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ABSTRACT

By providing information about growing season characteristics in advance of the season, predictions of climate
fluctuations at a seasonal time scale offer opportunity to improve agricultural risk management, but only if forecasts
are translated  into probabilistic forecasts of production and economic outcomes of management alternatives.  A
mismatch between the spatial and temporal scale of dynamic climate models and process-level crop simulation models
must be addressed if crop models are to contribute to the task.  Methods proposed for linking crop models with dynamic
seasonal climate forecasts include classification and selection of historic analogs, stochastic disaggregation, direct
statistical prediction, probability-weighted historic analogs, and use of corrected daily climate model output.  For a
semi-arid location in Kenya, we demonstrate and evaluate methods to predict field-scale maize yields, simulated by
CERES-maize with observed daily weather inputs, in response to downscaled seasonal rainfall hindcasts available prior
to planting, derived from an atmospheric general circulation model, ECHAM.  The methods we considered were
statistical prediction by nonlinear regression, probability-weighted historic analogs and stochastic disaggregation to
predict field-scale maize yields simulated by CERES-maize with observed daily weather inputs.  Downscaled ECHAM
output predicted 36% of the variance of total precipitation and 54% of the variance of rainfall frequency in October-
December at the site.  Nonlinear regression showed the lowest, and stochastic disaggregation showed the highest
overall error.  All of the yield forecasting methods showed similar random error, predicting from 28% to 33% of the
variance of yields simulated with observed weather.  Incorporating the predictability of rainfall frequency into the
stochastic disaggregation procedure did not improve yield predictions.  Based on this study, stochastic disaggregation,
direct statistical prediction and probability-weighted historic analogs all show potential for translating seasonal climate
forecasts into predictions of crop response.

Keywords: global climate models (GCM), crop simulation models, precipitation, maize, Kenya

1. INTRODUCTION

Improvements in our understanding of interactions
between the atmosphere and sea and land surfaces,
advances in modeling the global climate system, and
substantial investment in monitoring the tropical oceans
now provide a degree of predictability of climate
fluctuations at a seasonal (i.e., $ three month) lead time
in many parts of the world (Barnett et al., 1994; Palmer
and Anderson, 1994; Latif et al., 1998; Goddard et al.,
2001).  By providing information about growing season
characteristics in time to adjust strategic pre-planting
management decisions, this predictability offers the
potential to adjust agricultural management decisions to
expected climatic variations to reduce adverse impacts or
take advantage of favorable conditions.

If farmers are to apply seasonal climate forecasts to
improve decision making, they must first translate
forecasts into production and economic outcomes
associated with alternative management strategies at the
spatial scale of impacts and decisions.  Locally-adapted
and tested crop simulation models allow one to quickly
explore the production outcomes of a range of
management alternatives under a range of forecast

climatic conditions (e.g., Hammer et al., 1996; Meinke
et al., 1996; Carberry et al., 2000; Jones et al., 2000;
Royce et al., 2001).  However, the difference in spatial
and temporal scales of dynamic seasonal climate
prediction and crop simulation models complicate the
task.  Operational seasonal climate forecasts are typically
expressed as climatic anomalies or tercile probability
shifts averaged in space at the scale of GCM (general
circulation model) grid cells (currently on the order of
10,000 km2), and averaged in time over three-month
seasons.  This convention maximizes prediction skill by
reducing the “noise” associated with weather variability
in time and space that can mask predictable seasonal
climatic variations.  Near the other end of the time-space
continuum, dynamic, process-oriented crop simulation
models typically assume a spatially-homogeneous
environment (i.e., a single plot).  These models are
designed to capture the dynamic, nonlinear interactions
between weather, soil water and nutrient dynamics,
management, and the physiology and phenology of the
crop, typically on a daily time step.  Crop production and
appropriate management decisions may depend more on
the distribution of rainfall within a season than on the
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season averages that forecasters typically provide.  The
time of growing season onset, probability of water deficit
during critical periods for yield determination, and
conditions during ripening, harvest and drying are
among the important determinants of crop production. 

Although dynamic climate models operate on sub-daily
time steps and can therefore generate daily sequences of
meteorological variables, the spatial averaging that
occurs within grid cells distorts the temporal variability
of daily weather sequences (e.g., Mearns et al., 1995;
Goddard et al., 2001).  Because of the many nonlinear
processes that they embody, any biases in variability of
daily weather can seriously distort crop model prediction
(Semenov and Porter, 1995; Mearns et al., 1996; Riha et
al., 1996; Mavromatis and Jones, 1998; Hansen and
Jones, 2000).  This is particularly important for
precipitation because of its influence on processes, such
as solute leaching, soil erosion and crop water stress
response, that depend on soil water balance dynamics.
Dynamic climate models tend to produce too many
rainfall events, with too little rain per event.  This
distortion can result in either under-prediction of crop
yields due to increased evaporative loss from the soil
surface, or over-prediction due to reduced dry spell
duration (de Wit and van Keulen, 1987; Carbone, 1993;
Mearns et al., 1996; Riha et al., 1996).

The spatio-temporal scale mismatch between dynamic
climate models and crop simulation models presents a
substantial challenge to using crop simulation to
anticipate crop response to predicted climate variations.
Extracting and applying information about
within-season variability for crop model applications
remains a more difficult challenge than downscaling in
space.  Several approaches for linking crop simulation
models with seasonal climate forecasts have been
proposed.

In this paper, we provide an overview of some of these

methods, and demonstrate and evaluate a subset of these
methods – statistical prediction by nonlinear regression,
probability-weighted historic analogs and stochastic
disaggregation – for predicting field-scale yield response
to downscaled rainfall hindcasts derived from an
atmospheric general circulation model (GCM).  As a test
case, we consider simulated maize under conditions at
the Katumani Dryland Research Station (1° 35' S, 37°
14' E, 1601 m.a.s.l.) in the Machakos District of eastern
Kenya.  Maize in this region depends on rainfall in the
October-December short rain season associated with the
southward propagation of the inter-tropical convergence
zone.  We selected the site for several reasons.  A large
segment of the population in the region depends on
rainfed maize for subsistence.  Maize production is risky
in this semi-arid environment due in part to its
sensitivity to year-to-year variability in the amount and
timing of rainfall.  However, predictability of the short
rains at a seasonal time scale is quite high over the
portion of Kenya that encompasses the study site (Fig.
1).  Rainfall in this region is strongly linked to the El
Niño-Southern Oscillation (ENSO) (Ropelewski and
Halpert, 1987, Ogallo et al., 1988, Indeje et al., 2000,
Mutai et al., 1998).  The Machakos District was the
focus of a survey of 240 farm households (Ngugi, 2002)
that revealed widespread awareness of seasonal climate
forecasts, opportunities for modifying crop management
in response to forecasts, and strong interest in expanding
use of forecasts.  Our study benefits from previous
model-based research at the Katumani site (Probert,
1992, Keating et al., 1993).  Due to lack of availability
of observed crop yield time series and associated data
sets, our evaluation focuses on using GCM-based
seasonal climate predictors with a crop simulation model
to predict yields simulated observed daily weather, and
not on the crop model’s ability to simulate observed
yields. 

2. APPROACHES FOR LINKING SEASONAL CLIMATE PREDICTORS AND CROP MODELS

Figure 2 shows a set of plausible information pathways
from large-scale climatic forcing to simulation-based
crop yield prediction.  Yield prediction can be based on
either (a) simulation using daily time series data that are
somehow conditioned on the forecast, or (b) a statistical
model of crop yields as a function of some climatic

predictor variables.  For pathway (a), daily weather
inputs can come directly from the daily output of a
dynamic atmospheric general circulation model (GCM)
or high-resolution regional climate model (RCM) nested
within GCM output fields (c), downscaled to the local
scale.  An alternative to using daily climate model output
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is to use lower-frequency (e.g., monthly or seasonal)
predictions, then apply a disaggregation process to
produce realizations of daily weather as input to the crop
model, using, e.g., a stochastic weather generator (d).
The same disaggregation procedure is applicable to
statistical seasonal climate forecasts (e).  Pathway (b)
predicts yields as a statistical function of either observed
climate predictors (f) or dynamic climate model output
fields (g), trained on time series of crop yields simulated
using observed daily station data (h).  Finally, what has
been the “standard approach” for some time (i) is to
categorize the observed predictor variables (e.g., ENSO
phases), and use the predictor category to select sets of
analog years from the observed station time series as
input to the crop model.  These potential information
pathways suggest several potential approaches for
linking dynamic crop simulation models with climate
predictors via dynamic climate models.

Classification and selection of historic analogs.  The
most common approach to using seasonal forecasts with
agricultural models has been to divide the range of
variability of climatic predictors into a small set of
categories or “phases” based on some objective criterion
(e.g., Trenberth, 1997), then select the set of past years
falling within a given category as equally-probable
analogs (pathway i, Fig. 2).  Historic analogs are easily
interpreted at any spatial and temporal scale for which
data are available, and provide daily weather series at
individual stations for driving crop simulation models.
Distributions of climatic realizations or simulated
production or economic outcomes for the set of analog
years associated with a given category provide an
intuitive probabilistic interpretation.  To-date, most
efforts to predict crop response at a seasonal time scale,
and most quantitative studies of agricultural decisions
tailored to seasonal climate forecasts have used this
approach with categorical indices based on sea surface
temperatures or the Southern Oscillation Index (SOI),
both associated with ENSO.  Although analogs are
usually derived from observed climatic predictors, Stone
et al. (2000) proposed using cluster analysis to
categorize GCM output fields as a basis for selecting
analog years for use with crop simulation, and illustrated
the approach over eastern Australia.

Stochastic disaggregation.  A second approach to
linking climate prediction to agricultural models is to
aggregate bias-corrected climate model output into
seasonal or sub-seasonal (e.g., monthly) averages, then
disaggregate to produce daily time series with high-

frequency variability that is consistent with the long-
term daily record, and low-frequency variations that
represents the seasonal or sub-seasonal forecasts
(pathways d and e, Fig. 2).  Temporal disaggregation
involves the use of some form of stochastic weather
generator.  Two approaches have been advanced.  The
first is to condition the parameters of a stochastic
generator on a given forecast (e.g., Briggs and Wilks,
1996; Wilks, 2002) or set of climatic predictors (e.g.,
ENSO phases, Woolhiser et al., 1993; Grondona et al.,
2000).  The second approach, which we apply in this
study, is to constrain the generated daily sequences to
match predicted monthly or seasonal means and other
statistical properties.

Direct statistical prediction.  One can condition the
output rather than the inputs of a crop model on climatic
predictor variables (pathway b, Fig. 2), thereby avoiding
the need for daily weather sequences conditioned on a
given forecast.  The underlying assumption is that large-
scale seasonal predictors of local-scale meteorological
determinants of crop yields (e.g., precipitation,
temperatures) are also potential statistical predictors of
crop yields.  Annual time series of crop response
simulated with observed daily weather can serve as the
predictand.  Use of regression must consider the
tendency for most crops to show non-linear and
sometimes non-monotonic relationships to varying
seasonal rainfall totals.  Although it is intuitively
attractive, this approach has not yet been widely tested or
exploited.

Probability-weighted historic analogs.  A variant of both
historic analogs and regression derives probabilistic crop
forecasts from probability-weighted historic analogs.  In
the absence of a skillful forecast, we typically use the
historic distribution to predict the coming season,
assigning equal probability to all past years.  If we have
a basis for predicting that the coming season is more
likely to resemble some past years than others, we can
use the shifted probability weights to derive a shifted
distribution, or calculate distribution statistics, of
simulated crop response.  Several operational forecast
centers express seasonal forecasts as probability shifts
from historic climatic tercile categories (e.g., Mason et
al., 1999).  The k-nearest neighbor approach (Lall and
Sharma, 1996) selects and weights a subset of a
predictand (e.g., crop yields simulated with observed
weather) time series according to the degree of
similarity, based on the vector of predictors (e.g.,
observed SSTs or GCM output), to the current state of
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predictors.  This approach can be interpreted as either an
analog approach (pathway i, Fig. 2) or as a semi-
parametric local regression model (pathway b, Fig. 2).

Finally, we can consider direct use of daily dynamic
climate model output (pathway c, Fig. 2).  However, as
discussed earlier, dynamic climate models tend to distort

the temporal variability of their daily output, with
serious consequences for crop simulation.  However,
more sophisticated handling of daily climate model
output, such as separate estimation of rainfall occurrence
and intensity and the addition of stochastic variability
(Wilby et al., 2002), has the potential to reduce the
resulting errors.

3. METHODS

3.1. GCM Predictor Selection and Rainfall Hindcasts

We used climate forecast fields from the GCM, ECHAM
v.4.5 (Roeckner et al., 1996), developed at the Max-
Plank institute (Germany).  ECHAM was run for 1961-
1999 at a T42 (approximately 2.8°) horizontal
resolution, with 18 vertical levels.  We used output from
simulations that the International Research Institute for
Climate Prediction (http://iri.columbia.edu) previously
ran as input to their operational seasonal forecasts.  We
analyzed the mean of an ensemble of twenty-four GCM
integrations, each run with different initial atmospheric
conditions sampled each year from global observations
on different days of the forecast month, but the same sea
surface temperature (SST) boundary conditions.
Although the output of ECHAM simulated with
concurrent observed SSTs served the purpose of the
present methodological comparison study, the results
likely overstate the predictability obtainable under
operational conditions where forecast SSTs must be used
for any future prediction period (Goddard and Mason,
2002).  We used GCM output that, in an operational
mode could be available by the first of October to predict
October-January rainfall.

The coarse spatial resolution of current GCMs often lead
to systematic shifts in the location of spatial rainfall
patterns that reduce their prediction skill.  Since the
large-scale features that the GCM can predict affect local
seasonal climate variations, it is possible to use this
information to improve prediction of local climate
variability (Benestad, 2001).  Model correction is
necessary to account for shifts in regional rainfall
anomaly patterns that results from the influence of local
factors that the coarse resolution of GCMs cannot
capture, such as, steep orography, vegetation contrasts
and land-water contrasts.  The use of statistical
relationships, estimated over some past period, between
observed climatic predictand fields and hindcast GCM

output fields, is known as model output statistics (MOS)
(Zorita and von Storch, 1999; Solman and Nuñez,
1999).  When the predictand is at a higher spatial
resolution than the GCM output, the approach is known
as MOS downscaling, or statistical downscaling.  One
common approach to MOS correction or downscaling
uses principal component analysis applied to identify the
leading modes of variability of the GCM output fields,
and sometimes the predictand spatial fields (Heyen et al.,
1996; Kidson and Thompson, 1998).  Each principal
component (PC) pattern represents a predictor field with
high spatial resolution and spatial coherence, yet without
the risk of over-fitting the empirical model.  These can
then be related to the predictands by regression.
Comparison between the PC modes of the observations
and GCM simulations allows simple model evaluation
(Feddersen et al., 1999; Benestad, 2001).  

To select optimum predictor GCM fields, we tested a
combination of rainfall and low-level circulation fields
in isolation and in combination.  We used the GCM
precipitation spatial field alone, as the combination of
the two-predictor fields did not significantly increase
forecast skill.  The geographical domain for our MOS
correction was bounded by 6°N to 6°S and longitudes
33°E to 43°E.  The predictand field was precipitation
(seasonal and monthly) from 52 stations covering Kenya
and the surrounding countries.  The first two leading
principal component time series (PC1 and PC2) chosen
explained 59 and 15% of the variance of the observed
seasonal rainfall spatial field.  The MOS correction
resulted in high prediction skill (r>0.7 for 1961-1999)
over most of the region.

At the Katumani site, October-December rainfall and
both PCs showed positive skewness.  Scatter plots (Fig.
3) do not show evidence of a nonlinear relationship
between rainfall and either PC.  A t-test confirmed a
lack of influence of PC2 on rainfall that is apparent in



A c c e p t e d b y A gri c u l t u r a l a n d F or e c a s t  M e t e oro lo g y

5

( )( )$ expy a b c x= + − −1 (1)

the scatter plot.  We therefore predicted October-
December rainfall total as a linear function of only PC1.
Leave-one-out cross-validation ensured that observations
from the forecast period did not directly influence
forecasts, while allowing us to make efficient use of
limited data (Stone, 1974).  For each year i, we solved
the model by least-squares regression using simulated
yields and PC1 from each year j…i, then calculated $y
from the fitted slope and intercept and PC1 for year i.
We generated and evaluated hindcasts of rainfall totals
in individual months, and relative rainfall frequency and
mean wet-day intensity by cross-validated linear
regression from PC1 in the same manner.

3.2. Climate Data

The Katumani Dryland Research Station is a
government research station with international support.
It routinely measures climate data (i.e., rainfall,
temperature, sun shine hours, humidity).  We used daily
rainfall observations from 1961-1999 based on the
availability of both rainfall observations and output of
ECHAM hindcast runs.  We omitted the 1990, 1991 and
1995 crop seasons from analyses because they had
substantial gaps of precipitation observations.  We
derived seasonal and monthly rainfall totals, frequencies
and mean intensities from the daily observations. 

Measured temperatures were available only since 1984,
and solar irradiance only for January 1986 to September
1998.  B.A. Keating graciously provided daily estimates
of missing daily minimum and maximum temperature
and solar irradiance through 1988, based on regression
relationships fit for the period of available data and
conditioned on rainfall occurrence, as described in
Probert et al., 2001.  For the remainder of the period,
synthetic series of these variables derived from a
stochastic weather generator and conditioned on rainfall
occurrence (Pickering et al., 1994) were used as a proxy
for observations.

3.3. Crop Simulation

Yields of maize were simulated by CERES-Maize v. 3.5
(Ritchie et al., 1998).  Required model inputs include
daily weather data (minimum and maximum
temperature, precipitation and solar irradiance), soil
properties, initial soil water content, cultivar
characteristics, planting date and spatial arrangement,
and N fertilizer management.  Soil properties,
characteristics of the short-season cultivar, ‘Katumani,’

composite B, and representative management
assumptions were based on a previous study at the same
site (Keating et al., 1992).  For each simulation year, the
water balance was initialized on October 1 with soil
water at 20% of capacity.  Planting was simulated the
first time, within an October 1 to November 1 planting
window, that water content reached at least 40% of
capacity averaged through the top 15 cm.  Planting was
forced on November 1 if conditions were not reached
within the planting window.  We assumed application of
20 kg N ha-1 as ammonium nitrate at planting, based on
economic analyses presented by Probert et al. (1994).
Stand density was 4.4 plants m-2, with a 50 cm inter-row
spacing.

3.4. Maize Hindcast Scenarios

We tested six maize prediction scenarios (Table 1), run
in a hindcast mode, for their ability to predict maize
yields simulated in a baseline scenario with observed
daily weather as described in the previous section.
Evaluating predictability in a hindcast mode requires
that (a) initial conditions (e.g., soil water contents) are
consistent across scenarios, (b) antecedent boundary
conditions (e.g., weather inputs) represent observations
from the hindcast year, and (c) observations from the
period being forecast do not influence forecasts.  To
simplify analyses and interpretation, we avoided the
need to run simulations with antecedent weather data for
each year by initializing the soil profile and starting the
water balance on the first day of the forecast period.  Yet
we recognize that either initializing the water balance
with observed soil water contents or simulating the water
balance with antecedent weather data prior to the start of
the forecast period can improve prediction.  Consistent
use of cross-validation ensured that observations from
the forecast period did not directly influence the
forecasts.

3.4.1. Regression from climate predictors

Simulated maize responds non-linearly and non-
monotonically to seasonal rainfall (Fig. 3).  The
relationship of PC1 to simulated yields also appear to be
nonlinear.  A Mitscherlich function,

and its variants are often used to predict crop yield, y, as
a function of water available through the growing
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season, x (e.g., Vaux and Pruitt, 1983).  The
Mitscherlich function assumes that yields approach their
maximum, a, asymptotically in proportion to the
distance from the maximum, as a function of increasing
supply of some essential growth factor x.  Because the
relationship between seasonal rainfall and PC1 is
approximately linear, we applied Eq. 1 to predict yield
as a function of PC1.  We applied the nonlinear
regression in a cross-validated mode in the same manner
as described earlier for rainfall hindcasts by linear
regression. 

3.4.2. k nearest neighbor weighted analogs

The k-nearest neighbor (knn) method selects and assigns
probability weights to a subset of k analog years based on
their rank Euclidian distance, in predictor state space, to
a given predictor state (Lall and Sharma, 1996) .  The
expected value of predictand y in year t of a series is
estimated as a weighted average of yields simulated
using yields from the k analog years:

Weights w of the k nearest neighbors are based on their
rank distance to the value of the predictor vector:

where i is the index of the neighbor, sorted by distance
(closest to furthest) from the predictor vector.  For all i
> k, wi is set to 0. 

We applied the knn method using PC1 alone, and using
both predictors.  The knn method can be regarded as a
nonlinear, semi-parametric local regression method.
Although PC2 did not contribute significantly to
predictability October-December rainfall using a global
linear regression model, we included it in a second knn
scenario based on the possibility of a local influence on
the meteorological determinants of simulated maize
yields over some part of the range of variability.  To
account for the relative influence of the two GCM
predictors, we re-scaled PC1 and PC2 by multiplying

each by its coefficient of linear multiple regression, $PC1

and $PC2 obtained from least-squares regression of
.  We selected the$y PC PCPC PC= + +α β β1 21 2

number of neighbors, k, that minimized cross-validated
RMSE.

3.4.3. Stochastic disaggregation of monthly
precipitation

We used a stochastic weather generator that is modified
to allow it to generate synthetic daily weather sequences
such that the monthly climatic means exactly match
specified targets.  The underlying stochastic generator is
described in Hansen and Mavromatis (2001).  It  is an
adaptation of the WGEN weather generator of
Richardson (1985).  Enhancements include an improved
stochastic solar irradiance component (Hansen, 1999), a
hybrid-order Markov chain for precipitation occurrence
(Stern and Coe, 1984), a hyperexponental distribution of
precipitation intensity (Woolhiser and Roldán, 1982),
and partitioning of variability of temperatures and solar
irradiance into high- and low-frequency components.

The total amount of rainfall in a given month is a
function of both the frequency of rainfall occurrence and
the distribution of amounts on days with rain (i.e.,
intensity).  Total rainfall tends to be positively correlated
with both frequency of wet days and mean intensity on
wet days.  (For October-December rainfall at Katumani,
r=0.737 for frequency and r=0.684 for intensity.)
Adjusting generated daily rainfall by a constant
multiplier to match a target could produce unrealistic
combinations of rainfall frequencies and intensities if the
monthly target is much different from the generated
amount.  To avoid unrealistic frequency-intensity
combinations, rainfall for a given month m is
stochastically generated repeatedly until the mean daily
amount  is within 5% of the target Rm

*.  The dailyRm

series generated for the month is then rescaled by
multiplying Rj for each day j by .  TheR Rm m

* /
approach we used is designed to preserve the historic
consistency between occurrence and intensity of rainfall,
on the assumption that GCM-based climate forecasts
provide no useful information beyond monthly rainfall
totals.

We applied stochastic disaggregation within two
scenarios (Table 1).  First, for each hindcast year we
generated 30 stochastic realizations of daily weather
whose monthly totals match October to January monthly
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totals predicted from PC1.  Using monthly GCM output
fields, we applied the same statistical transformation and
cross-validated regression procedure described earlier for
seasonal rainfall totals, to generate hindcasts of each
month’s rainfall.  The linear procedure results in
monthly rainfall totals whose sums follow the hindcast
seasonal totals closely.  Because the seasonal GCM
predictions are considered more accurate than monthly
predictions, we applied a multiplicative adjustment to
October, November and December hindcast rainfall
totals to make them exactly match the October-
December seasonal hindcasts.

The second stochastic disaggregation scenario
incorporated hindcasts of monthly rainfall frequency into
the stochastic generation procedure.  Rainfall frequency
showed good predictability from PC1 in the months of
October-December (Table 2), providing additional
information about the distribution of rainfall within the
season.  Rainfall intensity was not significantly
associated with the GCM predictor.  We generated thirty
stochastic realizations of daily weather whose monthly
totals matched October-January hindcasts, followed by
adjustment for October-December totals, as we did for
the first scenario.  However, we replaced the rainfall
occurrence Markov transition probabilities calculated
from the long term record with transition probabilities
based on each year’s predicted probability of occurrence,
B, for October-December.  This scenario therefore
incorporates the predictable components of total monthly
rainfall and rainfall frequency.

The use of a hybrid second-order Markov chain better
represents distribution of dry spells than the geometric
distribution embodied in a first-order model (Stern and
Coe, 1984; Wilks, 1999), but complicates the adjustment
of Markov transition probabilities somewhat.  The
procedure, described in Hansen and Mavromatis (2001)
in the context of a low-frequency variability bias
correction, involves adjusting three unique transition
probabilities, p11, p001 and p101, in a manner that
represents predicted B but preserves first- and second-
order persistence, D1 and D2, of the Markov process.
Briefly, for a given calendar month let

define the probability of an i, j sequence, where B1 / B
and B0 / 1 - B, and st represents rainfall occurrence (s=1)
or non-occurrence (s=0).  Let ByN denote B (probability of
rainfall occurring on a given day) predicted for year y,

and pijN and pijkN denote adjusted transition probabilities.
First- and second-order persistence of dry days are given
by

and

Then the adjusted transition probabilities are obtained
from,

3.5. Analyses

We use standard descriptive measures of goodness-of-fit
to evaluate predictability of both rainfall and simulated
yield hindcasts.  Mean-squared error of prediction, or
prediction variance,

represents overall error weighted by the square of
deviations, where n is number of years t, y and  are$y
observed and predicted values.  After Willmott (1982),
MSE can be decomposed into a random component that
is not correctable by a linear transformation,
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and a systematic component that can be corrected by
linear regression,

where  is  calibrated by linear regression.  The$ *y $y
square root of equations 13-15, RMSE, RMSER and
RMSES, express error in units of the predictand variable,
but are not additive.  We also consider Pearson’s
coefficient of linear correlation, r, mean bias error,

and the index of agreement,

Willmott (1981, 1982) proposed d as a 0-1 unitless
measure of model agreement that accounts for both
systematic and random error.

4. RESULTS AND DISCUSSION

4.1. Predicted Seasonal Precipitation

Residuals of October-December total rainfall and relative
frequency as linear functions of PC1 (not shown) showed
no apparent systematic shifts of mean or variance as a
function of the predictor.  However, the residuals of total
rainfall deviated significantly from a normal distribution
(Shapiro-Wilk W=0.816, p<0.0001), showing significant
positive skewness (g1 = 1.77).  Residuals of mean
relative frequency showed marginal evidence of non-
normality (Shapiro-Wilk W=0.939, p=0.052) associated
with negative skewness (g1 = -0.75).

Based on cross-validated linear regression from PC1, the
ECHAM model predicted about 36% of the variance of
October-December rainfall (Fig. 4a, Table 2). 
Predictability of total rainfall for individual months was
significant in October, November and December, and
highest in November (Table 2).  Mean rainfall frequency
showed higher predictability than the total quantity of
rainfall in the October-December period (Fig. 4b).
Under cross-validation, ECHAM predictors explained
about 54% of the observed variance (based on r2, Table
2).  Like total rainfall, monthly rainfall frequency
showed significant predictability for October, November
and December, with predictability highest in November.
Cross-validated ECHAM-based hindcasts of mean
rainfall intensity on wet days were not significantly
correlated with observed mean intensities (Fig. 4c). 

4.2. Predicted Maize Yields

Figures 5 and 6 and Table 3 summarize results of the
various maize yield hindcast scenarios.  Nonlinear
regression showed the lowest overall prediction error,
followed by the two knn scenarios, then stochastic
disaggregation.  Regression and knn showed negligible
systematic error.  However, the stochastic disaggregation
scenarios both showed substantial positive mean bias,
resulting in substantially higher RMSES than the other
methods.  Random error – the component that is not
correctable by linear calibration – differed surprising
little among the five hindcast methods.  The five
methods predicted from 28% (knn, 1 PC) to 33%
(stochastic disaggregation) of the variance of yields
simulated with observed weather.  Random error was
lowest from stochastic disaggregation based only on
monthly rainfall totals, and from nonlinear regression.

Figure 7a shows the least-squares curve (Eq. 1) trained
on the full set of yields and PC1.  We evaluated residuals
(Fig. 7b) for possible violations of the assumptions of
least-squares nonlinear regression.  The Shapiro-Wilk
test (W=0.950, p=0.111) did not indicate significant
departure from normality.  To test for systematic
departures from homogeneity of variances, we split the
residuals, sorted by the independent variable (PC1), and
applied the Brown-Forsythe (1974) test to the first 17 vs.
the second 18 residuals.  Results of the Brown-Forsythe
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test were marginal (p=0.065), indicating that variability
of residuals may decrease systematically with increasing
PC1.  This may result in part from the relatively low
density of observations at high values of PC1, which
allows the flexible function to follow the observations
more closely than at low values of PC1, where
observations are more clustered.  We do not consider this
marginal departure from homogeneity of variances to be
sufficient to invalidate the nonlinear regression model.

Figure 8 shows the sensitivity of yield predictions to the
number of neighbors, k, when both PCs were used.
Prediction error (RMSE) decreased sharply as k
increased from 1 to 8, then reached a minimum at 15.
Prediction goodness-of-fit statistics were fairly
insensitive to values of k above about 12.  The optimal
number of neighbors was considerably higher in this
case than the  rule-of-thumb that Lall andk n=
Sharma (1996) proposed.  Bias of mean and variance
and low correlation contributed to high prediction error
at low values of k.  Variations of errors as a function of
k was roughly similar for the scenario that only used
PC1, which also had an optimal k of 15.  Results in
Table 3 and Fig. 5b, c and 6 are based on k=15.

Contrary to expectation, incorporating the predictability

of rainfall frequency into the stochastic disaggregation
process did not improve prediction of simulated maize
yields, and increased prediction error slightly.  The
reason for the increase in error is not apparent.  The
source of the positive mean bias observed with stochastic
disaggregation is also not obvious.  We can speculate
that it may be based on the highly nonlinear maize yield
response to rainfall, and under-representation of rainfall
variability in the deterministic procedure we used for
predicting monthly rainfall totals from GCM output.
Hindcasts produced by linear regression tends to exhibit
lower variability than the observed data used to fit the
regression model.  When crop response to a varying
input is concave with increasing amount, any reduction
in the variability of that input into a predictive model
will tend to result in positive mean prediction bias
(Hansen and Jones, 2000).  Another possibility is that
the weather generator used in the stochastic
disaggregation process may under-represent long dry
spells.  However, tests with other crop scenarios did not
show any tendency for synthetic weather to result in
yield over-prediction (Hansen and Mavromatis, 2001;
Mavromatis and Hansen, 2001).

5. CONCLUSIONS

Results demonstrate that feasible options exist for
linking large-scale seasonal rainfall forecasts derived
from GCMs with crop simulation for yield forecasting.
However, they do not identify any one method as clearly
superior.  After correcting for systematic error,
regression, knn resampling and stochastic
disaggregation provide comparable predictability.  Based
on the results, regression and knn may be preferred over
stochastic disaggregation due to the mean bias and the
relative complexity of stochastic disaggregation.  There
is a clear need to evaluate the range of methods across a
range of climates, sites, crops, soils and management
scenarios before recommending particular methods for
forecasting crop response using GCM-based seasonal
climate forecasts for particular applications. 

As expected (e.g., Barrett, 1998), our results showed
lower predictability for simulated yields than for
seasonal rainfall totals.  Yet the difference in
predictability of rainfall and yields, as indicated by r or

d (Tables 2, 3), was rather small.  Cane et al. (1994)
showed that statistical association with ENSO-related
sea surface temperatures in the NINO3 (90°-150°W,
5°S-5°N) region of the Pacific was greater for country-
average maize yields (1970-1993) in Zimbabwe than for
country average rainfall.  Rosenzweig (1994) suggested
that ENSO may provide predictive information about
characteristics of rainfall variability that influence
Zimbabwe maize yields beyond season total rainfall, and
that may be discarded by averaging through the season.
Our use of monthly rather than seasonal predictions for
stochastic disaggregation may have incorporated some
information about the distribution of rainfall within the
season.  The other methods (regression and knn)
incorporate any predictability of higher-order statistics
embodied in the GCM predictors, into the statistical
transfer functions.  However, contrary to our expectation,
explicitly incorporating the predictability of B into the
stochastic disaggregation procedure failed to improve
yield forecasts. 
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The degree to which the predictability of regional
rainfall response to large-scale SST forcing translated
into predictability of crop yields is cause for optimism.
It suggests that crop simulation can be used to explore
management responses to GCM-based seasonal climate
forecasts that might improve farmer livelihoods.  Scaling
up crop model-based yield forecasts to a regional scale
(Hansen and Jones, 2000) might provide useful
information for food insecurity early warning.  Any
decision application must consider that empowering
smallholder farmers to benefit from seasonal climate
forecasts through improved crop management requires
much more than predicting yield impacts.  Specific
limitations of this study should also be considered prior
to any decision applications.  First, to avoid false skill
from using concurrent SSTs, GCM hindcasts based on
predicted or persisted SSTs should be used to give a
conservative estimate of predictability of rainfall.
Second, because the predictand was simulated and not
measured yields, the results do not provide an accurate
measure of maize yield predictability.  Actual prediction

error is likely to be substantially greater than the results
of our analyses, and will be highly dependent on
accurate input data, the availability and quality of data
for calibration and evaluation, the particular
determinants of yields at the site, and the skill of the
analyst.  We expect that maize yield prediction can be
improved further by, e.g., initializing the soil profile
with measured water contents or initializing the water
balance earlier using antecedent rainfall.
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Table 1.  Summary descriptions of maize prediction scenarios.

Scenario Description

1.  Baseline (observed rainfall) Yields simulated with observed daily weather data.  This scenario serves as a baseline
for evaluating the other scenarios.

2.  Nonlinear regression Yields predicted by regression from the first two PCs from the MOS correction of
seasonal (Oct-Dec) GCM output fields.

3a. k nearest neighbor, 1 PC Yields predicted by k nearest neighbor weighted average from analog years, based on
the first PC of MOS-corrected seasonal (Oct-Dec) GCM fields.

3b. k nearest neighbor, 2 PCs Yields predicted by k nearest neighbor weighted average from analog years, based on
the first two PCs of MOS-corrected seasonal (Oct-Dec) GCM fields.

4a. Stochastic disaggregation Yields simulated with 30 years of stochastic daily weather disaggregated from
monthly (Oct-Jan) rainfall totals derived from ensemble mean GCM predictors.

4b. Stochastic disaggregation
wth B

Yields simulated with 30 years of stochastic daily weather disaggregated from
monthly (Oct-Jan) rainfall totals, and B, derived from ensemble mean GCM
predictors.

Table 2.  Goodness of fit statistics, observed and cross-validated hindcast total rainfall, relative frequency and
mean wet-day intensity.

Period RMSE MBE r d

Total rainfall (mm)

October-December 129.9 1.7 0.604 *** 0.733

September 9.6 0.0 0.154 n.s. 0.295

October 40.7 0.6 0.532 *** 0.683

November 87.4 -0.1 0.560 *** 0.704

December 56.6 0.2 0.408 * 0.563

January 65.1 -0.1 0.365 * 0.523

Relative frequency

October-December 0.083 0.000 0.750 *** 0.848

September 0.063 0.000 0.203 n.s. 0.392

October 0.110 0.000 0.644 *** 0.765

November 0.130 0.001 0.560 *** 0.697

December 0.170 -0.010 0.493 ** 0.639

January 0.184 -0.002 0.118 n.s. 0.352

Mean intensity (mm d-1)

October-December 3.01 0.13 0.146 n.s. 0.305
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Table 3.  Goodness-of-fit statistics for maize yield predictions.

RMSE MBE r d

Scenario (Mg ha-1)

2.  Nonlinear regression 0.962 -0.006 0.571 0.719

3a. k nearest neighbor, 1 PC 0.998 -0.024 0.527 0.702

3b. k nearest neighbor, 2 PCs 0.984 0.017 0.531 0.680

4a. Stochastic disaggregation 1.164 0.599 0.575 0.720

4b. Stochastic disaggregation with B 1.195 0.626 0.545 0.696

Figure 1.  Standardized values of observed October-December rainfall averaged for 52 stations in Kenya, and
ECHAM4.5 global climate model rainfall (mean of 24 ensembles) averaged between 33°-43°E and 6°S-6°N.
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Figure 2.  Potential information pathways from large-scale observed climatic predictors to simulation-based
predicted crop yields.
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Figure 3.  Histograms and scatter plots of simulated maize yields, October-December rain, and the first two
principle components (PC1 and PC2) of ECHAM 4.5 output fields for October-December.

Figure 4.  Total rainfall (a), mean wet-day frequency (b) and mean daily intensity (c) of October-December rainfall
observed and hindcast from transformed ECHAM 4.5 output fields.
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Figure 5.  Maize yields simulated from observed weather, and hindcast by nonlinear regression (a), k nearest
neighbors using 1 (b) and 2 PCs (c), and stochastic disaggregation from hindcast monthly rainfall totals alone (d)
and monthly rainfall totals plus hindcast wet-day probability (e).
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Figure 6.  Mean squared error of prediction (MSE) of maize yield hindcast scenarios, and its random and
systematic components.

Figure 7.  Simulated maize yields and the best-fit regression curve,

 (a), and regression residuals (b).( )( )$ . . exp .y PC= + − −3 330 1344 1 0 3316 1
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Figure 8.  Sensitivity of RMSE (a), correlation (b) and MBE (c) of maize yield predictions, based on the k-nearest
neighbor method, to the number of neighbors, k.


