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1. Introduction Standardized experimentation and sensitivity testing are prerequisites for ascertaining 
the fidelity of new physical and dynamical elements of model formulations. To this end, the climate model- 
ling community has adopted the Atmospheric Model Intercomparison Project (AMIP, Gates 1992), a World 
Climate Research Program/Working Group on Numerical Experimentation initiative, as one of many vehi- 
cles for model validation. The benefit of this experimental design is that the models were integrated in a 
standardized fashion, all using the same SST boundary conditions, solar constant and CO2 concentration 
for the lo-year period 1979438. Thus, differences among the simulations are directly attributable to the wide 
variety of model formulations. 

Recently, Sperber and Palmer (1996, J. Clim., 9,2727-2750; see this paper for all references contained 
herein) evaluated the ability of 32 AMIP general circulation models to simulate interannual variability over 
select regions of the tropics, The majority of the models analyzed were vintage 1990-93. While this work 
served to compare and contrast the ability of the models to represent aspects of tropical rainfall and circu- 
lation, the real benefit of these integrations is that they serve as a benchmark against which model devel- 
opment can be assessed. 

Subsequent to their initial AMIP submissions, eleven modelling groups contributed thirteen addition- 
al integrations with revised models that are typically representative of mid-1990’s development. Select at- 

I.. ,111 Table 1: Revised Model Attributes C ,, .:-:rmodified convection scheme; modified land-surface scheme) 

I Modelling Group 1 Acronym Resolution Changes relative to original submission 

Max Plan& lnstitut fur Meteoroiogie, 
Germany 

Meteorological Research Institute, 
Japan 

MPI-A 

MRI-A 

T42119 

4Ox5OL15 

ECMAM4; Nordeng convection replaces 
Piedtke 
modified the gravity-wave drag genera- 
tion factor 

Naval Research Laboratory, USA 
State University of New York at 
Albany/National Center for Atmo- 
spheric Research/Genesis, USA 

NRL-A 
SNG-A 

T~?Ll8 
T31 L18 

‘, modification of ,shallow convection : 
change in radiation scheme, cloud 
emissivity and cloud formation 

Yonsei University, South Korea YONU-A 4Ox5OL5 Vertical resolution increased to 7 layers 
rather than 5 



tributes of the revised models are given in Table 1. In this table are listed the modifications that are likely 
to be associated with the most substantial changes to the integrations. BMRC-A, DNM-A, MPI-A and 
NRL-A modified their convection schemes, a revision that will have an impact on rainfall and its variability 
(Sling0 et al. 1994). BMRC-B, CNRM-A, COLA-A, GFDL/DERF-A and LMD-A changed their land surface 
schemes, which through feedback with the circulation may affect variability, particularly in the vicinity of 
the Asian summer monsoon where land-sea temperature contrast is the driving force for establishing the 
large-scale circulation. For the majority of models, changes over and above those listed in Table 1 were also 
incorporated in the revised models. Comprehensive documentation of the original AMIP models is given in 
Phillips (1994). This information, and the complete suite of changes to the revised models can be found at: 
“http://www-pcmdi.llnl.gov/modeldoc/amip/0ltoc.html”. 

2. Standardization and Skill Scores In order to account for the different amplitudes of interannual vari- 
ability among the models, as well as their individual biases in simulating the time-mean, we have standard- 
ized indices of area-weighted regional fields. For each model index we remove the time mean and divide by 
the standard deviation of interannual variability. All results are based on these standardized indexes. 

It is desirable to have a quantitative measure of the skill of a model. The Brier score has been used as 
a measure for assessing Numerical Weather Prediction (NWP) performance (Murphy and Katz 1985, Per- 
rone and Miller 1985). In this application it measures the skill of an ensemble of models to simulate the 
correct sign of an anomaly with respect to observations. We require that the observed standardized depar- 
ture for a given year i exceed +/- 0.25 to be included in the calculation of the Brier score, in which case the 
number of years ny over which the average Brier score is calculated may be less than ten. The average Brier 
score is calculated as follows: 

nY 

Bs=Lx 
nYi= 1 

[ (1.0 - YJ 2 + (0.0 -q 2] 

which reduces to 

(1) 

(2) 

where: 
Yi = fraction of models simulating an anomaly of the correct sign during year i 
Ni = fraction of models simulating an anomaly of the incorrect sign during year i, 
andNi = (1-Yi) 

Brier scores may range from 0.0 (a perfect score) to 2.0 (total disagreement with observations). The Brier 
score of a climatological forecast ( Yi = 0.5, iVi =0.5) is 0.5. 

While the Brier score is a model-observed data verification tool, reproducibility, which is essentially a 
signal-to-noise ratio, is a model-model intercomparison. The realizations intercompared may consist of dif- 
ferent models, or multiple realizations of the same model that differ only in the specification of initial con- 
ditions. The reproducibility is a measure of the models’ ability to respond robustly (not necessarily correctly) 
to the imposed boundary forcing. Using the standardized indices of each model, yip we calculate the ensem- 
ble mean time series for years i = 1, 2,...10 as follows: 

m . 

(Yi) = i C Yi, (3) 

where m = the number of models considered. Noting that the time mean of (yi) is zero since the standard- 
ized indices were used in Eq. 3., we next calculate the variance of the ensemble mean time series: 

10 

cJ2 tsig = k C (Yi12 (4) 
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Fig. 1. Simulated and observed all-India rainfall indexes for a) the original AMIP simulations b) the revised AMIP simulations 

cs2 . is a measure of the interannual variability of the signal extracted from the suite of simulations con- 
si ered, and it is the numerator of the reproducibility. The spread of the ensembles during a given year is .p 

associated with the unpredictability of the signal. The denominator of the reproducibility is the average of 
the variance estimates from each year i from the m prognostications. It is a measure of the unpredictable 
portion of the signal (yi), and is calculated as follows: 
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noise 
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The reproducibility is: 

o2 
R= tsig 

CT2 
(6) 

noise 

When denominator equals zero, each realization is an exact replica and the reproducibility equals 00. 

3. Revised vs. Ori~nal Simulations The ability of the models to simulate rainfall variability over India, 
the Sahel, northeast Brazil (Nordeste) and the wind shear over the Indian Ocean during the Asian summer 
monsoon is assessed as in Sperber and Palmer (1996). In order to make a direct comparison, I only use the 
subset of original AMIP models for which there is a revised model. Early work by Walker (1928) and Walker 
and Bliss (1932) established that Indian monsoon rainfall is linked to the Southern Oscillation. Simulation 
of interannual variability of Indian monsoon rainfall has been problematic (e.g., WCRP 1992, 1993). Varia- 
tions in monsoon wind shear (e.g., Webster and Yang 1992), Sahel rainfall (e.g.,Lamb 1978, Folland et al. 
1986, Lough 1986, Palmer 1986, Nicholson and Entekhabi 1986, Hastenrath 1988, and Folland et al. 1991), 
and Nordeste rainfall (e.g., (Hastenrath and Heller 1977, Moura and Shukla 1981, Ropelewski and Halpert 
1987, Aceituno 1988, Ward et al. 1988, Ward and Folland 1991, and Sperber and Hameed 1993) are linked 
to SST variations. In the AMIP simulations evaluated here, two strong El Nines (1982/83 and 1986/87) and 
an intense La Nina (1987/88) occurred, thus providing a opportunity to analyze forced responses to ENSO. 

In Fig. 1, I show the June-September (JJAS) averaged area-weighted land-only all-India rainfall in- 
dexes from the original and revised AMIP models. The ensemble dispersion of the simulated all-India rain- 
fall is quite large. However, there is a suggestion from Fig. lb that the revised models exhibit greater 
consistency than the original models (Fig. la) in their ability to simulate the observed variations from 
Parthasarathy (1992), the solid black line in each panel of Fig. 1. To quantify this, I show in Tables 2 and 3 
the Brier and reproducibility skill scores. The reduced Brier scores of the revised models in Table 2 indicate 
that they are better able to capture interannual variations of the all-India rainfall index, the JJAS averaged 
monsoon wind shear index (40-100°E, O-25’N, similar to Webster and Yang 1992), JAS averaged Sahel rain- 
fall and MAM averaged Nordeste rainfall. Although the Brier score of the Sahel rainfall improves for the 
revised models, it indicates that the models are still not as skillful as climatology. 



Table 2: Brier skill scores for the indexes. The number of models used in each category is given in parentheses. 
Scores that beat climatology (0.50) are shaded. A Brier score of 0.0 indicates perfect agreement with observations. 

Model Set 
India Monsoon 

Rainfall Wind shear 
[I9841 [I 9821 

Original 0234 (11) 0.27 (11) 
Revised 0.331 C;I3) 0.20 (II)* 

*wind shear not available for 2 revised models 

Sahel Nordeste 
Rainfall Rainfall 

[1985, 19861 [1981, 19871 

Table 3: Reproducibility ratios for the simulated indexes. Ratios in excess of 1 (shaded) indicate that the signal of the 
ensemble mean time series exceeds that of the internal chaotic variability. 

India Monsoon Sahel Nordeste 
Model Set Rainfall Wind Shear Rainfall Rainfall 

[I 9841 [I 9821 [1985, 19861 [1981, 19871 
Original 0.22 0.95 0.24 0.60 
Revised 0.55 1.37 0.12 1.68 

Table 3 indicates that the reproducibility of the revised models improves for the all-India rainfall, the 
monsoon wind shear, and Nordeste rainfall. However, the reproducibility of the Sahel rainfall decreased, 
indicating that the signal-to-noise ratio has decreased, even though the agreement with observations has 
improved as per the Brier score. Simulation of interannual variations of Sahel rainfall still remains prob- 
lematic, possibly due to land surface moisture feedback mechanisms (Rowe11 et al. 1995). 

4. Parameterization Sensitivitv As noted in Table 1, four groups modified their convection schemes and 
five groups modified their land surface process parameterizations. While these are admittedly small sample 
sizes, this enables one to test the relative effect that modifying two different physical parameterizations 
may have on the simulation of interannual variability. However, this is not an ideal experiment since as 
noted earlier additional modifications were typically made to the revised models. Additionally, testing the 
effect of convective vs. land surface changes were not performed with the same subset of models. Thus, at- 
tribution of the improved simulation of interannual variability to either of these changed parameterizations 
is not conclusive. Therefore, the results may only be taken to be suggestive of the relative impact of improv- 
ing either of these schemes. However, Sperber and Palmer (1996) found that the verisimilitude of the sim- 
ulation of all-India and Sahel rainfall was sensitive to the type of convective closure used in the original 
suite of AMIP integrations. 

Table 4: Brier skill scores for the models that revised their convection schemes (BMRC, DNM, MPI, and NRL). 

India Monsoon Sahel Nordeste 
Model Set Rainfall Wind Shear Rainfall Rainfall 

[I 9841 [I9821 [1985,1986] [1981, 19871 
Original u*43 (-0 0.44 (3) 0.78 (4) 0.42 (4) 
Revised o&f (4) 0.38 (3)” 0.64 (4) 0.16 (4) 

*wind shear not available for 1 revised model 

Table 5: Brier skill scores for the models that modified their land surface parameterizations (BMRC, CNRM, 
COLA, GFDLKDERP, and LMD). 

India Monsoon Sahel Nordeste 
Model Set Rainfall Wind Shear Rainfall Rainfall 

[I9841 [I 9821 [1985, 19861 [1981,1987] 
Original* O-44 (5) 0.41(4) 0.44 (5) 0.02 ,(5) 
Revised* o.86(5)uo.2u (4p 0.43 (5) Q.05 (6) 

*BMRC B was developed subsequent to BMRC-A (here grouped in the original category) 
#wind shear not available for 1 revised model 



As seen in Table 4, relative to their original formulations, the revised models with modified convection 
schemes are in better agreement with observed interannual variability for all indexes as indicated by their 
lower Brier scores. The most pronounced improvement occurs to the rainfall indexes, although the monsoon 
wind shear index also exhibits a moderate improvement. For the models with revised land surface schemes 
Table 5 indicates, perhaps surprisingly, that the monsoon wind shear exhibits the most improvement. The 
improvement to all-India rainfall is more moderate. The improved ability to simulate the large scale circu- 
lation may have occurred through improving the land-sea temperature contrast, which is important for es- 
tablishing the monsoon flow. However, a more in-depth analysis is required to confirm this hypothesis. In 
summation, changing the convection scheme had the largest impact on the simulation of rainfall variability, 
while changing the land-surface scheme primarily affected the large-scale flow (over the Asian summer 
monsoon region). 

Table 6: Reproducibility skill scores for the models that revised their convection schemes. 

India Monsoon Sahel Nordeste 
Model Set Rainfall Wind Shear Rainfall Rainfall 

[I9841 [I 9821 [1985,1986] [1981, 19871 
Original 0.43 1.99 0.49 0.53 
Revised 0.57 1.13 0.24 Qm 

Table 7: Reproducibility skill scores for the models that modified their land surface parameterizations. 

Model Set 
India Monsoon Sahel Nordeste 

Rainfall Wind Shear Rainfall Rainfall 
[I9841 [I 9821 [1985,1986] [1981, 19871 

Original 0.33 1.09 0.31 4.05 
Revised 0.98 1.28 0.28 2.43 

As seen in Table 6, relative to their original formulations, the revised models with modified convection 
schemes show improved reproducibility of all-India and Nordeste rainfall, the 2 indexes that had the most 
substantial improvement with respect to observed variability (Table 4 Brier scores). Similarly, Table 7 in- 
dicates that models with revised land surface parameterizations have enhanced reproducibility in the vi- 
cinity of all-India rainfall and monsoon wind shear, the 2 indexes that had the most substantial improve- 
ment with respect to observed variability (Table 5 Brier scores). 

5. Mean State vs. Interannual Variabilitv Sperber and Palmer (1996) found that the quality of the mean 
state was related to the ability of the models to simulate interannual variability. Thus they were able to 
relate systematic error of the mean state to biases in the simulation of interannual variability. Categoriza- 
tion of the interannual variability was assessed by comparing the ability of each model to simulate the ob- 
served teleconnection of all-India rainfall with SST (ENS0 pattern: anticorrelation with tropical central/ 
eastern Pacific SST, and positive correlations in the western Pacific which extend into the extratropical Pa- 
cific in each hemisphere). The models were then grouped into two sets, those that were able to simulate the 
observed teleconnection (qualitatively) and those that did not. Then, the ensemble mean rainfall climatolo- 
gy of each group of models was compared with observations using the pattern correlation technique (all 
models were regridded to the observed grid). For the complete suite of AMIP models, the models that were 
able to simulate the observed all-India rainfall/SST teleconnection had substantially higher pattern corre- 
lations with observed rainfall in the vicinity of India relative to the models that did not simulate the ob- 
served rainfall/SST teleconnection (Sperber and Palmer 1996). 

Here I perform the same analysis for the revised models in Table 1, and compare against their original 
versions. For the original m,odels that simulated the observed teleconnection (Fig. 2a), the pattern correla- 
tion with MSU/raingauge data (Schemm et al. 1992, Spencer 1993) in the vicinity of India is slightly lower 
(0.60 vs. 0.63) relative to the original models that failed to simulate the observed teleconnection (Fig. 2b). 
Thus, this subset of original models does not support the Sperber and Palmer (1996) indication of a direct 
link between the quality of the mean state and successful simulation of observed interannual variability 
(which was based on the analysis of 32 AMIP models). However, the revised models firmly support this hy- 
pothesis. As seen in Fig. 2c, the revised models that passed the teleconnection criterion exhibit a pattern 
correlation of 0.68 with observations, while those that did not pass the teleconnection criterion have a pat- 



a)r=0.60 (5/11) Original b)r=0.63 (6/11) 
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c)r=0.68 (S/13) Revised d)r=0.13 (4/13) 
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Fig. 2. Simulated JJAS rainfall climatologies for the original models that (a) passed, (b) failed, and the revised models that 
(c) passed, (d) failed in their ability to simulate the observed all-India rainfall/SST teleconnection pattern. In each panel are 
given the fraction of models that passed or failed the teleconnection criterion and the pattern correlation coefficients with 
MSUlrain gauge data for the region 70-90°E, 2-30°N [box in panel (a)]. The unit of precipitation rate is mm/day. 

tern correlation of only 0.13 (Fig. 2d). Additionally, 9/13 (69%) of the revised models passed the teleconnec- 
tion criterion as compared to 5/11(45%) of their original counterparts. This indicates that a larger majority 
of revised models show realistic interannual variability and that this facet is strongly associated with the 
quality of the mean state. 

6. Conclusions In this paper, revised AMIP models are compared against their original simulations in or- 
der to assess the impact of modifying model formulation. The revised models exhibit better agreement with 
observations as indicated by the Brier scores in Table 2. Table 3 indicates that the signal-to-noise ratio also 
improves for the revised models (with the exception Sahel rainfall). Revision of convective parametrizations 
had a more beneficial impact on rainfall variability than did modifications to land surface schemes. The re- 
vised models support the Sperber and Palmer (1996) finding that systematic error in the mean state is 
linked to the quality of the interannual variability. The results further reinforce the beneficial nature of 
standardized experimentation, with the AMIP I integrations providing an excellent benchmark against 
which model development and improvement can be assessed. 

These results are however tempered by the fact that only one realization from each model was avail- 
able for analysis. Many authors have shown that multiple realizations are necessary to firmly assess the 
robustness of a models response to SST forcing (e.g. Brankovic et al. 1994, Sperber and Palmer 1996). The 
next phase of AMIP experimentation calls for the submission of multiple realizations (differing only in the 
specification of initial conditions) from the participating modelling groups in order to address this concern 
(Gleckler [ed.] 1996: AMIP Newsletter No. 8). Additionally, the results regarding the sensitivity to convec- 
tion and land surface processes (Tables 4-7) are only suggestive of the model sensitivity given that other 
changes were also incorporated in the revised models. Systematic intercomparison of different physical pa- 
rameterizations would be facilitated by plug-compatibility of physics modules among models. 
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