Reprinted from

AGRICULTURAL AND FOREST METEOROLOGY

An International Journal

Agricultural and Forest Meteorology 90 (1998) 39-50

ENSO, seasonal rainfall patterns and simulated maize yield
variability in Zimbabwe

J.G. Phillips “*, M.A. Cane "', C. Rosenzweig **

 Center for Climate Systems Research, NASA Goddard Institute for Space Studies and Columbia University, New York, NY 10025, USA
P Lamont Doherty Earth Observatory, Columbia University, Palisades, NY 10964, USA

Received 14 February 1997: received in revised form 31 October 1997;accepted 25 November 1997

"‘. N

A~

ELSEVIER



AGRICULTURAL AND FOREST METEOROLOGY

Editor-in-Chief

K.T. Paw U, University of California, Atmospheric Sciences, Hoogland Hall, Davis, CA 95616, USA. Phone (+1) 916 752 1510;
fax: (+1) 916 752 1552; e-mail: ktpawu@ucdavis.edu

Regional Editors

J. Stewart, University of Southampton, Department of Geography, Highfield, Southampton S0O17 1BJ, UK. Phone: (+44) 1703
593289; fax: (+44) 1703 593 295; e-mail: jstewart@soton.ac.uk

R. Leuning, CSIRO, Centre for Environmental Mechanics, P.O. Box 821, Ganberra, A.C.T. 2601, Australia. Fax: (+61) 6 246
5560; e-mail: ray@enmech.csiro.au

X. Lee, Yale School of Forestry and Environmental Studies, New Haven, CT, USA. Phone: (+1) 203 432 6271; Fax: (+1) 203
432 3929; e-mail: xuhui.lee@yale.edu

FOUNDING EDITORS

M.L. Bianc J.E. Newman L.P. Smith

P.M.A. Bourke W.E. Reifsnyder J. van Eimern

M. Gilead F. Schnelle C.C. Wallen
EDITORIAL BOARD

S.J. Allen, Edinburgh H.A. McCartney, Harpenden

D.E. Aylor, New Haven, CT K.G. McNaughton, Palmerston North

D. Baldocchi, Oak Ridge, TN J.R. Milford, Harare

T.A. Black, Vancouver, B.C. S. Moran, Tucson, AZ

W.L. Bland, Madison, Wi R.B. Myneni, Greenbelt, MD

Y. Brunet, Villenave D’Ornon C.K. Ong, Nairobi

G.S. Campbell, Pullman, WA N.J. Rosenberg, Washington, DC

H. Cleugh, Canberra, A.C.T. J. Ross, Estonia

R. Coe, Nairobi R.H. Shaw, Davis, CA

R.L. Desjardins, Ottawa, Ont. M.V.K. Sivakumar, Geneva

J. Goudriaan, Wageningen G. Stanhill, Bet Dagan

S. Halldin, Uppsala C.J. Stigter, Wageningen

J.M. Ham, Manhattan, KS A. Tuzet, Thiverval-Grignon

M.N. Hough, Bracknell A.A. Van de Griend, Amsterdam, The Netherlands

P.G. Jarvis, Edinburgh S.B. Verma, Lincoin, NE

L. Kajfez-Bogataj, Ljubljana J.S. Wallace, Wallingford

M.Y. Leclerc, Griffin, GA D.S. Wilks, Ithaca, NY

T. Maitani, Okayama J.D. Wilson, Edmonton, Alta.

K.J. McAneney, Kerikeri, Bay of Islands

Scope of the journal

Agricultural and Forest Meteorology is an international journal for the publication of original articles and reviews on the inter-rela-
tionship between meteorology and the fields of plant, animal and soil sciences, ecology, and biogeochemistry. Emphasis is on
basic and applied scientific research relevant to practical problems in agricuiture, forestry, and natural ecosystems. Articles must
appeal to an international audience. Theoretical models should be tested against experimental data. Special issues devoted to
single topics are also published. Typical topics inciude canopy micrometeorology (e.g.. the characterization of radiative transfer,
turbulence, evapotranspiration, and the exchange of trace gases and energy within and above managed and natural ecosys-
tems), aerobiology (e.g., the dispersion of pollen, pathogens, insects, and pesticides), biometeorology (e.g., the effect of
weather and climate on plant distribution, crop yield, water-use efficiency, phenology of plant and animal development, and the
energy balance of animals), forest-fire/weather interactions and the role of vegetation on climate and weather.

Publication schedule and subscription information

Agricultural and Forest Meteorology (ISSN 0168-1932). For 1998 voiumes 88-93 are scheduled for publication. Subscription
prices are available upon request from the Publisher. Subscriptions are accepted on a prepaid basis only and are entered on a
calendar year basis. Issues are sent by surface mail except to the following countries where air delivery via SAL mail is ensured:
Argentina, Australia, Brazil, Canada, Hong Kong, India, Israel, Japan, Malaysia, Mexico, New Zealand, Pakistan, PR China,
Singapore, South Africa, South Korea, Taiwan, Thailand, USA. For all other countries airmail rates are available upon request.
Claims for missing issues must be made within six months of our publication (mailing) date.

Orders, claims and product enquiries: please contact the Customer Support Department at the Regional Sales Office nearest
you:

New York, Elsevier Science, P.O. Box 945, New York, NY 10159-0945, USA. Tel: (+1) 212 633 3730, [Toll free number for
North American customers: 1-888-4ES-INFO (437-4636)]; fax: (+1) 212 633 3680; e-mail: usinfo-f@elsevier.com

Amsterdam, Elsevier Science, P.O. Box 211, 1000 AE Amsterdam, The Netherlands. Tel: (+31) 20 485 3757, fax: (+31) 20 485
3432; e-mail: nlinfo-f@elsevier.nl

Tokyo, Elsevier Science, 9-15, Higashi-Azabu 1-chome, Minato-ku, Tokyo 106, Japan. Tel: (+81) 3 5561 5032; fax: (+81) 3
5561 5045; e-mail: info@elsevier.co.jp )
Singapore, Elsevier Science, No. 1 Temasek Avenue, #17-01 Millenia Tower, Singapore 039192. Tel: (+65) 434 3727; fax:
(+65) 337 2230; e-mail: asiainfo@elsevier.com.sg

Back volumes. Orders and information requests should be addressed to Eisevier Science B.V., Journals Department, P.O. Box
211, 1000 AE Amsterdam, Netherlands. Back volumes are available on microfilm. Orders and mformatlon requests concerning
back volumes on microfilm should be addressed exclusively to: Elsevier Science Inc., Journal Information Center, 655 Avenue
of the Americas, New York, NY 10010, USA.

US mailing notice — Agricultural and Forest Meteorology (ISSN 0168-1923) is published monthly except August and October by
Elsevier Science B.V. (Molenwerf 1, Postbus 211, 1000 AE Amsterdam). Annual subscription price in the USA US$1845.00
(valid in North, Central and South Amenca only), including air speed delivery. Application to mail at second class pastage rate is
pending at Jamaica, NY 11431.

USA POSTMASTERS: Send address changes to Agricultural and Forest Meteorology Publications Expediting, Inc., 200
Meacham Avenue, Elmont, NY 11003. AIRFREIGHT AND MAILING in the USA by Publications Expediting inc., 200 Meacham
Avenue, Elmont, NY 11003.



AGRICULTURAL
AND
FOREST
METEOROLOGY

O R g
ELSEVIER Agricultural and Forest Meteorology 90 (1998) 39-50

ENSO, seasonal rainfall patterns and simulated maize yield
variability in Zimbabwe

J.G. Phillips **, M.A. Cane ™', C. Rosenzweig **

* Center for Climate Systems Research, NASA Goddard Institute for Space Studies and Columbia University, New York, NY 10025, USA
b Lamont Doherty Earth Observatory, Columbia University, Palisades, NY 10964, USA

Received 14 February 1997; received in revised form 31 October 1997;accepted 25 November 1997

Abstract

A correlation between ENSO (EI Nifio /Southern Oscillation) and rainfall in southern Africa has been recognized for at
least a decade. This recognition has led to the expectation that ENSO-based climate predictions will have significant
applications in agricultural management. This study is an analysis of the potential for using ENSO predictions to reduce risk
in agricultural production associated with rainfall variability at the site level. Records of sea-surface temperatures in the
equatorial Pacific during November, December and January were used to define El Nifio, La Nina and neutral years. Climate
data from four sites in four of the five agroecological zones (AEZ) in Zimbabwe were analyzed with respect to ENSO
phases and used to drive a maize growth simulation model parameterized for soil conditions typical of each area, using two
nitrogen fertilizer treatments and three planting dates. The four sites (Karoi, AEZ II;, Gweru, AEZ II; Masvingo, AEZ IV;
and Beitbridge, AEZ V) all showed a decrease in seasonal precipitation associated with the El Nifio phase, compared to both
neutral and La Nifia years. At sites in zones II and III, within-season rainfall variability increased for both El Nifio and La
Nifa years relative to neutral years. While average simulated maize yields were generally lowest in El Nifio years, variability
in rainfall pattern and standard deviation of yields at the site level was high within each ENSO phase, indicating that more
precise seasonal climate predictions would be necessary for forecasts to be valuable in crop management decisions in
Zimbabwe. However, simulation results point towards the relative importance of predicting favorable cropping seasons as
opposed to poor ones with respect to better nitrogen management and yield improvement for the more marginal sites.
© 1998 Elsevier Science B.V.
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1. Introduction rainfall /high productivity sites (annual precipitation
> 1000 mm, AEZ I) to areas of extremely low
Agriculture in Zimbabwe is spread across a vari- productivity where rainfall is sparse and variable

ety of agroecological zones (AEZ) ranging from high (annual precipitation < 500 mm, AEZ V) (Fig. 1
and Table 1). Zimbabwe has a single rainy season,
occurring in the southern hemisphere summer. In

_ , zones 1 and II, precipitation is evenly distributed
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iphillips@giss.nasa gov : within the rainy season, and shows little variability
U Fax: + 1-914-365-8736. from year to year. As annual rainfall decreases mov-
* Fax: + 1-212-678-5552. ing from zones III to V, both within-season and
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Zimbabwe

Agroecological Zones

Beitbridge

Fig. 1. Agroecological Zones in Zimbabwe and location of sites
modeled.

interannual variability increase. Rainfall variability is
critical in determining agricultural yields. In more
stable environments, even if rainfall is relatively low,
farmers can tune their cropping systems to optimize
resources. But if the pattern of precipitation from the
time of planting onward is unknown, farm manage-
ment is likely to be aimed at minimizing risk, which
often means settling for low inputs and low but
stable yields.

Maize is the most important cereal in Zimbabwe,
both in terms of diet and farm production. Approxi-
mately half of the maize production in Zimbabwe is
grown in ‘communal areas’ (Masters, 1994; Shumba,
1994), land that was once defined as a distinct
political unit set aside for the native population.
Although communal area borders are no longer rec-
ognized as a political division, the term is still used

Table 1
Characteristics of agroecological zones

to make the distinction from the commercial farming
sector, and refers to land worked using semi-tradi-
tional methods wherein farm operations and re-
sources are shared. Ninety percent of communal land
is located in AEZs III, IV and V (Mataruka, 1985;
Huchu and Sithole, 1994). Yields from the commu-
nal areas for maize are approximately one quarter the
average of that on large commercial farms (Masters,
1994). This yield discrepancy is the result of both
agroecological and socioeconomic factors. In addi-
tion to climate variability and less productive soils
found in the communal areas, the application rate of
inputs such as fertilizer and level of mechanization
are extremely constrained (Kumwenda et al., 1996).
These factors are related: the riskiness of agriculture
in the more variable environments makes high eco-
nomic investment unattractive. Climate variability
has been identified as the premier constraint to agri-
cultural productivity in southern Africa (Wadding-
ton, 1994). This strongly suggests that reducing the
risk associated with climate variability has a high
potential for increasing productivity in Zimbabwe.

A strong relationship is now known to exist be-
tween the El Nifio /Southern Oscillation (ENSO) and
annual precipitation in southern Africa (Ropelewski
and Halpert, 1987; Janowiak, 1988; Kiladis and Diaz,
1989; Matarira, 1990). The El Nifio component of
ENSO refers to temperature fluctuations in the east-
ern equatorial Pacific surface waters, and the South-
ern Oscillation is the associated change in sea-level
pressure in the southern Pacific. Sea-surface temper-
atures and pressures in the Atlantic (Nicholson and
Entekhabi, 1987) and the Indian Ocean (Jury et al.,
1996) have also been found to correlate to varying
degrees with precipitation patterns in Africa but are
not as yet predictable in advance.

Using a model of Pacific ocean circulation cou-
pled to a simple atmospheric circulation model, sea-

Zone Characteristics

1050 mm or more rainfall per annum with some rain in all months of the year and relatively low temperatures
700-1500 mm rainfall per annum with rainfall confined to summer

450-600 mm rainfall per annum and subject to frequent seasonal drought

1
2
3 500~700 mm rainfall per annum with relatively high temperatures, infrequent, heavy showers, and subject to seasonal drought
4
5

Less than 500 mm rainfall per annum, erratically distributed

After Vincent and Thomas, 1960.
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surface temperature (SST) patterns in the eastern
equatorial region can be forecast with correlations
between 0.70 and 0.85, depending on the lead time
(Chen et al., 1995; Zebiak and Cane, 1995). Temper-
atures in the region of the equatorial Pacific called
the ‘NINO3’ region (5°N to 5°S; 90°W to 150°W)
are commonly used as a primary indicator of ENSO
events. Thus, given the high skill in predicting ENSO
phases at lead times of up to a year and correlations
of ENSO with seasonal precipitation in southern
Africa, there exists an opportunity for applications of
forecasts to agricultural and water resources manage-
ment.

Indication of the potential impacts of ENSO on
agriculture in Zimbabwe was shown in the study by
Cane et al. (1994) in which it was found that SSTs in
the NINO3 region were a good predictor of
national-level Zimbabwean maize yields. Years in
which the SST anomaly was strongly positive (El
Nifio years) were associated with lower than average
precipitation and maize yields; years with negative
SST anomalies (called here ‘La Nifia’ years) were
associated with higher than average rainfall and maize
yields. They found the correlation between SSTs and
maize yields to be slightly higher than SSTs and
annual precipitation, indicating that the influence of
ENSO on climate and crop yields may be more
complex than simple annual precipitation averages
reveal.

The objectives of this study are to identify the
aspects of climate, particularly rainfall, in Zimbabwe
that are associated with the ENSO signal, and to test
the usefulness of predictions for maize crop manage-
ment at the site level. Climate data from sites in each
of AEZs II through V are grouped into El Nifio, La
Nifla, and neutral years and used to drive a crop
simulation model parameterized for field conditions
at each site. Alternative cropping strategies are tested
for each ENSO phase and resulting simulated yields
are compared as an indicator of potential usefulness
of ENSO predictions.

2. Methods
2.1. Climate data

Daily climate data (maximum and minimum tem-
perature and rainfall) were obtained from the Zim-

babwe Ministry of Agriculture for four sites for the
years 1951 to 1991 (Makadho, 1996). The four sites
range across four of the five AEZs: Karoi (16.82°S,
29.83°E) in the north within AEZ II; Gweru (19.45°S,
29.81°E) in the central highlands, AEZ III; Masvingo
(20.07°S, 30.83°E) further south in AEZ IV; and
Beitbridge (22.21°S, 29.98°E) on the southernmost
border of Zimbabwe in the harshest zone, AEZ V
(Fig. 1). Maize production is highest in Karoi, where
it is grown primarily on large commercial farms. At
Beitbridge, maize cropping is extremely marginal
and is practiced primarily to supplement income
from cattle farming and off-farm activities.

Years between 1951 and 1991 were divided into
each of the two ENSO phases, El Nifio, La Nifa, and
neutral years, according to the November—Decem-
ber—January mean of the NINO3 sea-surface temper-
ature anomaly for each year. ENSO classes were
defined by adding or subtracting one half the stan-
dard deviation of the NDJ mean SST anomalies from
the mean for the period between 1945 and 1990.
Years with anomalies lower than one half a standard
deviation from the mean were defined as La Nifla
years, and above one half a standard deviation de-
fined as El Nifio years. By this classification, warm
SST events, or El Nifio years, occurred during the
cropping seasons beginning in 1951, 57, 63, 65, 68,
69, 72, 76, 82, 86 and 87 (11 events). Cold events or
La Nifas, occurred in 1954, 55, 56, 62, 64, 67, 70,
71, 73, 74, 75, 83, 84, and 88 (14 events). The 15
remaining cropping seasons between 1951 and 1991
were classified as neutral ENSO events. Because
crops are planted at the beginning of the rainy season
in October or November, and harvest occurs during
the following calendar year, there were 40 harvest
years during this 41-year climate record.

2.2. Simulations

Crop simulations were performed using CERES-
Maize (Jones and Kiniry, 1986), a dynamic process
growth model which quantifies interactions among
weather variables, soil water and nitrogen fluxes, and
plant physiological response at a daily time-step.
Weeds and insect pests are not modeled. Soil input
parameters were obtained from the Department of
Agricultural, Technical and Extension Services of
the Zimbabwe Ministry of Agriculture. Soil texture
parameters represented a deep, fine loam at Karoi, a
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shallow clay at Gweru, a moderately deep, coarse
loam at Masvingo, and a shallow clay loam at Beit-
bridge. In simulations at all sites, two levels of
nitrogen fertilizer were used, an ‘optimum’ level
according to a definition by CIMMYT-Zimbabwe
(CIMMYT-Zimbabwe, 1993) and a lower level more
representative of communal farmer practices. The
optimum (hereafter referred to as ‘High N’) was
defined as 80 kg ha~' ammonium nitrate incorpo-
rated at planting and a top dress of 30 kg ha™'
applied six weeks later. The other N treatment was
defined as 30 kg ha™' applied planting and 15 kg
ha™! at six weeks after planting. Actual nitrogen
usage in the communal areas is often much lower
than even the ‘Low N’ treatment here due to finan-
cial risk (Bratton and Truscott, 1985; Masters, 1994;
Huchu and Sithole, 1994). These simulations thus
represent the upper bound of yields at each site.
Maize cultivar coefficients, i.e., parameters control-
ling the crop phenological response to the environ-
ment, were obtained for R201, an early-maturing
maize hybrid which was released in Zimbabwe in the
1970s (Ngara, 1985; Masters, 1994) and is still
widely used.

Planting date was used as the main experimental
treatment and tested for differences in yields be-
tween ENSO phases. Agricultural extension special-
ists generally encourage early planting (mid October
to early November), as experiments have repeatedly
shown a yield advantage (Waddington, 1994). How-
ever, farmers in the communal areas often plant as
late as December due to labor shortages, lack of draft
power, and the need for some assurance that the
rainy season is well underway, thus reducing the risk
associated with planting (Mombeshora and Mudhara,
1994; Masters, 1994). However, if a great enough

yield advar;tage could be shown by early planting,
we considered it a realistic alternative strategy.

3. Results
3.1. Climate analysis

Total annual precipitation, averaged by ENSO
phase for the four sites studied (Table 2), shows the
expected trend of decreases in El Nifio years and
increases in La Nifa years, relative to neutral years,
for all sites except Beitbridge. The trend is the same
when considering only the period from October
through April, relevant to the cropping season (Table
2). At Beitbridge, both El Nifio and La Nifia years
have slightly lower rainfall than neutral years for
both annual and seasonal sums.

Monthly precipitation by ENSO phase at Karoi
(Fig. 2a) is distributed smoothly during the rainy
season for all three ENSO phases. The lower annual
rainfall at this site during El Nifio years appears to
be related to a slightly shortened rainy season. In El
Nifio years, by March average rainfall has already
decreased to just over 50 mm compared to approxi-
mately 125 mm in March in La Nifas. Gweru and
Masvingo, in AEZs III and 1V, respectively, display
rainfall patterns which are more distinct between
ENSO phases (Fig. 2b and ¢). At both sites, precipi-
tation in neutral years is roughly unimodal, with the
peak rainy month occurring in January. In La Nifia
years, the month of maximum rainfall occurs in
December, followed by a sharp decline in January,
but with a generally normal to late end of season.
Rainfall in El Nifio years also appears to peak earlier
than in neutral years, but the most distinctive feature

Table 2
Mean annual (July 1-June 30) and seasonal (October 1-April 30) precipitation (mm) by ENSO phase. 1951-1991

Site

Karoi (AEZ II) Gweru (AEZ 11I) Masvingo (AEZ 1V) Beitbridge (AEZ V)

Annual Seasonal Annual Seasonal Annual Seasonal Annual Seasonal
La Nifia 740 719 750 726 725 692 332 301
Neutral 689 ‘ 677 680 659 652 610 371 341

565 526 302 278

El Nifio 615 608 619 591
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Fig. 2. a—d. Monthly precipitation by ENSO phase at four sites in Zimbabwe. 19511991,

is of lower mid-season precipitation than in either
neutral or La Nifa years. Seasonal precipitation at
Beitbridge in AEZ V is very low in all three ENSO
phases. The shift from a seasonal maximum in Jan-
uary during neutral years to a maximum in Decem-
ber during both ENSO phases is similar to that seen
at Gweru and Masvingo. Variability in monthly pre-
cipitation between ENSO phases was very high and
at none of the sites were differences significant.

3.2. Yield simulations

3.2.1. Simulated ENSO impacts on vield

Simulated maize yields varied approximately
seven-fold between Beitbridge and Karoi. Average
yield across all years and all planting dates with low

N at Beitbridge was just under 1 t ha™'. Average
yield reported for the 1980s by USAID (Eilerts and
Vhurumuku, 1997) for the communal area of Beit-
bridge was only 0.3 t ha™', compared to the simu-
lated average yield for the 1980s of 0.5 t ha™'.
Simulated yields at Masvingo, in AEZ IV on a fairly
good soil with low N, averaged 2.4 t ha™', while at
Gweru on a shallow soil in AEZ III, the average
yield for the low N treatment was 2.3 t ha™'. These
yields compare with the average reported by Shumba
(1994) of 1.0 t ha~" in the communal area of Chivi,
which is in the AEZ IV, and communal area yields
for the 1980s of 0.7 t ha™' (Masvingo) and 1.6 t
ha™' (Gweru) (Eilerts and Vhurumuku, 1997). At
Karoi, average simulated yield was 4.1 t ha™" for the
low N treatment and 7.6 t ha™' for high N inputs.
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The average observed yield for commercial farmers
at the national level for 1988-90 was 4.7 t ha™', as
reported by Masters (1994), considerably lower than
our simulations indicate. Although higher simulated
yields are expected because of not taking weeds and
insect pests into account, the results reported here are
to be taken as general indicators rather than precise
values.

Probability distributions for simulated yields aver-
aged across the three planting dates and N-levels are
shown by ENSO phase in Fig. 3a—d. Little differ-
ence in distribution between phases is seen at Karoi
and Beitbridge although probability of a low yield is
greater in El Nifio years. An interesting feature of the
probability distributions at these two sites is that in
the more favorable site of Karoi, El Nifio years tend
to be more distinctive at the lower end of the yield
spectrum, while at Beitbridge, where most years
show very poor yields, ENSO phases are most distin-

a. Karoi, AEZ II
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guishable in the high end of the yield spectrum. At
both Gweru and Masvingo, under this range of plant-
ing dates, yields are always highest in neutral years.
However, the range of yields within all three ENSO
phases in these simulations is wide and strongly
overlapping, indicating that interannual climate vari-
ability within ENSO phases at the site level is high.

3.2.2. ENSO impacts by nitrogen-level

The pattern of changes in yield by ENSO phase at
each site was similar for the two N treatments (Fig.
4). At both the high and low N levels, simulated
yields averaged across planting date were highest in
neutral years in all sites except Karoi. Simulated
nitrogen losses from the soil profile were always
highest in La Nifla years due to the higher rainfall
during the growing season, regardless of the level of
nitrogen inputs. For example, at Masvingo, on aver-
age in La Nifia years, 37 kg ha™' of nitrogen was

b. Gweru, AEZ 1li
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Fig. 3. a-d. Simulated maize yield probabilities by ENSO phase at four sites in Zimbabwe.
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Fig. 4. Simulated mean maize yield by ENSO phase and nitrogen
level at four sites in Zimbabwe: a) low N treatment (30 kg ha™' at
planting and 15 kg ha™' top dress at six weeks), b) high N
treatment (80 kg ha™' at planting and 30 kg ha™'
weeks.

top dress at six

leached from the profile during the growing season,
while the average loss for each neutral and El Nifio
years was 24 kg ha~'. Nitrogen stress may therefore
account to some degree for the fact that yield levels
do not follow the order of seasonal precipitation by
ENSO phase, in which La Nina years should show
the highest yields. This effect requires further inves-
tigation by comparison with field data.

3.2.3. ENSO impacts by planting date

Differences in yield by ENSO phase and planting
date (Table 3) suggest that forecasts of ENSO phases
might possibly be used to make planting date deci-

sions at Gweru and Masvingo, but not necessarily in
the more stable zone at Karoi or the poor site of
Beitbridge. A summary by ENSO phase and planting
date, averaged across N treatments, is shown in Fig.
5. At Karoi, within any of the three ENSO phases,
there is little difference in simulated yield between
planting dates and the standard early November
planting date is probably close to the optimum (Fig.
5). At Beitbridge, the higher average precipitation
during neutral years noted in Table 2 translated into
somewhat higher yields in neutral years compared to
both El Nifio and La Nifia years.

During El Nifio years, only Gweru showed any
advantage to change in planting date. There, simu-
lated yields using the late planting averaged 27%
higher than the mid planting date. In neutral years,
the mid planting date, reflecting currently advised
practices, is likely to be appropriate at all four sites,
though the small differences in yield between plant-
ing dates implies that there is some leeway in timing.
During La Nifia years, early planting resulted in
approximately 22% higher average simulated yields
at both Gweru and Masvingo compared to the mid
planting date.

However, in all cases and at all sites, the standard
deviation in simulated yield associated with each
planting date is very high (Table 3). As a percentage
of yield, the deviation is highest at Beitbridge, where
climate conditions are least favorable for maize pro-
duction, and lowest at Karoi, where stable climate is
common to all three ENSO phases. In all sets, the
maximum yield in the group of El Nifio years is
higher than the minimum yield in La Nifia or neutral
vears (Fig. 3). Some of this overlap may be due to
the simple definition of ENSO phase used here—in
application to real farmer’s livelihoods, perhaps only
more extreme anomalies in SST should be used, or
other indicators, such as conditions in the previous
year, should be taken into account to define ENSO
events (e.g., Kiladis and Diaz, 1989).

3.2.4. Inspection of single ENSO events at Masvingo

To gain a clearer understanding of the dynamics
of climate and crop growth leading the average
yields presented in Table 3, three representative
years, one for each ENSO phase, were chosen from
the simulations at Masvingo for closer inspection.



46

Table 3

Simulated maize yields by ENSO phase and planting date 1952-1991
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Mean yield and standard deviation (t ha™')

Early (Oct. 25) Mid (Nov. 7) Late (Nov. 21)

Karoi Hi N La Nifia 7.8 0.6 8.0 0.9 8.0 0.9
AEZ 11 Neutral 7.3 1.6 7.9 0.6 7.4 1.5
El Nifo 7.2 1.3 7.4 0.6 7.3 0.7

LoN La Nifia 4.2 0.5 42 0.6 4.2 0.6

Neutral 4.1 0.6 4.3 0.4 3.7 1.5

El Nifio 39 0.8 4.0 0.6 39 0.6

Gweru Hi N La Nifia 4.6 2.7 3.6 2.3 33 2.3
AEZ III Neutral 4.8 2.1 4.9 25 4.0 25
El Nifio 37 2.6 35 2.3 4.2 25

LoN La Nifa 2.2 1.5 1.9 23 2.1 1.4

Neutra} 29 1.1 2.6 25 2.0 1.3

El Nifo 2.3 1.4 2.1 2.3 29 1.5

Masvingo HiN La Niha 5.6 2.0 4.7 22 3.8 2.1
AEZ IV Neutral 5.0 1.9 5.4 1.7 55 2.1
El Nifio 4.0 24 4.0 2.0 3.8 22

LoN La Niha 27 0.8 2.0 0.9 1.7 1.0

Neutral 2.8 0.9 3.0 0.9 24 0.8

El Nifio 23 1.1 22 0.7 2.0 1.1

Beitbridge Hi N La Nifa 0.9 0.8 0.9 0.3 0.9 0.6
AEZV Neutral 1.2 0.9 1.4 1.3 1.6 1.2
El Nifio 0.8 0.8 0.6 1.0 0.8 0.8

Lo N La Nifia 0.9 0.8 0.9 0.3 0.9 0.6

Neutral 1.1 0.9 1.4 1.2 1.5 1.3

El Nifio 0.8 0.8 0.5 0.9 0.7 0.8

High N simulations were used for these examples.
The 1973-74 cropping season was a La Nifia year
with simulated yields slightly higher than the mean
for all La Nifas. 1989-90 was chosen as the neutral
year, and 1987-88 to represent an El Nifio year.
Precipitation during the growing season of 1973—
74 (Fig. 6a) shows the December peak and January
lull in rainfall seen in the La Nifla summary for
Masvingo. Crop development (Fig. 6b) proceeds at
roughly the same pace for the three different planting
dates, but staggered at 2 week intervals. Leaf area
development also proceeded similarly in all three
simulations (Fig. 6¢) indicating a lack of water stress.
Although there was almost no water stress during
any of the three runs, nitrogen stress during grainfill
increased from early to late planting. On a scale of 0
to 1, with | representing maximum stress, simula-
tions indicated an -average nitrogen stress index of
0.42, 0.51, and 0.52 in early, mid, and late plantings.
Nitrogen stress during silking also increased with

planting date such that total grain number per m” of
ground area decreased from 2420 to 1321 between
early and late plantings. Early planting resulted in a
simulated yield of 7.4 t ha~' compared to late
planting yield of 4.2 t ha™'. N uptake by the crop
was inversely related to the amount leached, with
uptake at 84 kg ha™' in the early planting versus 48
kg ha™' in the late planting. In this year, the advan-
tage of early planting was to allow for biomass
development and N uptake before the heavy mid-
season rainfall event occurred.

During the neutral 1989-90 season, total precipi-
tation was somewhat lower than the neutral year
mean shown in Fig. 2 for Masvingo (Fig. 7a). The
peak period is in late January and early February.
Under these conditions, water stress had developed
during late silking and early grainfill of the early
planting (Fig. 7b). Leaf area index also exhibits an
early decline due to water stress (Fig. 7¢). For the
late planting, there was no water stress until the end

-~
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Fig. 5. Simulated maize yield by planting date and ENSO phase at
four sites in Zimbabwe: a) El Nifio years, b) neutral years. ¢) La
Nifia years. See text for definition of ENSO phases.

of grainfill and yields were the highest. Nitrogen
stress was similar for both early and late plantings.
Precipitation in the moderate El Nifio in 1987-88
(Fig. 8a) displays the December peak and January
dry spell typical of an El Nifo year, although total
rainfall for the season was not particularly low (602
mm between planting and harvest). Simulated leaf

area index shown in Fig. 8c might imply that crop
vigor was highest in the mid planting. However,
water stress during grainfill due to the January
drought led to decreased photosynthesis and lower
yields compared to the early planting. For the late
planted treatment, water stress during silking aver-
aged 0.59 with | representing maximum stress. Ni-
trogen stress during silking was also high in the late
treatment, with combined effects leading to a yield
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Fig. 6. Detail from the 1973-74 La Nifa cropping season at
Masvingo: a) growing season precipitation at 3-day intervals; b)
calendar of simulated maize phenology for three planting dates: ¢)
simulated crop leaf area index for three planting dates.
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of 2.6 t ha™'. The highest yields, 5.3 and 5.2 tha™!,
were achieved with the early and mid planting which
avoided the drought during the most sensitive peri-
ods.

Based on long-term ENSO patterns in both rain-
fall and simulated maize yields, no clear advice on
planting date had emerged for El Nifio and neutral
years at Masvingo, although there was evidence that
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Fig. 7. Detail from the 1989-90 Neutral cropping season at
Masvingo: a) growing season precipitation at 3-day intervals; b)
calendar of simulated maize phenology for three planting dates; c)
simulated crop leaf area index for three planting dates.
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early planting in La Nifia years might lead to im-
proved yield. In these individual examples, planting
at the currently advised period of early November
would have led to near-optimum yields in the 1987-
88 mild El Nifo and the 1989-90 neutral year. In
the La Nifia year of 1973-74, early planting was
warranted. However, these cases indicate the impor-
tance of within-season rainfall distribution in deter-
mining stresses and final yield.
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4. Conclusions

Crop simulations with stratified ENSO climate
scenarios at specific sites in Zimbabwe imply that,
although long-term mean precipitation and yield val-
ues vary by ENSO phase, the degree of variability
within phases may limit the usefulness of this simple
approach to forecast application. Analysis at the
national level (Cane et al., 1994) has shown that
there are significant differences in annual precipita-
tion and maize yields between ENSO phases in
Zimbabwe. However, the application of this ap-
proach at the site level may require more precise
definition of ENSO phases, or the use of climate
forecasts specific to each individual year based on
numerical models which take into consideration large
scale phenomena other than Pacific sea surface tem-
peratures.

The value of this analysis lies in the implications
for the usefulness of type of forecasts, and regional
distribution. Based on the yield distributions shown
in Fig. 3, the primary range of yield distinctions
between ENSO phases varies depending on the AEZ.
For sites operating near the yield potential such as
Karoi in AEZ 11, forecasts of a poor growing season
may be more useful than those of good years. Simi-
larly, for marginal sites like Beitbridge in AEZ V,
where long term mean yields are extremely low and
crop failures common, accurate forecasts of favor-
able years may be used as a basis to increase inputs.
For the sites in the moderate yield range such as
Gweru and Masvingo, these simulations imply that,
similar to Beitbridge, forecasts of La Niha years
which tend to be associated with greater seasonal
precipitation, lead to management opportunities pro-
viding the greatest benefit. In El Nifio years, varying
time of planting was of little consequence in improv-
ing yields.

Although we detected a dry period in January
relative to December and February in AEZs III and
IV associated with La Nifia events, simulations im-
ply that the overall season is wet enough so that
crops do not generally suffer from drought stress
during this phase. Alternatively, excessively heavy
rainfall in December may lead to decreased crop
yields resulting from nitrogen losses from the soil
profile. The common practice of splitting nitrogen
fertilizer applications may help to avoid losses. Ad-

vance knowledge of a high-rainfall growing season
may help improve fertilizer management, which is
critical to resource-poor farmers.

This work investigates the implications of re-
gional ENSO-related climate impacts at the site-level
in Zimbabwe. This effort is directed at the develop-
ment a methodology for applying seasonal climate
forecasts to agricultural management at the farm
level to reduce risks in production associated with
climate variability. Our results indicate that, although
ENSO is a strong determinant of inter-annual climate
variability at these sites in Zimbabwe, forecasts based
simply on ENSO categories are not likely to provide
high enough quality information for maize manage-
ment decision-making. However, current state-of-
the-art climate forecasting methods go beyond this
simple approach and are likely to result in more
precise predictions upon which management deci-
sions can be formulated in the near future. Using the
conceptual framework outlined here, with improve-
ments in both climate forecasts and crop simulation
models, there is potential for identifying manage-
ment strategies that reduce agricultural risk associ-
ated with climate in Zimbabwe and other ENSO-af-
fected regions.
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