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Evaluating the productivities of major
crops at the global scale using process-
based crop model
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ABSTRACT

Aim Recent changes in crop yields have implications for future global food secu-
rity, which are likely to be affected by climate change. We developed a spatially
explicit global dataset of historical yields for maize, soybean, rice and wheat to
explore the historical changes in mean, year-to-year variation and annual rate of
change in yields for the period 1982-2006.

Location This study was conducted at the global scale.

Methods We modelled historical and spatial patterns of yields at a grid size of
1.125° by combining global agricultural datasets related to the crop calendar and
harvested area in 2000, country yield statistics and satellite-derived net primary
production. Modelled yields were compared with other global datasets of yields in
2000 (M3-Crops and MapSPAM) and subnational yield statistics for 23 major
crop-producing countries. Historical changes in modelled yields were then
examined.

Results Modelled yields explained 45-81% of the spatial variation of yields in 2000
from M3-Crops and MapSPAM, with root-mean-square errors of 0.5-1.8 t ha™.
Most correlation coefficients between modelled yield time series and subnational
yield statistics for the period 1982-2006 in major crop-producing regions were
greater than 0.8. Our analysis corroborated the incidence of reported yield stagna-
tions and collapses and showed that low and mid latitudes in the Southern Hemi-
sphere (0—40°S) experienced significantly increased year-to-year variation in maize,
rice and wheat yields in 19942006 compared with that in 1982-93.



9w R

Satellite products
(NOAA/AVHRR-NPP)

FAQO country statistics

4.0
3.5
3.0
2.5
©
é; 2.0
1.5

0.5 -

//\—/\ of

1.0

—\—

0.0 + T

T T — T — T T
1982 1985 1988 1991 1994 1997 2000 2003 2006
Year

Subnational yield

statistics

Global Dataset

Historical Yields

E5—%

Harvested area in 2000
(Monfreda et al. 2008)

Malze area (%) 20 40 60

90 180 270
Planting date (DOY)

Croppmg
"\ _f- "/~ Systems
oS USDA (1996)




Yy FIRETF

IREFEREDHT

—4% (1982-2006, 1.125 lon/lat)
TRELDRERTER ZINE

1L

7y RMeEUTe

United States

T
B
L
'i:\?c gli N
RS S e [ A
k Wi . ) ;4: % PrMNEIAL EDEL
& T 11 ¥ AP N =1
By ] R LR e ] qam*ﬂ.!zoos(m\a) _t
LEEN 5 L] A ‘ [~ -
L = N o
T J H A N - Wro % 1
\\ ] i [ 0001 -1.00¢ | -
#_N_f{'% !j/-\ 3 [ 10012000
) [ 2001 -300¢
-.‘_,—,/L», 71 | ]3001-400
[J4001-500¢
[ 5001 -6.00¢
M [ 6 001 - 7000
e ] I 7001 -s00¢
(-] ) [ 501 -9.00¢
= 1 5 00: - 10.00 .
[E .-. o
W
Wei-om
- Wevv=
Indonesia W
Thailand 5 g i
| ; ORI
AEAS! d (1 [] .
oIl [Jemne
X 3 s L | | Hoona seone
S E D { | - = < et o
\YFNE A 3 I~ . o
3 M [rsmen-210mc
= Do 2s0mc
o [esner 2mc
| Jamaeer - 3soanee
= : om0
Wi ssonc
U — Wesneer-ssonce
L1AA] Wi ss0nc
L] &l [
R
e ' o ]
- R i |
Australia P
7 ~
|- Tt
K%‘**EL*”T* e
=
/ { Eal SEIEES -
e Fyi H i
. ) ]
5 34 maior ricef. NP2009(/bed I~ N
5 — i\ D) =
1 K L]
I ] ™
S 1 i
3 SENS 3
. -
2 ﬁ R
S

Brazil

/4 [
T
24 i
%
b
-
=
5
B &
Vi
Ay
T A8 00 A
W
TERE)
]
I

[HTES)

u
| HUED)




Step 1. Fit a normal distribution for each temporal evolution pattern of planting
dates and harvesting dates obtained from Sacks et al. (2010) and generate 500
different growth periods.

Freq.

Lower limit (=-20) Mean Upper limit (=+20) Lower limit Mean Upper limit
Planting date Harvesting date

Step 2. Accumulate daily crop-specific NPP values derived from NOAA/AVHRR
products for each crop growth period.

1982 2006 1982 2006
NPP e \
e _,r‘! ./"f: ,,,,,,, J 3 _,/“IF -
P

500 different yearly
NPP time series

1 Hy Py H, Psoo  Hsoo  Psoo Hsoo

Days Days

Step 3. Adjust FAQ country yields for secondary cropping system use based on
the ratio of cropland-mean NPP between major and secondary cropping systems
in a country. Locations of grid cells that use each of the cropping systems were

identified using Sacks et al. (2010).
N

Step 4. Multiplythe ratios of NPP for cropland grid cells to the cropland-mean
NPP in a country by FAO data to obtainyields for major cropping system at the
grid cell level.

Modelled Ratios ’ )
grid yields in of NPPsfor |
a country —  cropland X
grid boxes
Long Lat
||

Step 5. Same as Step 4, but for FAO data adjusted for secondary cropping system
to obtainyields for secondary cropping system at the grid cell level.

Step 6. Calculate the cropping-system-mean modelled yields (if multiple cropping
systems used in a grid cell). Share of crop production by cropping system in the
1990s was obtained from U.S. Department of Agriculture (USDA, 1994, 2013)




Maize

(a) 1982-1993 (b) 1994-2006
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Figure 4 Means (upper row), coefficients of variation (CVs, middle row) and annual rates of change (bottom row) in modelled maize
yields in 1982-93 (left column) and 1994-2006 (middle column), and differences in values of the statistics between the two periods
(right column). Light gray indicates that no modelled yields were available due to the lack of crop calendar data. Dark gray indicates
non-cropland grid cells.
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Crop Failure Forecast

- We conducted a global overview of the reliability of crop
failure forecasts for maize, rice, wheat and soybean.

« The key question posed was:

How reliable is the forecasting of crop failure at lead
times that allow such information to be of value to
governments and commercial concerns?

nature LETTERS
e e [ G

Prediction of seasonal climate-induced variations
in global food production

Toshichika lizumi'*, Hirofumi Sakuma®3, Masayuki Yokozawa', Jing-Jia Luo®, Andrew J. Challinor®%,
Molly E. Brown’, Gen Sakurai' and Toshio Yamagata®




Data and Methods (crop yield)

* Global, gridded historical yield
dataset (lizumi et al., Global Elol. Biogeogr., in

review)

— covers the period 1982-2006

S | I ] | |
, e . 0.0 1.5 3.0 45 6.0 7.5 9.0 10.5
— derived by aligning county yield Mean yield (t ha™)

statistics with yield proxy from Maize, USA (237-118)

1980 1985 1990 1995 2000 2005

satellites

: I
: : S0 W8 AN\ A

 Removal of technological yield trend = AJ"H‘/V\ eV ke
to derive climate-crop relationship - ¢

— AY, = (Y¢ - Yeq) / Yo 100 Maize, USA (237-118)

1980 1985 1990 1895 2000 2005

— Same average yield was used for the NREEEEa rl:\_
first 3-yr of the study period 2 u
oV il il

AY(%)

Yield (t/ha)

— Popular in Agro-meteorological
fields (e.g., Lobell & Field, 2007, Environ. Res.

Lett.; Kucharik, 2008, Agron. J.)




Data and Methods (crop phenology)

* Global crop phenology dataset
Sacks et al., 2011, Global Ecol. Biogeogr.

— Type of cropping system

« Maize (major/secondary)

* Soybean (major)
 Rice (major/secondary)
* Wheat (winter/spring)

— Share of production by cropping syste g T

* Average yield of winter wheat 2 t/ha (100t) Planting date (DOY) Harvest date (DOY)
and spring wheat 4 t/ha (500t) is not 3 t/
ha, but 3.7t/ha

— Specification of key growing season for

each cropping system
Winter wheat

Sbring wheat
. Vegetative Rebproductive fmwth . Vegetative Rebproductive fmwth
Tillage Plantin Flowerin Harvestin Tillage Plantin Flowerin Harvestin

Jun | Jul | Aug | Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May
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Yield Predictions Based on Seasonal Climatic Forecasts
SIMTEX-F GCM (JAMSTEC)

Seasonal climatic forecasts

Pre-season

- >
predictions Within-season >
predictions Yield
Reproductive growth period
Sowing Anthesis Harvesting
I T T T I T |
-6 -5 -4 -3 -2 -1 0

Lead time of cropping predictions (months)

- Pre-season yield predictions employ climatic forecasts with
lead time of 3-5 months and provide information on
variations in yield for the coming cropping season.

- Within-season yield predictions update the pre-season
predictions using climatic forecasts with lead time of 1-3
months.



Statistical Crop Model

We developed a spatially explicit global dataset of historical
yields for maize, soybean, rice, and wheat to explore the
year-to-year variation in yields for the period 1982-2006.

Yearly time series of cropping and climatic data were
combined to derive multiple linear regression models:
first-difference time series in yield (AY),
temperature (A7) and soil water content (ASW)

A multiple linear regression model was computed for each
cropping system of a crop of interest:

AY = aAT +bASW +c+¢€



Hindcasts with reanalysis (upper limit of skill)
Soybean

« Over 16% (r=.404, p<.05) of year-to-year yield variation can be explained
by temperature and soil moisture alone. Such “skillful” area produces 28 to
40% of world production in 2000.



Within-season prediction
Soybean

Skillful area of within-season prediction produces 3 to 10% of world
production.

Prediction achieved limited part of the potential---

Amount of production produced in “skillful” area decreases as lead time
increases.



Are these predictions better than random?
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Evaluation of the Reliability of Within-Season

Weak & Degreeof - Strong
climate-crop relationship

Low & Reliability of climate forecast = High

« Moderate-to-marked (5% more) yield losses of rice and wheat over 18-19%
of the global harvested area of the crops (correspond to 19-23% of the
global production) can be reliably predicted at 3 months before the harvest
using within-season prediction.



Sensitivity of yield to temperature and soill
moisture

Soybean

« Weighted average of yield elasticity to temperature and soil
moisture (evaluated based on climatological mean values);

- Maize and soybean are water dependent while rice and wheat are
more temperature dependent.



Reliability of Wheat Predictions for Exporting

USA (15t top exporter)
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« Crop failures of rice and wheat over a
substantial percentage (19-23%) of the global
harvested area of these crops can be reliably
predicted at 3 months before the harvest.

* The percentages of harvested area (production)
of the crops where crop failures of the crops are
reliably predictable can increase to 30-33%
(31-40%) if climatic forecasts are near perfect.



Further Study: Nowcasting for Food Security

climatic forecasts

X,.,: estimated X,: estimated X.,- estimated
biomass at time t-1 biomass at time ¢ biomass at time t+1

Updating x,_, based on Updating x, based on
observations y, , at time t-1 observations y, at time t
l l

| | | |
t-1 t t+1

_sowing | [ harvesting |

« Nowecasting encompasses a description of the current state of the
crops and the prediction of how the crops will grow during the next
stage and how much yield harvested.

* The current state of crops is updated with observations.
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