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ABSTRACT : This research employs a quantitative methodology for directly
comparing the response of observed crop yields in the SE USA to ENSO phenomena
classified using dissimilar ENSO indices. ENSO condition has been related to
agricultural yields in many parts of the world, but the strongest effects occur during the
Northern Hemisphere fall and winter (Crane, 2000; Hammer et al., 2001). However,
some ENSO effects on Northern Hemisphere spring and summer crops have been
found, particularly when researchers have used sub-annual indicators of ENSO
conditions that capture ENSO change prior to or during the crop season (Hollinger,
Ehler, & Carlson, 2001). A tercile-based scoring system was devised to compare four
distinct ENSO indices: three monthly ENSO indices and the JMA annual ENSO index.
Each index was scored in its ability to predict low, normal and high tercile historical crop
yields for corn (Zea mays L.), cotton (Gossypium hirsutum L.), and peanut (Arachis
Hypogaea L.) in selected counties from five states in the Southeastern USA. Peanut
and Corn yield response matched best to the Multivariate ENSO Index (MEI) and
cotton, to the Oceanic Niño Index (ONI). The MEI and ONI are quantitative indices,
while the lower-scoring JMA and COAPS monthly indices are categorical. Therefore,
future efforts may reduce the focus on categorical (Niño, Niña, Neutral) classification,
and explore the response of crop yields to quantitative ENSO indices.

Objective : Compare the predictive potential of four ENSO indices on yields for
important SE UAS crops. Warm-season field crops were selected for this study, since
summer crop yields have been more difficult to relate to ENSO phase than fall-winter
crops (Hansen, Jones, & Royce, 2001).

Hypothesis : Changes in ENSO conditions occurring immediately prior to or during the
spring-summer crop season cause climate variability that affects crop yields. Monthly
ENSO indices will reveal changing conditions that are masked by annual indices.

.
METHODS & MATERIALS:

County -scale historic yield data for corn, cotton and peanut from Alabama, Florida,
Georgia, North Carolina and South Carolina (USDA-NASS, 2009). Counties were
selected based on the quality of the data record for each of the three crops:

�¾ Minimum 36 year span of data available between 1962 and 2008

�¾ Minimum 95% completeness of data record within the span of years

�¾ In top quartile of all counties for average annual area harvested: 4,191 hectares for
corn, 3,008 for cotton and 1,515 for peanut.

Figure 1 - Location of Southeast USA counties selected for each crop

For each crop and county, a linear trend was calculated to provide an expected annual
yield, and from that value and the yield reported for the year, an annual residual was
calculated as a percentage of expected yield for each crop, in each county. A positive
(negative) value indicates an annual yield above (below) the expected yield. The
analysis is based on these percent residuals.
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Table 3:  Percentage distribution of yield residuals across climatological terciles 
for each JMA ENSO phase. Selected SE -USA counties (rounded to nearest %)

CROP 
Yield Tercile  (% residual)

Low Normal High
Corn < -7.3 -7.3 to 13.1 > 13.1

Cotton < -9.8 -9.8 to 12.0 > 12.0

Peanut < -10.9 -10.9 to 6.3 > 6.3

Corn �t 105 counties Cotton �t 66 counties Peanut �t 64 counties

ENSO classification of the growing season used four indices: one annual and four
monthly classifications: according to ENSO years, and ENSO months.

�¾ JMA ENSO-year classification. A categorical index, classifying each October
through the following September period as Warm, Cold or Neutral. (Japan
Meteorological Agency, 1991; Center for Ocean-Atmospheric Prediction Studies,
2009). Currently used in AgroClimate �³�5�H�J�L�R�Q�D�OYield �0�D�S�V�´and �³�&�R�X�Q�W�\Yield
�'�D�W�D�E�D�V�H�´on-line tools.

�¾ COAPS monthly index. A categorical index classifying months as Warm, Cold or
Neutral (Gérard-Marchant, Stooksbury, & Zierden, 2008).

�¾ ONI (Oceanic Nino Index). A quantitative index which classifies months
categorically as Warm, Cold or Neutral (Kousky and Higgins, 2007; National
Oceanic and Atmospheric Administration , 2003; Smith et al., 2008).

�¾ MEI (Multivariate ENSO Index). Monthly quantitative index of ENSO conditions.
The index authors do not assign ENSO categories to months (Wolter and Timlin,
1993; 1998; 2008).

Table 1: Number of occurrences (1962 -2009) of phase 
combinations using each pair of index months with the MEI

Application of monthly indices . Hypothesis is that monthly indices will reveal
changing ENSO conditions prior to or during a growing season that are masked by
JMA. Such change is signaled by selecting two indicator months that provide an
annual ENSO �³�S�K�D�V�H�F�R�P�E�L�Q�D�W�L�R�Q�´such as Cold-Cold, Neutral-Warm, etc. The
months used for each index were those between which evaluation indicated that
change tends to occur. The change periods were Feb-Mar, Mar-Apr, Apr-May, Feb-
Apr, Mar-May, Jan-Apr, Feb-May, and Mar-Jun. Each of the three monthly ENSO
indices was tested using these 8 pairs of indicator months, for 24 total ENSO + two-
month systems. A difficulty with the monthly analysis is the relatively small number of
years of crop yield data. With up to 9 possible phase combinations, the relatively
short historical yield record will be spread thin in some cases. Table 1 uses the MEI
to illustrate this limitation, which affects all three monthly indices.

Calculation of yield tercile ranges for each crop .  The sampling unit of this study 
is the observed annual county-level crop yield residual.  Each observation belongs to 
one of three sets: corn (4,895 samples), cotton (2,914) or peanut (2,938).  For each 
of these crop-based sets, the residual values corresponding to the first and third 
terciles (33.3 and 66.6 percentiles) were calculated.  These values define each 
observation as belonging to below-normal (low), normal, or above-normal (high) 
climatological yield terciles (Table 2).

Analyzing yield residual distributions according to ENSO classes. Each crop-
based set of county-level, annual yield residuals was classified using the ENSO 
categories existing within each classification index: Neutral, Warm and Cold for JMA 
(Table 3), and a subset of NN, WW, CC, NW, NC, CN, WN, CW, and WC for the 24 
monthly indices tested.  The observations corresponding to each of these ENSO 
phases or phase combinations were analyzed to find the percentage of yield 
residuals in each of the above climatological terciles.  

Table 2: Yield residual tercile boundaries by crop, for all
selected counties

JMA 
Phase

Corn Yields (%) Cotton Yields (%) Peanut Yields (%)
Low Normal High Low Normal High Low Normal High

Neutral 32 34 34 30 31 39 37 27 36
Warm 46 30 24 35 35 30 28 41 30
Cold 22 36 42 39 38 23 30 39 31

�(�[�D�P�L�Q�L�Q�J���³�&�R�U�Q���<�L�H�O�G�V�´���L�Q��
Table 3, JMA index appears 
more useful for corn than for 
the other two crops.  The 
Neutral year yields are very 
close to the 33.3% expected 
for all three terciles, and the 
Warm and Cold year 
responses indicate lower 
than expected and higher 
than expected, respectively.  

Figure 4 shows the same 
indifference threshold, but  
yield residuals are 
distributed according to the 
MEI Mar-Jun index. The 
WW, NC, NW and WC 
phase combinations each 
generate useful 
distributions, some by larger 
margins than the two useful 
JMA distributions in Fig 3.

In Figure 3 the threshold of 
indifference  is set to 10%. All 
probabilities between 23.3% 
and 43.3% are considered not 
useful, and only the increased 
likelihood of low yields during 
Warm phase, and reduced 
likelihood of low yields during 
Cold phase are judged useful.

Figure 2 �±Corn yield distribution by JMA phase (from Table 3)

�'�H�I�L�Q�L�Q�J���³�X�V�H�I�X�O�Q�H�V�V�´���R�I���D���\�L�H�O�G���G�L�V�W�U�L�E�X�W�L�R�Q���E�\���(�1�6�2���S�K�D�V�H. The main 
determinant of the potential usefulness of the yield tercile distribution of observations 
pertaining to a particular ENSO phase is the departure or distance of that distribution 
from the climatology (equal) distribution across the low, normal and high terciles
���������������H�D�F�K���������%�X�W���K�R�Z���P�X�F�K���³�G�H�S�D�U�W�X�U�H�´���I�U�R�P���W�K�H���F�O�L�P�D�W�R�O�R�J�\���L�V���V�X�I�I�L�F�L�H�Q�W���W�R���E�H��
useful?  The response of cotton to JMA Warm years in Table 3 (35-35-30) would not 
be considered useful by many users.  This suggests the need to include a subjective 
�³�W�K�U�H�V�K�R�O�G���R�I���L�Q�G�L�I�I�H�U�H�Q�F�H�´���W�R���W�K�H���D�O�J�R�U�L�W�K�P���X�V�H�G���W�R���T�X�D�Q�W�L�I�\���D���X�V�H�I�X�O���G�H�S�D�U�W�X�U�H��Dpc :

where  33.3 is the climatological percentage of yields in each tercile; LTpc is the 
percentage of phase combination pc observations in the lower tercile; UTpc is the 
percentage of phase pc observations in upper tercile and B �L�V���W�K�H���³�W�K�U�H�V�K�R�O�G���R�I��
�L�Q�G�L�I�I�H�U�H�Q�F�H�´�������1�R�W�H���W�K�D�W���R�Q�O�\���W�K�H���/�R�Z���D�Q�G���+�L�J�K��terciles are used in the calculation, and 
that neither component of Dpc is ever negative. 

Equation 1

Figure 3 �±Corn yield distribution (Fig 2) with �³�W�K�U�H�V�K�R�O�Gof indifference = 10%

Figure 4 �± Corn yield distribution by MEI Mar-Jun phase -combinations with
�³�W�K�U�H�V�K�R�O�Gof indifference = 10%

The potential usefulness of an ENSO-phase distribution is also related to the
frequency of occurrence of the phase in question. Referring to the phase
combinations deemed useful in Figure 4, and the number of occurrences from Table
1, the WW, NC, NW and WC phase combinations occur 6, 3, 7 and 1 times,
respectively. Recall that 105 counties contribute corn yield data, so even a
distribution that is based on only a few annual occurrences is made up of hundreds of
observations. The number of occurrences needed for a distribution to be useful, like
the threshold of indifference, is considered a subjective decision criterion.

Combining �³�X�V�H�I�X�O�Q�H�V�V�´factors into a quantitative score . The scoring system
developed in this study is based on the tercile concept frequently used in climate-
related reports and predictions. It confronts two important limitations of historically-
based crop performance analyses that are not well addressed by tests of statistical
significance alone:

�¾ the limited number of ENSO phase-change occurrences within the period for 
which crop yield data are available

�¾ the amount of deviation from the expected yield distribution at which a climate-
based prediction becomes useful to the decision-maker 

By testing for the sensitivity of scores across a range of these limiting factors, the
relative strengths and weaknesses of each ENSO index were identified for the crops
and areas included.

The buffered �³�G�L�V�W�D�Q�F�Hfrom �H�[�S�H�F�W�H�G�´factor is multiplied by the frequency of
occurrence of the phase or phase combination during 1962-2009, to calculate a
quantitative score for each ENSO classification system. These scores enable direct,
quantitative comparison of the systems, regardless of the diversity in time frame
(annual vs. monthly) or concept (categorical vs. quantitative).

The score S for each ENSO index or system is calculated as: 

Where c is the number of phases or phase combinations (3 to 9) used by the system,
Dpc is the buffered distance from Equation 1, N is the number of years in the data
series 1962-2009 and Npc is the number of years characterized by the phase or
phase combination pc. If Npc is less than the minimum number of occurrences
needed for a distribution to be considered useful, then Npc reverts to zero, and the
phase combination does not contribute to the index score. The comparison of ENSO
index scores was made using a range of each, to test the sensitivity of the results to
these limiting factors. The indifference threshold (B in Equation 1) was tested at 0, 4,
8 and 12 percent above and below the climatological (33.3%) distribution of low and
high yields, and the minimum value for Npc was tested at 0, 3, 4, 5, 6, 7 and 8. The
combinations of these two limiting factors resulted in 28 tests. Scores of the 25
characterizations of growing-season ENSO conditions were compared only within
each crop.

Equation 2

Crop Index
Feb-
Mar

Mar-
Apr

Apr-
May

Feb-
Apr

Mar-
May

Jan-
Apr

Feb-
May

Mar-
Jun

Corn
ONI 1.73 2.18 3.39 1.93 4.11 5.66 4.56 7.06
COAPS 3.10 1.80 1.36 3.29 4.81 4.33 3.84 6.17
MEI 2.46 4.42 4.47 3.83 4.53 2.40 4.72 7.30

Cotton
ONI 2.09 1.73 2.40 2.29 2.85 4.23 3.38 3.17
COAPS 2.72 2.02 2.50 2.97 2.61 3.18 3.80 2.86
MEI 2.44 2.61 2.52 2.81 4.00 3.70 2.97 2.07

Peanut
ONI 5.04 3.55 3.51 5.63 5.64 4.54 7.89 3.80
COAPS 3.53 2.79 2.79 2.99 4.62 2.47 4.21 6.77
MEI 5.57 3.69 9.56 6.63 13.79 6.35 8.57 11.39

Table 4 - Average scores of monthly ENSO systems (highlighted scores are the highest for 
each system -crop combination; bold is highest overall for each crop).

RESULTS:

Indicator months . The scores in Table 4 are averages from all 28 combinations of the
threshold of indifference and minimum number of occurrences, for each ENSO index
using each indicator month pair.

Corn , the Mar-Jun indicator month pair provided the best scores for all monthly
indices. Overall, the MEI Mar-Jun system scored the highest at 7.30.

Peanut shows the greatest response to ENSO as characterized by the monthly
indices, with the MEI Mar-May system under peanut providing the best average score
(13.79) of any system and any crop.

Cotton results are the least responsive to monthly ENSO classifications, and the most
difficult to interpret. The highest average score by a single system is ONI Jan-Apr
(Table 4). Interestingly, the second-best average score in cotton is that of MEI Mar-
May, the same system that is best for peanut.

CONCLUSIONS & RECOMMENDATIONS:

JMA annual index was generally the lowest scoring index, best only for one crop
(corn), and only if a very high standard of 7 or more occurrences are required to have
confidence in a phase, while very low distance from the expected distribution is
accepted as useful (<4%). Requiring high numbers of occurrences while accepting a
minimal threshold of indifference as useful is not a likely scenario, so the JMA
alternative can be discarded even for corn. For cotton and peanut, JMA shows even
less predictive skill than for corn.

COAPS monthly index , like JMA, demonstrated promise under some combinations of
the two limiting variables, but mainly for the least-responsive crop, cotton. But overall,
the COAPS score was the lowest among the monthly indices for all three crops tested.

ONI monthly index scored best in the least responsive crop tested, cotton. On this
basis it may warrant inclusion in further testing, particularly for refining cotton
predictions, possibly within a few better-defined regions.

MEI monthly index scored best in corn and peanut, and emerged as the overall
leading index for the three Southeast USA spring-summer crops tested.

Results point to the quantitative MEI and possibly the ONI as improvements to
the qualitative JMA annual and COAPS monthly alternatives .


