
  

 
    

 

 
Discussion and Conclusions  
 Sound model development and assessment includes more than setting goals for 
performance measures.  It should include a careful conceptual analysis tailored to the 
job at hand (Oreskes et al., 1994).  In addition, it is not good practice to rely on either a 
single performance measure, let alone on the evaluation of a single data set.  None-the-
less, given the appropriate careful considerations, this example points out the merits of 
concordance correlation. While any of the difference measures alone reveal the serious 
bias in Model-2 estimates, they do not reveal or deal with the scale shift.  An r value 
alone does not adjust for either location or scale shift  (u and v) but the rc  does.  The 
modeler’s analytical toolbox should therefore include concordance correlation analysis 
for model performance assessment because it provides a simple and sound statistically 
based omnibus test that can also add analytical insight. 
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Introduction
 Model performance assessment in agronomy and agroecology has 
employed many procedures in the past and continues to do so in the 
present.  With models becoming modular and increasingly complex, Fila et 
al. (2003) developed the public domain software library called IRENE_DLL 
(Integrated Resources for Evaluating Numerical Estimates - Dynamic Link 
Library). This library has most of the commonly used analyses including 
procedures called difference based methods  and procedures called 
association based methods.  Difference based measures include methods like 
estimation of the root mean square error (RMSE), of the mean absolute 
error (MAD), and of the mean bias error (mbe) or bias for brevity with a t-
test (Fox, 1981).  Association based methods include Pearson or Spearman 
correlation coefficients and regression analysis.
 Using either a t-test alone or a correlation coefficient alone can result in a 
misleading or inadequate assessment (Lin, 1989).  An omnibus procedure 
combining the essential assessments of these two analyses exists, is well-
known, and is often used in other scientific literature.  Lin (1989) 
introduced the concordance correlation coefficient as a bivariate analysis to 
assess agreement between paired measurements. The analysis can be used 
for other similar assessments including comparing modeling predictions 
with observations (Lin et al., 2002).  In order to promote the use of this 
procedure in the agronomic sciences, this work presents a brief review of 
the procedure and an example comparing the performance of two reference 
evapotranspiration models to lysimeter based measurements.

The Concordance Correlation Coefficient
 To assess the relationship y=1x, Lin (1989) developed an insightful test 
statistic called the concordance correlation coefficient, denoted rc.  The 
rc  statistic is an adjusted version of the well-known Pearson product-
moment correlation coefficient, r, and so can be formally evaluated in 
the same way.  Let the y variable, here the observations, have a mean, 
μy, and standard deviation, δy.  Let the x variable, here the model 
predictions, have a mean, μx, and standard deviation, δx.  Then rc = rCb 
where Cb  = [(v +1/v +u²)/2]-1.  Here v = δx/δy  and is called a scale shift 
while u = (μx  - μy)/(δxδy)½  and is called a location shift relative to scale 
with μx  - μy  is an expression for the mbe.  A pure location shift could 
have the data scatter parallel to the 45° line (a.k.a. “1 to 1 line”) through 
the origin.  If u < 0 then the scatter is above the 45° line.  In a pure scale 
shift the data scatter would cross the 45° line.  In general both shifts are 
present to some degree.

The Data Set and Models
 Daily totals for hourly weighing lysimeter observations and hourly model 
estimates from a nearby weather station are taken from the Phene et al.

(1986) calibration study conducted during 1985 at Five Points, CA.  Daily 
reference evapotranspiration data, ET0 in mm, from every other date for a 
total of 50 d are taken from the longer data set in the study.  This selection 
reduces first-order serial correlation effects on the statistical analysis.  The 
reason is because the individual series as well as the difference series have 
notable autocorrelations and so violate the independence criteria.  The 
weighing lysimeter is described in Howell et al. (1985).  The weather station 
is described in Howell et al. (1984).  For the purpose of this study, the daily 
lysimeter observations are considered valid having no bias or any other 
matters of concern.
 The first model considered, Model-1, is a modified Penman Equation with 
the empirical wind function of Doorenbos and Pruitt (1977). The second 
model considered, Model-2, uses the same radiative term but uses an 
iteratively estimated, atmospheric-stability-based, wind function (p. 218, 
Brutsaert, 1982).

Results
Figures 1 and 2 display results for Models 1 and 2 respectively.  Table 1 
allows for the comparison of selected performance measures.  Both models 
are biased low with respect to the measures (u, mbe < 0).  In fact u or mbe 
for Model-2 are about an order of magnitude larger than the 
corresponding values for Model-1.  In addition, both models have 
systematically lower variability when compared to the lysimeter’s 
variability (v < 1) with the v value for Model-2 concordance much lower 
than v for the Model-1 concordance. The probability of a Model-1 versus 
Model-2 rc  difference is p<0.004.  Model-1 estimates are likely acceptable 
for most uses being in reasonable statistical agreement with observations, 
while Model-2 estimates are probably unacceptable.
 
Table 1. Evapotranspiration model performance statistics†.

-- Correlation Measures-- ---------- Difference Measures ------------
Model‡    r    rc  pdiff    u   v      mbe     RMSE

                   mm     mm

Model-1 0.980 0.975 0.227 -0.025 0.908 -.055±0.069 (p≤0.428)     0.488
Model-2 0.982 0.946 0.000 -0.215 0.841 -.452±0.077 (p≤0.001)     0.701

†r Pearson product-moment correlation coefficient.
 rc Concordance correlation coefficient.
 pdiff Probability of r, rc difference (based on associated normal scores).
 u Location shift relative to the scale.
 v Scale shift.
 mbe Mean Bias Error ± standard error of the mbe (α probability for mbe=0).
 RMSE Root Mean Square Error.
‡There are 50 observations in the data set.  Model-1 has the wind function based on
  Doorenbos and Pruitt (1977).  Model-2 has the wind function based on Brutsaert (1982). 

Model-1 performance results. The top panel (A) 
is an mean-difference (m-d) plot with box-plot 
axes.  Both of the thin axis lines span the range of 
the data. The thick gray bars span the inter-
quartile range with the gap at the median; the 
“+” is the mean.  An empirical histogram for 
each axis appears to the right of the vertical axis 
for the paired differences and above the 
horizontal axis for the paired means. The values 
in the scatterplot are black dots, the gray band is 
the 95% confidence interval for the mean bias 
error (mbe), the gap in the band is the mbe, and 
the black dotted line is the zero reference line. 
The dashed gray lines labeled “U” and “L” are 
mbe ± 1.96σmbe.  Notice that the mbe is not 
different from 0 (p<0.05).  The bottom panel (B) 
is a bivariate (b-v) plot with the same kind of 
box-plot axes as in (A) with black dots  for the 
data, a gray 45°  line, and concordance 
correlation statistics indicating reasonable 
agreement between observations and the 
predictions.  Here both |u| and |v| < 0.1.

Fig. 1

Model-2 performance results.  Although r for 
Model-2 is slightly larger than r for Model-1, 
notice in the m-d plot, panel (A), the confidence 
band excludes 0.  In addition, in the b-v plot, 
panel (B), both |u| and |v| > 0.1; consequently rc is 
much lower than r.
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