The notation 8x refers to the error on operator x. From Equation (8), we can see that 

the error of H MBR is nonlinearly dependent upon the measurement errors of w I T; , the friction 

-
velocity u*, the Bowen ratio Bo, the mean temperature T, and the mean wind speed u. 

T·u w'u' 
Furthermore, the values of the factors of 1 + 2 . -=- . = 

c 2 w'T;' 
c 2 w'T' 1+ . s 

2· T· u w'u" 

A·Bo 
1 + in Equation (8) affect greatly the vaIues ofthe error of HAfER. 

051·T·c . I' 
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(1) Numerical experiments 

In order to test the contribution of the error of each term in the right hand ofEquation 

(8) to the total error under different conditions, and to find out which conditions should be 

avoided when using Equation (4) to calculate sensible heat flux from buoyancy flux, the 

following numerical experiments are made. In the following numerical experiments, it is 

- Sw'T' -- Sw'u' 
assumed that 1l.=0.1 u s - ±5% when Iw'T;I> 0.05 Kmls, -=-= ±5% when 

, w'T; w'u' 

-w'u'>0.005 m2/s2 (the data with u.<0.07 mls have been exeluded), SBo = ±5% when 
Bo 

ST Su -
Bo"* 0.0, --=--= ±0.05%, and -=- = ±5% when u >0.7 mls due to u.>0.07 mls. 

T u 

;t·Bo 
From the numerical experiments, we have found that the factor 1 + in the 

051·T·c . p 

last two terms of right hand side (RH. S) ofEquation (8) is greater than 1 when Bowen ratio is 

not around zero. The error ofthe last term ofRH.S ofEquation (8) can be ignored because of 

the small value of the error of the temperature (±O. 05%). The errors of the last two terms of 

right hand of Equation (8) can be less than ±1 %. However, when Bowen ratios are around 0, 

the fifth term of RH.S of Equation (8) can produce large error because the values of 

;t·Bo 
1 + 0.51. T. c p can be much less than 1 or even approach zero. Table 2 illustrates some 

examples of the errors when Bowen ratio is around zero. Actually when Bowen ratio is elose 

to zero (positive and negative), it me ans that sensible heat flux is elose to zero from Equation 

(5). Under this condition, sensible and latent heat fluxes can be positive and negative, namely 

the atmosphere stratification is changing, which does not satisfy the measurement conditions 

implied by the similarity theory. From the numerical experiment results, these conditions only 

occur when Bowen ratios are between -0.15 and 0.05; therefore we suggest that the fluxes, 

H MBR, should be exeluded when the Bowen ratios are between -0.15 and 0.05. This criterion 

will be also confirmed by the measured data. 
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Table 2. Some examples of results with large error due to the Bowen ratio 

T (K) Bo 1 + A' Bo/(0.51· T· Cp ) IV(%) V(%) 

--~~._-------~"----~-,._-,--~,----~----~--~_ .. ---------_ .... ---._,----------~~--_ .. ~-
280.0 -0.05 0.1284 77.9 OA 
285.0 -0.05 0.1452 69.0 OA 
290.0 -0.05 0.1584 63.0 0.3 

295.0 -0.05 0.1727 58.0 0.3 

From the numerical solutions, when w'T; <0.0 (at least less than -0.05 Kmls), it is 

T· u w'u' c2 w'T' 
shown that the factor 1 + 2 . -==- . = is greater than 1 and the factor 1 + . S is 

c 2 w'l~ 2· T·u w'u' 

much great l(normally greater than 10). When w'T; >0.0 (at least greater than 0.05 Kmls), 

T· u w'u' c 2 w'T' 
the factor 1 + 2 . --=- . = is less than 1 but elose to 1 and the factor 1 + . s is 

Cl w'T;' 2· T . u w'u' 

T·u w'u' 
much less than -1 (normalless than -10). Because the factor 1 + 2· 2' 'T' is much elose 

c w S 

to 1 in both conditions, then the error of the first term is nearly equal to the measurement error 

of w'l; . The sum ofthe error ofthe second, third and fourth terms is too small to be ignored 

in both conditions; therefore the sum of the error of the first four terms is nearly equal to the 

measurement error of w'T; (i.e., ±5% at present study). 

. . . T·u w'u' 
However, when w'TS

T 
IS around zero, It can make the magmtudes of 1 + 2 --=- -= 

2 'T' c w s 

c2 w'T' 
and 1 + T .' ,~ very smalI. Even if we don't consider that the measurement error of 

2- '1/ WU 

w'T; will not increase when w'l; is around zero, and will be taken as ±5% as usual, the sum 

of the error of the first four terms can be very large. The results of the numerical experiments 

indicate that all the values which cause large errors are between -0.001 and 0.002 k·mls; 

Some examples of the results with large errors are shown in Table 3. Therefore we suggest 
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that the data with the value between at least between -0.001 and 0.002 Kmls should be 

excluded. This criterion will be also confirmed by the measured data. 

Table 3. Somc examples ofthe results with large errors duc to w'T; 

u w'T; T-u w'u' 
1+2--==--= 

Cl w'T' 
1+--=-=. s 

I U IU IV 

(mls) c 2 w'T' 2 -T'/I w'u' (%) (%) (%) (%) (komis) s 

1.2 0.0001 0.1424 -0.17 35.1 -30.1 -0.3 -30.1 

1.5 0.0002 0.1625 -0.19 30.8 -2S.8 -0.2 -25.8 

1.8 0.0004 0.2764 -0.38 18.1 -13.1 -0.1 -13.1 

2.0 0.0005 0.20S9 -0.26 24.3 -19.3 -0.2 -19.3 

2.2 0.0006 0.1193 -0.14 41.9 -36.9 -OA -36.9 

(2) Data calculation 

Based on the above numerical experiments, we have calculated the error magnitudes 

t5w'T/ 
of all terms in Equation (8) and total eITor with 'r: ±5% when Iw'T;1 > O.OS K·mls, 

w s 

t5w'u' ----=:=-"'" ±5% when -w'u'>0.005 m2/s2 (the data with u",<0.07 mls have been excluded), 
W'll' 

t5Bo t5T 1511 -
--= ±S% when Bo *- 0.0, --=-= ±O.OS%, and --=- = ±S% when U >0.7 mls due to u.>0.07 
Bo T u 

mls (only the positive eITor values are used for the calculation) using the data ofLINEX-97/1 

field study over the grassland on 16, 17 and 18 June 1997. Here 11* is taken to be the 

measured value instead ofusing 11,. =0.1 u . 

As examples, Table 4 shows the error magnitudes of all terms and total eITor in 

Equation (8) using the data of 16 June 1997. In general, the total eITor of H MBR could be from 

±S% to ±10% under the condition ofthe above given measurement eITors ofthe instruments. 
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Table 4. The error magnitudes of each tenn in Equation (8) and the total error using the data ofLINEX-97/l 

field study over the grassland on 16 JUlle 1997. 

Time Bowen 

(UTC) Ratio 

0030 1.73 

0230 1. 61 

0300 1.56 

0330 -1.43 

0400 -.19 

0430 

0500 

0530 

0600 

0630 

0700 

0730 

0800 

0830 

0900 

0930 

1000 

1030 

1100 

1130 

1200 

1230 

1300 

1330 

1400 

1430 

1500 

1530 

1600 

1630 

1700 

1730 

1800 

1830 

1930 

2000 

2100 

2130 

-.07 

.13 

.34 

.39 

.39 

.42 

.46 

.56 

.45 

.46 

.49 

.57 

.55 

.49 

.53 

.37 

.48 

.49 

.37 

.43 

.36 

.39 

.42 

.24 

.30 

.19 

.02 

-.24 

-.61 

-1. 39 

-1. 21 

-1. 89 

-1.22 

% 

4.96 

4.95 

4.91 

4.64 

7.23 

11.13 

5.26 

5.13 

5.17 

5.17 

5.16 

5.16 

5.10 

5.07 

5.12 

5.07 

5.08 

5.06 

5.10 

5.07 

5.11 

5.07 

5.08 

5.07 

5.05 

5.14 

5.13 

5.12 

5.26 

5.29 

5.84 

-14.30 

4.71 

4.90 

4.98 

4.99 

4.83 

4.88 

11 

% 

.04 

.05 

.09 

.36 

-2.22 

-6.09 

-.26 

- .13 

-.17 

-.16 

-.16 

-.16 

-.10 

-.07 

-.12 

-.07 

-.08 

-.06 

-.10 

-.07 

-.11 

-.07 

-.08 

-.07 

-.05 

-.14 

-.13 

-.12 

-.26 

-.28 

-.84 

19.42 

.29 

.10 

.02 

.01 

.17 

.12 

III 
% 

.00 

.00 

.00 

.00 

-.02 

-.06 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

-.01 

.19 

.00 

.00 

.00 

.00 

.00 

.00 

13 

IV 

% 

.04 

.05 

.09 

.36 

-2.22 

-6.09 

-.26 

-.13 

-.17 

-.16 

-.16 

-.16 

-.10 

-.07 

-.12 

-.07 

-.08 

-.06 

-.10 

-.07 

-.11 

-.07 

-.08 

-.07 

-.05 

-.14 

-.13 

-.12 

-.26 

-.28 

-.84 

19.42 

.29 

.10 

.02 

.01 

.17 

.12 

V 

% 

.32 

.35 

.36 

-.42 

-4.35 

-56.23 

3.04 

1. 47 

1. 31 

1. 29 

1.23 

1.13 

.96 

1.15 

1.13 

1. 08 

.94 

.97 

1. 07 

1. 01 

1. 38 

1.11 

1. 09 

1. 37 

1. 22 

1. 40 

1. 34 

1. 25 

2.00 

1. 65 

2.43 

7.63 

-3.31 

-1. 07 

-.44 

-.51 

-.32 

-.50 

VI 
% 

.00 

.00 

.00 

.00 

-.02 

-.28 

.02 

.01 

.01 

.01 

.01 

.01 

.00 

.01 

.01 

.01 

.00 

.00 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.04 

-.02 

-.01 

.00 

.00 

.00 

.00 

Total 

% 

5.36 

5.41 

5.45 

4.94 

-1. 60 

-57.62 

7.79 

6.35 

6.14 

6.13 

6.07 

5.97 

5.86 

6.08 

6.02 

6.01 

5.87 

5.91 

5.98 

5.94 

6.28 

6.04 

6.02 

6.31 

6.18 

6.27 

6.21 

6.13 

6.75 

6.37 

6.59 

32.39 

1. 97 

4.02 

4.58 

4.50 

4.85 

4.62 



In order to summarize the reasons, the results with large eITors of three days are 

collected, and illustrated in Table 5 in order to investigate possible reasons. 

Table S.The collection ofthe results ofthree days with large errors using the data ofLINEX-97/1 field study 

over the grassland on 16, 17 and 18 June 1997. 

Time I II III IV V VI Total Reason 

(UTe) % % % % % % % -Bo w'T; 

June 16, 1997 

0430 11.1 -6.1 -.1 -6.1 -56.2 -.3 -57.6 -0.07 0.001 

1730 -14.3 19.4 .2 19.4 7.6 .0 32.4 0.02 0.001 

June 17, 1997 

0430 4.9 .1 .0 .1 5.8 .0 10.9 0.04 -0.001 

1730 4.7 .3 .0 .3 -9.8 -.0 -4.6 -0.12 -0.010 

June 18, 1997 

0430 5.5 -.5 .0 -.5 18.1 .1 22.6 -0.03 0.007 

1730 3.7 1.2 .0 1.3 21.7 .1 28.0 -0.03 -0.003 

*) The black type mdicates the reason of error 

One ofthe reasons for large error is the contribution ofthe fifth term ofEquation (8). 

During the three days, this condition only happened at the same time, 0430 (UTC) and 1730 

(UTC). Obviously, they are caused by the values of the Bowen ratios that are in the above 

defined interval of -0.15 to 0.05. It can lead to large eITor when Equation (8) is used to obtain 

sensible heat flux. Therefore, the sensible heat flux, H MBR' must be excluded when the Bowen 

ratio is between -0.15 and 0.05. On the other hand, during these periods, the sensible heat 

flux can be elose to zero (positive or negative), which means that the stratification stability is 

changing, and the atmosphere is in non-steady state. Actually it doesn't satisfy one of the 

conditions ofmeasurements ofthe near surface layer, stationarity. According to the similarity 

theory, the data should also be excluded. Therefore, this limitation can not be attributed to this 

method only, but to others as weIl. 
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Another large total errors, which are the contribution of the first four tenns in Equation 

(8), often occur when !w'r;! is very smalI. As mentioned before, when !w'r;! is very small 

(e.g., !w'r;! «0.05), the meaSUfement error of w'r; itselfincreases and can be up to 100%; 

therefore the error ofthe first term increases nearly up to ±100%. Even ifthe measurement 

error of w'r; can be taken as ±5% in this case, it can produce large error. For example, from 

Table 3, when w'r; =0.001 in 0400 (UTC) and 1730 (UTC) on 16 June, it can make the 

r . u w'u' c2 w'r' 
values of 1 + 2· -=-. = equal to 0.45 and -0.82, and make 1 + . S equal to 

c2 w'r; 2· r . u w'u' 
-0.35 and 0.26 respectively. Although these conditions oCCUf at 0430 (UTC) and 1730 (UTC) 

in this study, they can appear in other periods when w'r; is very smalI. Therefore the fluxes 

with the w'r; values at least between -0.001 and 0.002 Kmls should be excluded. Notice 

that the absolute error of w'r; is very small in this case. 

The results from both the numerical experiment and the data calculation imply that the 

error of H MBR could be from ± 5% to ± 10%. Few large errors are excluded by the criteria 

given above. From Equation (9), it can be seen that the error of AE}'fBR is simply the linear 

sum of the errors of Ba and H MBR without any non-linear relationship. Based on the field 

experimental study, the error of Ba may be around ± 10% as mentioned before; therefore, the 

error of AEMBR may be considered to be less than ± 20%. 

As expected, for a CSAT3 sonic anemometer, the factors A and B will appear in the 

denominators of the first fOUf term of right hand side in Equation (8) in the fonn of 

2· r (u· w'u' . A + v . w'v' . B) 
1 + -=-. -'------===-----'-

c2 w'r; 
J,.,·Ba 

and 1+ C2 . w'r; . .l+ v·w'v' B 
However, the 

2· r· u w'u' Au· w'u' A· 
d . 1 + ----==---enommator 051. r.c is same, thus the criterion for the Bowen ratio is still suitable 

. P 
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when CSAT3 sonic anemometers are used. From the calculations, the factors A and B are 

equal and are 0.875 (Liu and Foken, 1999). 

-- 2 0 T (u 0 w'u' 0 A + v· w'v' . B) 
When w'T; <0.0 (i.e., <-0.05Kmls), the factor 1 + 2 0 7,' IS a 

c w s 

Tou w'u' 
Iittle less than the factor 1 + 2 0 2 0 'T" but still greater than 1, the error ofthe first term is 

c w s 

, , c 2 w'T; 1 v 0 w'v' B 
nearly equal to the measurement error of w Ts . The factor 1 + 2 T . ~ . - + . -

o ·u w'u' A lI'W'U' A 

c2 w'T' 
is a little greater that the factor 1 + 2. T. u 0 w'u~ , and much greater than 1; therefore the sum 

ofthe error ofthe second, third and fourth terms is too small to be ignored. 

-, -, . 2 0 T (u 0 w'u' . A + v· w'v' . B) 
When w Ts >0.0 (1.e., >0.05Kmls), the factor 1 + 2 0 'T' IS a 

c w s 

T·u w'u' 
tittle greater than the factor 1 + 2 0 " 'T" but less than 1 and elose to 1. The error of the 

c- w s 

first term is little greater than the measurement error of w' Tl , but can be considered to be 

c 2 w'l; 1 v· w'v' B 
equal. The factor 1 + 2

0 

T . u . W'U' . A + U. w'u' . A is much less than -1, and its magnitude 

c 2 w'T' 
is greater than the magnitude of the factor 1 + 2 T . I ~ • The sum of the error of the 

. oll WU 

second, third and fourth terms is too small to be ignored. 

The results show that when w'T; is around zero, the large errors can occur, and the 

criteria that the flux with the w'T; values at least between -0.001 and 0.002 Kmls should be 

exeluded is suitable when CSAT3 sonic anemometers are used. 

b. Error comparison between BREB of MBR 

Many researchers have discussed the error analysis of Bowen ratio / Energy balance 

method. (e. g. Fuchs and Tanner, 1970; Ohmura, 1982; Wicke and Bernhofer, 1996; Foken et 

al., 1997b). Only the brief comparisons of error analysis between the two methods are referred 
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to here. The error of fluxes obtained by Bowen ratiolEnergy balance method can be rewritten 

as follows. (e. g. Wicke and Bernhofer, 1996; Foken et al., 1997b). 

JH BREB = 1 . JBa + J(Rn -G) + Re 
H BREB (1 + Ba) Ba ( Rn - G) ( Rn - G) 

(10) 

JAEBREB Ba JBa J( Rn - G) Re 
---=="-- = . --+ + ---
AB BREB (1 + Ba) Ba ( Rn - G) ( Rn - G) 

(11) 

The difference is that the contribution of the error of the residuum of non-closure of 

the surface energy is considered in the equation. From Eqs. (10), (11), It can be seen that the 

errors of H BREB and AE BREB are caused by the measurement errors of Bowen ratio and 

available energy, and the residuum ofnon-closure ofthe surface energy balance. 

In order to compare the errors of two methods only caused by Bowen ratio, only the 

first terms on the right-hand sides ofEquation (10) and Equation (11) are discussed firstly as 

Equation (12) and Equation (13). 

JH BREB _ 1 JBa 
H BREB 1 + Ba Ba 

JAEBREB _ Ba JBa 
AEBREB 1 + Ba Ba 

(12) 

(13) 

Figure 6 and Figure 7 illustrate the results of Equation (12) and Equation (13). It 

indicates that the relative errors of the latent heat flux by BREB increase nonlinearly with the 

decrease ofBowen ratio when Bowen ratios are less than zero. 
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Fig. 7·l1el
a
bve e_ 0[ ÄE_ ~ Bq""bo. (12) 
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, 

Table 6 shows some examples of the errors of 8H BREB and 8AEBREB with 8Bo 
H BREB AEBREB Bo 

±10% from Figure 6 and Figure 7 with ignoring 8(Rn - G) (±10%) and Re (25%). 
(Rn -G) (Rn -G) 

Table 6. The examples of the errors of H BREB andAE BREB with ignoring the errors of (Rn - G ) and Re when 

oBo = ± 10%. 
Ba 

Bo 1.0 0.8 0.6 0.4 0.2 -0.1 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 
- --- - --~- _._~----~--_._-----_._-"~------ --"_.---- --_._------- ---_.--"---- ---~_.,--- -_.~-- ~-_. __ . __ .- -._- ------

&1 BREH 5.0 5.6 6.3 7.2 8.3 11.1 14.3 16.7 20.0 25.0 33.4 50.0 
H BRJiB (±%) 

oAEBRKB 5.0 4.4 3.8 2.9 1.7 1.1 4.3 6.7 10.0 15.0 23.4 40.0 
AE BUB (±%) 

Obviously, when Bo >0.0, ifignoring the error caused by the residuum ofthe surface 

energy balance, Re (20-30%), the fluxes by the BREB can be accepted with errors less 
(Rn -G) 

than ± 20%. When Bo <0.0, especially elose to -1, the BREB can cause unacceptable errors, 

sometimes up to ± 100%. This means that the BREB can not be used occasionally in hours of 

early morning, late afternoon, during precipitation and under the oasis effects, when the 

direction of the latent heat flux is opposite that of the sensible heat flux (Ohmura, 1982). 

Spittlehouse and Black (1980) have also found that for negative Bowen ratio, e. g. night-time 

and advection situations, there is a large relative error in the evapotranspiration rate. 

In Equation (10) and Equation (11), the second term and third term indicate the 

measurement error of the available energy and the error caused by the non-elosure error of the 

surface energy balance equation. Some results show that available energy (Rn - G) 

measurement should be accurateto betterthan ± 10%. (Cellier and Olioso, 1993; Spittlehouse 

and Black, 1980; Barr, et al. , 1994). If the non-closure of the surface energy balance is 

considered, the ratios of the residuum of non-elosure of the surface energy to the available 

energy are usually in the order of 20-30% (Liu and Foken, 1999). This error will be 

distributed into sensible heat flux and latent heat flux according to Bowen ratio when the 

BREB is used to obtain sensible and latent heat fluxes. Therefore, even if available energy 

(Rn - G) measurement would be accurate to better than ± 10%, it would also cause large 

errors because the BREB uses the unc10sed surface energy balance equation especially with 
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ignoring the heat storage in the soil and with the non-stationary conditions of the underlying 

surface (Kukharets et al., 1998). 

On the contrary, from the above results, the error of H MBR could be from ± 5% to 

± 10% with few large errors excluded by the above criteria. The error of AEMBR is simply the 

linear sum of the errors of Bo and H,\fBR without any non-linear relationship, and may be 

considered to be less than ± 20%. 

6. Conclusion 

From the results ofLINEX-9711 field experiment, the BREB has errors ofup to 35% for 

the sensible heat flux and 55% for the latent heat flux, which is mainly caused by the unclosed 

surface energy balance. The results and the error analysis show that the buoyancy flux 

measured with a sonic anemometer can be accepted after considering humidity and velocity 

transformations with eITors of less than ±1O%, and the latent heat flux can be obtained with 

errors of less than ±20%. 

It is obvious that the 1\1BR can obtain sensible and latent heat fluxes with better 

quality than the BREB. Particularly, the 1\1BR can works weIl when Bowen ratio approaches 

-1, making Ohmura's criterion unnecessary. 

However, the measured data and error analysis show that the foUowing criteria must 

be used when 1\1BR is used to obtain fluxes. 

However, the following criteria must be used when the 1\1BR is used to obtain fluxes. 

(1). The fluxes must be excluded when U* < 0.07 m/s because of poorly developed turbulent 

conditions. 

(2). The fluxes whose Bowen ratio is between -0.15 and 0.05, and the fluxes with the w'T; 

values at least between -0.001 and 0.002 Km/s should be excluded because of theoretical 

limitations ofthe 1\1BR. 

(3). Because ofthe fact that w'T; is direct1y determined by the eddy correlation method the 

sign AE MBR of can be early determined according to Equation (6) even if Bo <0. 
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