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Abstract. Global cropland net primary production (NPP) has tripled over the last 50 years, contributing 17—
45 % to the increase in global atmospheric CO; seasonal amplitude. Although many regional-scale comparisons
have been made between statistical data and modeling results, long-term national comparisons across global
croplands are scarce due to the lack of detailed spatiotemporal management data. Here, we conducted a simu-
lation study of global cropland NPP from 1961 to 2010 using a process-based model called Vegetation—Global
Atmosphere—Soil (VEGAS) and compared the results with Food and Agriculture Organization of the United
Nations (FAO) statistical data on both continental and country scales. According to the FAO data, the global
cropland NPP was 1.3, 1.8, 2.2, 2.6, 3.0, and 3.6 PgC yr_1 in the 1960s, 1970s, 1980s, 1990s, 2000s, and 2010s,
respectively. The VEGAS model captured these major trends on global and continental scales. The NPP in-
creased most notably in the US Midwest, western Europe, and the North China Plain and increased modestly
in Africa and Oceania. However, significant biases remained in some regions such as Africa and Oceania, espe-
cially in temporal evolution. This finding is not surprising as VEGAS is the first global carbon cycle model with
full parameterization representing the Green Revolution. To improve model performance for different major re-
gions, we modified the default values of management intensity associated with the agricultural Green Revolution
differences across various regions to better match the FAO statistical data at the continental level and for selected
countries. Across all the selected countries, the updated results reduced the RMSE from 19.0 to 10.5 TgC yr~!
(~ 45 % decrease). The results suggest that these regional differences in model parameterization are due to dif-
ferences in socioeconomic development. To better explain the past changes and predict the future trends, it is
important to calibrate key parameters on regional scales and develop data sets for land management history.

etation is the most active C reservoir in the terrestrial ecosys-

Cropland net primary production (NPP) plays a crucial role
in both food security and atmospheric CO, variations. Crop
yield is part of crop NPP; thus, food security relies greatly on
crop NPP. It has been reported that the increase in cropland
NPP driven by the agricultural Green Revolution contributed
1745 % of the increase in atmospheric CO, seasonal ampli-
tude (Gray et al., 2014; Zeng et al., 2014). Furthermore, veg-

tem and is easily affected by climate change (e.g., drought)
and management practices, thus potentially affecting global
climate change (Le Quéré et al., 2016; Zeng et al., 2005b;
Zhao and Running, 2010).

Globally, agricultural areas cover ~ 1370 million hectares,
distributed across diverse climatic and edaphic conditions,
with a variety of complex cropping systems and manage-
ment practices (Foley et al., 2011; Gray et al., 2014; Lal,
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Table 1. Features of the agricultural Green Revolution across regions.

Region/country Starting period  Features Ref.
Africa 1980s Sustainable agriculture, plant breeding, and Evenson and Gollin (2003);
biotechnology Ejeta (2010); Pingali (2012)
Asia 1960s Variety breeding, use of chemical fertilizers and ~ Hazell (2009)
pesticides, and irrigation
Europe and North  1960s Large public investment in crop genetic im-  Pingali (2012)
America provement built on the scientific advances for
the major staple crops — wheat, rice, and maize
South America 1960s Variety breeding, use of chemical fertilizers and  Evenson and Gollin (2003);
pesticides, and irrigation Hazell (2009)
Mexico 1950s New wheat and maize varieties developed by  Cotter (2005); Khush (2001);
the International Maize and Wheat Improve- Pingali (2012)
ment Center. Improve agricultural productivity
with irrigated cultivation in northwest
Philippines 1966 A new dwarfed high-yield rice cultivar, IR8 was  Fischer and Cordova (1998);
bred by IRRI Peng et al. (1999)
India 1960s Plant breeding, irrigation development, and fi- Hazell (2009);
nancing of agrochemicals
China 1970s Hybrid rice bred by Longping Yuan; fertilizer ~ Yuan (1966);
increased dramatically Lin and Yuan (1980)
Brazil 1970s High-yielding wheat varieties with aluminum Davies (2003); Khush (2001);

toxicity resistance were developed

Marris (2005)

2004; Monfreda et al., 2008). Features of the agricultural
Green Revolution include (1) adoption of improved varieties,
(2) expansion of irrigation, and (3) increased use of chem-
ical fertilizer and pesticide. These three factors have con-
tributed approximately equally to increased crop NPP (Sin-
clair, 1998). Although the agricultural Green Revolution has
been identified as a key driver of increased crop yield, its
impact on crop NPP differs across time and space. Man-
agement intensity (here, mainly referring to the third feature
of the Green Revolution) varies largely and has not always
changed synchronously in different parts of the world (Ta-
ble 1) (Ejeta, 2010; Evenson, 2005; Glaeser, 2010; Hazell,
2009). Thus, cropland NPP is highly variable, complicat-
ing the assessment of global cropland NPP (Bondeau et al.,
2007; Ciais et al., 2007; Gray et al., 2014). For example, in
the USA, the timing and magnitude of the agricultural Green
Revolution occurred almost evenly from 1961 to 2010, while
in Brazil, the most dramatic increase occurred after 2000
(Glaeser, 2010; Hazell, 2009). However, accounting for such
effects of heterogeneity in management practices over time
and space on crop NPP on a global scale has been rare to
date.

Three methods are available for estimating vegetation
NPP: statistical data, process-based models, and remote sens-
ing. Statistical data and process-based models are the preva-
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lent methods for estimating global NPP, but, except for a
few recent studies, are generally limited to natural vegetation
based on climate and edaphic variables, (Gray et al., 2014;
Zeng et al., 2014). Therefore, global- and regional-scale esti-
mates of cropland NPP must rely on census and survey data.
However, these data report agricultural production, not NPP,
and thus need crop-specific factors (dry matter fraction, har-
vest index (HI), root-to-shoot ratio, etc.) to calculate the NPP
(Gray et al., 2014; Huang et al., 2007; Monfreda et al., 2008;
Prince et al., 2001), which neglected the temporal evolution
for crop-specific factors such as HI and root-to-shoot ratio
(Lorenz et al., 2010; Sinclair, 1998). Remote sensing using
satellites is a powerful tool for estimating global terrestrial
NPP (Cleveland et al., 2015; Field et al., 1995; Nemani et
al., 2003; Parazoo et al., 2014; Zhao and Running, 2010), yet
croplands are coincident with natural vegetation, making it
difficult to differentiate the two using remote sensing (De-
fries et al., 2000; Monfreda et al., 2008).

The current state of the global carbon models is as fol-
lows: (1) some models, such as Lund—Potsdam-Jena (LPJ)
or ORCHIDEE, do not have an agricultural module; (2) mod-
els with an agricultural module, such as LPJ managed
Land (LPJmL), do not fully represent the features of the
Green Revolution; (3) the Vegetation—Global Atmosphere—
Soil (VEGAS) model, by Zeng et al. (2014), was the first
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attempt to model the agricultural Green Revolution. The im-
portance of parameter calibration has been recognized and
addressed by numerous modeling studies (Bondeau et al.,
2007; Chen et al., 2011; Crowther et al., 2016; Luo et al.,
2016; Ogle et al., 2010; Peng et al., 2013). In addition,
regional calibrated parameters are critical for global-scale
modeling (Le Quéré et al., 2016). However, because the man-
agement data needed for most terrestrial models are spatially
and temporally scarce, a precise regional simulation and cal-
ibration seems impossible (Bondeau et al., 2007).

Here, we conducted a study concentrated on calibrations
on both the regional and the country scales. Instead of using
an extensive set of actual management data that are unavail-
able or incomplete, we modeled the first-order effects on crop
NPP using parameterizations. Our objectives were to (1) de-
scribe the method for simulating the three Green Revolution
features, (2) quantify the cropland NPP over the last 50 years
on both the continental and country scales, and (3) improve
the model’s performance by key parameterization.

2 Materials and methods

2.1 Simulating the Green Revolution with a dynamic
vegetation model

We simulated agriculture using a generic crop functional type
that represents an average of three dominant crops: maize,
wheat, and rice. These crops are similar to warm C3 grass,
one of the natural plant functional types in VEGAS (Zeng
et al., 2005a, 2014). A major difference is the narrower tem-
perature growth function, to represent a warmer temperature
requirement than natural vegetation. Cropland management
is modeled as an enhanced photosynthetic rate by the cul-
tivar selection, irrigation, and application of fertilizers and
pesticides. We modeled the first-order effects on the carbon
cycle using regional-scale parameterizations with the follow-
ing rules.

2.1.1 Variety

The selection of high-yield dwarf crop varieties has been a
key feature of the agricultural Green Revolution since the
1960s, generally accompanied by an increase in the HI (the
ratio of grain to aboveground biomass) (Sinclair, 1998). The
HI varies for different crops, with a lower value for wheat
(0.37-0.43) (Huang et al., 2007; Prince et al., 2001; Soltani
et al., 2004) and higher values for rice (0.42-0.47) (Prasad
et al., 2006; Witt et al., 1999) and maize (0.44-0.53) (Huang
et al., 2007; Prince et al., 2001). We used a value of 0.45
for the year 2000, a typical value of the three major crops:
maize, rice, and wheat (Haberl et al., 2007; Sinclair, 1998).
The temporal change in HI is modeled as

y — 2000
Hlcrop = 0.45 ( 14-0.6tanh ( == ) ). (1
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Figure 1. Harvest index change over time as used in the model and
a harvest index of 0.31 in 1961 and 0.49 in 2010, based on literature
review.

so that Hleop was 0.31 at the beginning of the Green Rev-
olution in 1961 and 0.45 for 2000 (Fig. 1), based on values
found in the literature (Prince et al., 2001; Sinclair, 1998).

2.1.2 lIrrigation

To represent the effect of irrigation, the soil moisture func-
tion (B = w; for unmanaged grass, where w is surface soil
wetness) is modified as

1
Wimg = 1+0.5 2)
1+ Exp (2MAL-13)
(I —wy)
p=1-— 1 3)
Wirrg

The irrigation intensity Wiy, varies spatially from 1 (no irri-
gation) to 1.5 (high irrigation) using mean annual tempera-
ture (MAT) as a surrogate (Fig. 2a), with § ranging from 0
(no irrigation) to 0.33 (high irrigation) under extreme dry nat-
ural conditions (Fig. 2b). This function also modifies 8 when
w1 is not zero, but the effect of irrigation decreases when w
increases and levels off when w; equals 1 (soil is saturated).
Thus, g (and thus the photosynthesis rate) is determined by
both naturally available water (wp) and irrigation. The spa-
tial variation in Wiy reflects a regional difference between
tropical and temperate climates.

2.1.3 Fertilizer and pesticide

To represent the enhanced productivity from cultivar and fer-
tilization, the gross carbon assimilation rate is modified by
a management intensity (MI) factor that varies spatially and
changes over time:

Ml(region, year) = MoM;(regionMAT (latlon))M,(year)  (4)
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Figure 2. Irrigation intensity (Wjrig) changes with mean annual temperature (°C) (MAT) and B (beta) changes with soil wetness (Zucco et

al., 2014) for typical Wiy, as used in the model.

Table 2. Default and calibrated regional management intensity pa-
rameter of M. The default values were obtained from Zeng et
al. (2014) and were parameterized mainly for global trend simu-
lation. See Sect. 2.1.4 for the calibration. Updated My, values are
represented by 1 and | symbols, indicating an increase or a de-
crease compared to the default ones, respectively.

Continent Default  Calibrated
Africa 0.5 0.81
North America 1.3 1.1}
South America 0.7 0.91
East Asia 1.5 1.5
Southeast Asia 1.0 0.7}
South Asia 0.7 0.6}
Central-west Asia 0.7 1.0
Former USSR 1.0 1.24
Rest of Europe 1.3 1.1}
Oceania 1.0 0.64

M (region, MAT) = M(region)

-Max(1 — tanh(MAT (latlon) — 15/25), 1.0) 5)

(6)

year — 2000
M, (year) =14 0.2tanh { —— |,

70

where My is a scaling factor, the default value taken as 1.7
compared with natural vegetation 1.0, while M is the spa-
tially varying parameter, using major global regions as listed
in Table 2 and MAT to differentiate (Eq. 4). My, is a region-
dependent relative MI factor and M is stronger in temperate
and cold regions and weaker in tropical countries, for which
we used the MAT as a surrogate (Eq. 4). M> is a tempo-
ral evolutionary factor (Eq. 3), and the term in parentheses
represents the temporal evolution, modeled by a hyperbolic
tangent function, with the MI values in 1961 approximately
10 % lower than in 2000 and 20 % lower asymptotically far-
ther back in time (Fig. 3).
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Figure 3. Management intensity (relative to year 2000) changes
over time as used in the model. The analytical functions are hy-
perbolic tangent (see text). The parameter values correspond to a
management intensity in 1961 that is 10 % smaller than in 2010.

2.1.4 Motivation of the My, parameter calibration

M, is a region-dependent relative MI factor that varied
largely across regions, and the default parameters were de-
rived from a previous version used in Zeng et al. (2014),
mainly to capture the global trends, which neglected the re-
gional trends to some degree. A main focus of this study is to
improve the M|, parameter based on the FAO regional data
to capture the regional trends. For each individual region, we
used a series of parameters to drive the model and chose the
best fit for the FAO statistical data (by naked eye observation)
as follows:

1. Parameter M|, was calibrated on a continental scale to
match the FAO statistical data. During this period, coun-
tries within the same continent were assigned the same
Mji;.

2. The M|, for selected major countries was calibrated in-
dependently from the continental calibration, while the
other countries that were not selected within the same
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continent were tuned oppositely from the selected coun-
tries to keep the total simulated continental production
close to the FAO data.

After the two steps, total production was summed as all coun-
tries with updated parameters.

2.1.5 Planting, harvesting, and lateral transport

Crop phenology was not decided beforehand but was deter-
mined by the climate condition. For example, when it is suf-
ficiently warm in temperate and cool regions, crops begin to
grow. This assumption captures most of the spring planting
and simulates multiple cropping in low latitudes. However,
one limitation of such a simple assumption is that it misses
some other crop types such as winter wheat, which has an
earlier growth and harvest.

When the leaf area index growth rate slows to a thresh-
old value, a crop is assumed to be mature and is harvested.
The automatic planting and harvest criteria allow multiple
cropping in some warm regions and match areas with intense
agriculture such as East Asia and Southeast Asia, but the cri-
teria may overestimate regions with single cropping. Conse-
quently, the simulated results tend to be the potential produc-
tivity due to the climate characteristics and our generic crop.

After harvest, grain and straw are assumed to be appropri-
ated by farmers and then incorporated into the soil metabolic
carbon pool. The harvested crop is redistributed according
to population density, resulting in the horizontal transport of
carbon. As a consequence, cropland areas act as net carbon
sinks, and urban areas release large amounts of CO; through
heterotrophic respiration. Lateral transport is applied within
each continent to simulate the first-order approximation. Ad-
ditional information on cross-regional trade was also taken
into account for eight major world economic regions.

2.2 Data sets
2.2.1 Climate data

Gridded monthly climate data sets (i.e., maximum and min-
imum temperature, precipitation, and radiation) covering the
period 1901-2013 with a spatial resolution of 0.5° x 0.5°
were obtained from the Climatic Research Unit, University
of East Anglia (http://www.cru.uea.ac.uk/cru/data/hrg/). The
time series CRU TS3.22 (Harris et al., 2013) are calculated
on high-resolution grids, which are based on an archive of
monthly mean temperatures provided by more than 4000
weather stations distributed around the world. The data set
has been widely used for global change studies (Mitchell et
al., 2004; Mitchell and Jones, 2005).

2.2.2 Land cover data

The land cover data set (crop and pasture versus natural
vegetation) was derived from the History Database of the
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Global Environment (HYDE) data set (http://themasites.
pbl.nl/tridion/en/themasites/hyde/download/index-2.html)

(Goldewijk et al., 2010, 2011). It is an update of HYDE,
with estimates of some of the underlying demographic
and agricultural driving factors using historical population,
cropland, and pasture statistics combined with satellite infor-
mation and specific allocation algorithms. The 3.1 version
has a 5" longitude and latitude grid resolution and covers the
period 10 000 BC to AD 2000. This data set was also used in
TRENDY and other model comparison projects (Chang et
al., 2017, Sitch et al., 2015). The VEGAS model does not
use high spatial resolution land use and management data
such as crop type and harvest practices; thus, small-scale
regional patterns may not be well simulated, and the results
are more reliable on aggregated continental to global scales.

2.2.3 Crop production data

Crop production and cropland area are aggregated from FAO
statistics for the major crops (FAOSTAT, http://www.fao.
org/faostat/en/#data/QC, accessed June 2016). Specifically,
they are the sum of the cereals (wheat, maize, rice, and
barley, etc.) and five other major crops (cassava, oil palm,
potatoes, soybean, and sugarcane), which comprise 90 % of
the global amount of carbon harvested. Following Ciais et
al. (2007), conversion factors are used to convert first wet
to dry biomass, then to carbon content. The final conversion
factors from wet biomass to carbon are 0.41 for cereals, 0.57
for oil palm, 0.11 for potatoes, 0.08 for sugarcane, and 0.41
for soybean and cassava.

2.3 |Initialization and simulation

The VEGAS model used in TRENDY (Sitch et al., 2015;
Zeng et al., 2005a) was run from 1700 to 2010 and forced
by climate, annual mean CO,, and land use and manage-
ment history. Due to unavailable observed climate data be-
fore 1900, the average climate data over the period from 1900
to 1909 was used to drive the spin-up. The VEGAS model
has a speed-up procedure for soil carbon to make it achieve
equilibrium state (Zeng et al., 2005a).

3 Results

3.1 A brief revisit of the agricultural Green Revolution

The agricultural Green Revolution was mostly started in the
1960s to cope with the food—population balance, particularly
in developing countries (Borlaug, 2002) (Table 1). Its fea-
tures include the development of high-yield varieties of ce-
real grains, the expansion of irrigation, and applications of
synthetic fertilizers and pesticides (Borlaug, 2007). The in-
tensity of such management varies widely and has not al-
ways occurred synchronously in different parts of the world.
Specifically, in the 1950s, new wheat and maize varieties

Earth Syst. Dynam., 8, 875-887, 2017
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were developed by the International Maize and Wheat Im-
provement Center (CIMMYT) in Mexico, and their agricul-
tural productivity increased with irrigated cultivation in the
northwest (Byerlee and Moya, 1993; Gollin, 2006; Pingali,
2012). Later in 1966, a new dwarf high-yield rice cultivar,
IRS8, was bred by the International Rice Research Institute
(IRRI) in the Philippines, and it was spread and grown in
most of the rice-growing countries of Asia, Africa, and Latin
America (Fischer and Cordova, 1998; Khush, 2001; Peng
et al., 1999). Also in the 1960s, India imported new wheat
seed from CIMMYT to Punjab and later adopted the IRS8
rice variety from Philippines that could produce more grains
(Parayil, 1992). China began participating in the Green Rev-
olution in the 1970s, with hybrid rice bred by Longping Yuan
(Yuan, 1966), and the fertilizer application rate increased dra-
matically from 43kgha™! in 1970 to 346kgha~! in 1995
(Hazell, 2009). Meanwhile, Brazil began participating in the
Green Revolution in the 1970s, and in collaboration with
CIMMYT, high-yielding wheat varieties with aluminum tox-
icity resistance, which were efficient in dealing with the alu-
minum toxicity in the Cerrado soils of Brazil were devel-
oped (Davies, 2003; Khush, 2001). In contrast, African coun-
tries began their participation in the Green Revolution much
later in the 1980s, with many obstacles from both climatic,
edaphic, and socioeconomic factors (Ejeta, 2010; Sédnchez,
2010) and it featured sustainable agriculture, plant breeding,
and biotechnology.

3.2 Global and continental comparison between model
simulation and FAO statistical data

Worldwide, the FAO data showed that cropland production
increased from 439 TgC in 1961 to 1519 TgC in 2010 (246 %
increase) (Fig. 4), and the VEGAS model captured most
of this trend in both the default and the calibrated results.
East Asia and North America contributed the most to this
trend (Fig. 5). For East Asia, crop production increased from
65 TgC in 1961 to 342 TgC (426 % increase) in 2010. For
North America, it increased from 90 TgC in 1961 to 235 TgC
(161 % increase) in 2010. Other regions followed the increas-
ing trend except for the former USSR region. The lowest crop
production existed in central-west Asia and Oceania, with
less than 50 TgC over the study period.

As described in Sect. 2.1.4, we calibrated the M, pa-
rameter for each region. The default and updated regional
management intensity parameter (Table 2) produced dramat-
ically different estimations for some continents, for example
in North America, Southeast Asia, and Africa (Fig. 5a, b, e).
However, for other continents, such as South Asia, the im-
provement was not so pronounced. For East Asia, the de-
fault parameter was sufficient to capture most of the crop
production variations. Moreover, the timing and magnitude
of the agricultural Green Revolution was quite different over
different regions. For example, it occurred more recently in
Africa and South America (Fig. 5a, ¢) and much earlier in
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Figure 4. Annual global crop production from 1961 to 2010. De-
fault parameters were derived from a previous version that was used
in Zeng et al. (2014) to capture the global trends, and calibrated pa-
rameters were set in this study (see text) to capture the regional
trends.

East Asia and Europe (Fig. 5d, i). In the region of the former
USSR, crop production even decreased after 1990 (Fig. 5h)
due to the large areas of abandoned croplands, thus making
the regional-scale simulation more complicated.

Furthermore, the updated parameters in different regions
did not substantially change the total production estimations
(Fig. 4), indicating that a good agreement in global total pro-
duction may be overestimated in some regions while under-
estimated in others, which does not reflect the true nature of
the production distributions and variations.

3.3 Country-scale comparison between model
simulation and FAO statistical data

At the country level, the FAO data showed that China, the
USA, and India were the top three countries contributing to
global crop production (Fig. 6). For China, crop production
increased from 50 TgC in 1961 to 230 TgC in 2010 (360 %
increase). For the USA, it increased from 76 TgC in 1961 to
204 TgC in 2010 (168 % increase). Other countries followed
the same increasing trend with different rates. The lowest
crop production in the top nine countries existed in Canada
and Argentina, with less than 50 TgC over the study period.
As for the VEGAS simulations, the default parameters
(Table 3) might overestimate results in some countries while
underestimating others. The calibrated parameter could cap-
ture variations in most of the countries (Fig. 6). For Chinese
crop production, a decreasing trend after 1999 was captured,
but the magnitude was weaker (Fig. 6a) because the drop in
cropland area was not represented in HYDE 3.0 for China.
The calibrated parameter also performed well in other coun-
tries. For Brazil and Argentina, the dramatic increase after
2000 was not well captured due to the simple assumption
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Figure 6. Annual crop production from 1961 to 2010 on a country scale.
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Table 3. Default and calibrated national management intensity pa-
rameter of M.

Country Default  Calibrated
China 1.5 1.3
USA 1.3 1.04
India 0.7 0.6}
Russia 1.0 0.9]
Brazil 0.7 0.81
Indonesia 1.0 0.7}
France 1.3 3.01
Canada 1.3 2.11
Argentina 0.7 0.81

that the strongest management occurred in 2000 and became
weaker afterwards.

Based on the country-scale comparisons between the up-
dated VEGAS simulations and the FAO statistical data of the
decadal means, the linear regression slope was 1.00, with a
higher R? of 0.97 (p <0.01), a smaller RMSE of 10.5 TgC
(~ 45 % decrease), and a smaller mean deviation of 3.5 TgC
(~ 31 % decrease) compared with the default results (Fig. 7).

3.4 Spatial comparison between the model simulation
and the documented data

The two independent data sets produced similar spatial distri-
butions of crop NPP (Fig. 8). The highest crop NPP regions
were the Great Plains of North America and temperate west-
ern Europe and East Asia (>1.0 Tg per 2500 km?, Fig. 8),
where the agricultural Green Revolution was the strongest,
but high yields were also present locally within tropical re-
gions (e.g., Southeast Asia), while the lowest production in
Africa, eastern Europe, and Russia (< 0.4 Tg per 2500 km?,
Fig. 8) was due largely to the low input in agricultural re-
search and development and the rigid climate and edaphic
conditions. The model result overestimated Russian cropland
NPP because of the simplified model representation of tem-
poral changes, and the abandoned cropland after the collapse
of the former USSR was not represented in the HYDE data
set. Meanwhile, the high South American NPP was underes-
timated.

The average cereal NPP increased from 1.0 to 1.5 Mgha™!
for African croplands (Fig. 9a), and it increased from 1.5
to 2.1 Mgha~! for Oceania croplands from 1961 to 2014.
Europe, Asia, and South America showed similar increasing
trends from 1.5 to 4.0 Mgha~!. North America showed the
highest cereal NPP, with an increase of 2.5 to 8.0 Mgha™!
over the 50 years. For soybean NPP, North America topped
the six continents with 3.0 Mgha~! in 2010, while Africa
showed the lowest NPP with 1.2 Mg ha~! in 2010, one-third
that of North America. Europe and Oceania had a middle
level of ~2.0Mgha~! in 2010. This NPP trend was con-
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sistent with the progress of the Green Revolution on each
continent.

4 Discussion

In the estimation of crop NPP, one of the sources of uncer-
tainty is crop parameters, such as variations in HI. When
accounting for this variation of 0.45 (0.37-0.53, or 18 %
of the mean), the uncertainty resulted from the HI for
the FAO production-derived NPP would be 1.3 4+0.2 and
3.6+ 0.6 PgC yr~! in the 1960s and 2010s, respectively. Fur-
thermore, the HI represented in Eq. (1) did not change with
time in different regions. This was mainly restricted by the
limited large-scale observed values over time. We mainly
modeled the long-term decreased HI trend over time. In the
future, a large-scale observed HI data set that changes with
time should be collected and included in carbon modeling
studies. Furthermore, the planting and harvest criteria al-
low multiple cropping in some warm regions, which cap-
tures trends in areas with multiple cropping practices such as
East Asia and Southeast Asia, but the criteria may overesti-
mate regions with single cropping in North America and Eu-
rope. Consequently, the simulated results tend to be the po-
tential productivity due to the climate characteristics and the
generic crop. Additionally, one of the main driving factors
for the agricultural Green Revolution was the economic in-
put. Gross domestic expenditures on food and agricultural re-
search and development worldwide have increased from 27.4
to 65.5 billion of 2009 purchasing power parity (PPP) dollars
from 1980 to 2010 (Pardey et al., 2016). The middle-income
countries’ research and development investment share in-
creased from 29 % in 1980 to 43 % in 2011. This invest-
ment difference has dramatically influenced the crop NPP
(Figs. 4, 5, 6, 8) due to improvements in crop varieties, fertil-
izer and pesticide application, and expansion of irrigation ar-
eas (Ejeta, 2010; Evenson, 2005; Evenson and Gollin, 2003;
Gollin et al., 2005; Gray et al., 2014; Hazell, 2009). Despite
a drought-induced reduction in the global terrestrial NPP of
0.55 PgC from 2000 to 2009 based on MODIS satellite data
analysis (Zhao and Running, 2010), cropland NPP increased
by 0.3-0.6 PgC for the same period in this study because of
the agricultural Green Revolution (Fig. 4).

Gray et al. (2014) used production statistics and a carbon
accounting model to show that increases in agricultural pro-
ductivity explained ~ 25 % changes in atmospheric CO; sea-
sonality. Northern Hemisphere extratropical maize, wheat,
rice, and soybean production increased by 0.33 PgC (240 %)
between 1961 and 2008. This study showed a consistent esti-
mation: the total cropland production increased by 1.0 PgC
(300 %) and took up 0.5Pg more carbon in July. Further-
more, Monfreda et al. (2008) estimated the global cropland
NPP for the year 2000 on a sub-country scale using the
FAO statistical yield data and cropland area distributions.
Consistently, the global cropland mean NPP was estimated
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Figure 8. Mean cropland NPP from 1997 to 2003. VEGAS mod-
eled patterns (Tg C per 2500 km?, panel a) show major productions
in the agricultural areas of North America, Europe, and Asia (panel
b shows the mean crop NPP based on the FAO statistical data from
Navin Ramankutty (http://www.earthstat.org/).

as 42MgCha~!, with the highest NPP of 5.5MgCha~! in
Asian croplands and the lowest NPP of 2.5MgCha~! in
African croplands. Specifically, both studies agreed well in
several regions that had the highest cultivated NPP due to
intensive agriculture and/or multiple cropping: western Eu-
rope; East Asia; the central USA; and southern Brazil, with
an NPP larger than 10MgCha~! in most of these regions.
Meanwhile, Bondeau et al. (2007) modeled the difference
of agricultural NPP between LPJmL and LPJ, showing that
agriculture increased NPP in intensively managed or irri-

www.earth-syst-dynam.net/8/875/2017/

gated areas (Europe, China, the southern USA, Argentina).
However, their study could not capture the increasing trends
in the US Central Plains and in the Australian wheat belt be-
cause of the unavailability of management data on those re-
gional scales, showing the limitations of modeling using de-
tailed regional management data. Moreover, using country-
based agricultural statistics and activity maps of human and
housed animal population densities, Ciais et al. (2007) es-
timated that the global carbon harvested in croplands was
1.3PgCyr~!, of which ~13% enters into horizontal dis-
placement through international trade circuits, contributing
~0.2-0.5 ppm mean latitudinal CO; gradients.

European cropland NPP increased 127 % over the last half
century, as estimated by VEGAS (Fig. 5i), and the yield in-
creased at a rate of 1.8 % per annum. Moreover, without the
management intensity parameter updated, the crop yields for
the 2000s would be 10.4 % lower. Similarly, a study showed
that across all major crops cultivated in the EU, plant breed-
ing has contributed approximately 74 % of total productivity
growth since 2000, equivalent to a yield increase of 1.2 % per
annum. European crop yields today would be more than 16 %
lower without access to improved varieties (the British Soci-
ety of Plant Breeders, BSPB). The 2003 drought and heat
in Europe reduced the terrestrial gross primary productivity
(GPP) by 30 % (Ciais et al., 2005), while it was decreased by
15 % for cropland NPP in this study (Fig. 5i). This decrease
was smaller than the natural ecosystem response due largely
to the counteractive effects of management inputs (irrigation,
fertilization, etc.).

In the central USA, VEGAS modeled the cropland NPP
as >6MgCha~! in the Great Plains and <3MgCha™! in
the northwestern and northern USA for the 2000s. Prince
et al. (2001) estimated crop NPP by applying crop-specific
factors to statistical agricultural production. The NPP at
the county level in 1992 ranged from 2MgCha~! in North
Dakota, Wisconsin, and Minnesota to > 8 MgC ha—! in cen-
tral Iowa, Illinois, and Ohio. Areas of the highest NPP were
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Figure 9. Cereal and soybean NPP on a continental scale over the last 60 years derived from FAO yield data. Note that the scales are different.

dominated by corn and soybean cultivation. Using a simi-
lar method, Hicke et al. (2004) estimated that crop NPP in-
creased in counties throughout the USA, with the largest in-
creases occurring in the Midwest, Great Plains, and Missis-
sippi River valley regions. It was estimated that total coter-
minous cropland production increased from 0.37 to 0.53 (a
40 % increase) Pg C yr~! during 1972-2001.

In Asian croplands, the percentage of harvested area for
rice, wheat, and maize under modern varieties was lower
than 10 % in the 1960s, and it increased to over 80 % in the
2000s (Evenson, 2005). Moreover, nitrogen (N) fertilizer in-
creased from 23.9kgha~! in 1970 to 168.6kgha™! in 2012,
while the irrigated area increased from 25.2 % in 1970 to
33.2% in 1995 (Rosegrant and Hazell, 2000). Correspond-
ingly, the crop NPP increased from 1.4MgCha~! in 1961
to 4.5MgCha~! in 2014 (Fig. 9). Cropland NPP in China
was estimated to increase from 159 TgC yr~! in the 1960s to
513 TgCyr~! in the 1990s based on the National Agriculture
Database (Statistics Bureau of China 2000) (Huang et al.,
2007), and this study estimated the range as 286 TgC yr~!
in the 1960s to 559 TgCyr~! in the 1990s. In tropical Asia,
the new croplands were mainly derived from forests, which
caused large amounts of carbon loss from both vegetation
and soil (Gibbs et al., 2010; Tao et al., 2013; West et al.,
2010).

The African croplands currently nourish over 1.0 billion
people. The need for sustainable agriculture combined with
stable grain yield production is particularly urgent in Africa.
However, the continent is now trading carbon for food.
Newly cleared land in the tropics releases nearly 3 tons of
carbon for every 1 ton of annual crop yield compared with
a similar area cleared in the temperate zone (West et al.,
2010). This continent can triple its crop yields, provided the
depletion of soil nutrients is addressed (Sdnchez, 2010). Us-
ing chemical fertilizer as an example, the average N appli-
cation rate from 2002 to 2012 was only ~ 14kgha=! yr~! in
Africa, which severely hampered crop production (Han et al.,
2016). In addition, complete crop residue removal for fod-
der and fuel is a norm in Africa, causing soils in these areas
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to lack organic matter input and to become carbon sources
(Lal, 2004). Since the mid-1970s, ~ 50 million hectares of
Ethiopian land had no or low fertilizer application, result-
ing in low crop NPP (<2MgCha~!; Figs. 7, 8) (West et al.,
2010) and soil degradation (Shiferaw et al., 2013). African
agricultural development has to overcome a series of con-
straints such as drought, poor soil fertility, diverse agroecolo-
gies, unique pests and diseases, and persistent institutional
and programmatic challenges (Ejeta, 2010).

In terms of the data gap in MI, very few data sets pro-
vide long-term time series data with high spatial resolution.
HYDE is a land use data set that does not provide MI in-
formation (Goldewijk et al., 2011). Monfreda et al. (2008)
developed a data set consisting of 175 crops consistent to the
FAO statistical data for the period around year 2000. More-
over, Fritz et al. (2015) developed a cropland percentage map
for the baseline year 2005. For the fertilizer data set, Potter
et al. (2010) provided the global manure N and P application
rate for a mean state around year 2000. Furthermore, Lu and
Tian (2017) developed a global time series gridded data set
for the synthetic N and phosphorous (P) fertilizer application
rate in agricultural lands. For the irrigation data set, global
monthly irrigated crop areas around the year 2000 were de-
veloped by Portmann et al. (2010). These data sets are mostly
for a specific year or a period mean, and they are unsuitable
for long-term simulations. Therefore, we still lack a compre-
hensive data set that reflects MI.

A more challenging task would be to calibrate regional
parameters and explain spatial patterns better because mod-
els may significantly underestimate the high-latitude trend
(Graven et al., 2013) and overestimate elsewhere even if the
global total is simulated correctly (Zeng et al., 2014). More
work should be directed to reduce uncertainties in regional
model parameterizations (Le Quéré et al., 2015; Luo et al.,
2016). This paper focuses on both the continental and coun-
try scales to calibrate key parameters to better constrain the
future projections of global cropland NPP.
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5 Conclusion

We used a process-based terrestrial model VEGAS to sim-
ulate global cropland production from 1960 to 2010 and
adapted the management intensity parameter on both conti-
nental and country scales. The updated parameter could cap-
ture the temporal dynamics of crop NPP much better than the
default ones. The results showed that cropland NPP tripled
from 1.340.1 PgCyr~! in the 1960s to 3.6 £0.2PgCyr~!
in the 2000s. The NPP increased most notably in the US Mid-
west, western Europe, and the North China Plain. In con-
trast, it increased slowly in Africa and Oceania. We high-
light the large difference in model parameterization among
regions when simulating the crop NPP due to the differences
in timing and magnitude of the Green Revolution. To better
explain the history and predict the future crop NPP trends,
it is important to calibrate key parameters on regional scales
and develop time series data sets for land management his-
tory.

Data availability. Several publicly available data sets were used
in this study. The specific references and internet links to the data
sources are given in the text. Model outputs are available upon re-
quest.

Author contributions. NZ conceived and designed the study;
PFH and FZ performed the simulations and analyzed the results. NZ
and PFH prepared the paper with contributions from all co-authors.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. This research was supported by the Na-
tional Key R&D Program of China (no. 2017YFB0504000), the
Thousand Talents Program Foundation of China (no. Y763012601),
and the Postdoctoral Science Foundation of LASG Dean (grant
no. 7-091162).

Edited by: Govindasamy Bala
Reviewed by: two anonymous referees

References

Bondeau, A., Smith, P. C., Zaehle, S., Schaphoff, S., Lucht, W.,
Cramer, W., Gerten, D., Lotze-Campen, H., Miiller, C., Reich-
stein, M., and Smith, B.: Modelling the role of agriculture for
the 20th century global terrestrial carbon balance, Glob. Change
Biol., 13, 679-706, 2007.

Borlaug, N.: Feeding a hungry world, Science, 318, 359-359, 2007.

Borlaug, N. E.: The green revolution revisited and the road ahead,
available at: https://www.nobelprize.org/nobel_prizes/peace/

www.earth-syst-dynam.net/8/875/2017/

laureates/1970/borlaug-lecture.pdf (last access: 12 June 2017),
2002.

BSPB: EU study highlights benefits of plant breeding, Plant Breed-
ing Matters, the British Society of Plant Breeders, available
at:  http://www.bspb.co.uk/sg_userfiles/BSPB_Plant_Breeding_
Matters_Spring_2016.pdf, last access: May 2017.

Byerlee, D. and Moya, P.: Impacts of International Wheat Breed-
ing Research in the Developing World, Wheats, Mexico, D. F.,
CIMMYT, 1993.

Chang, J., Philippe, C., Xuhui, W., Shilong, P., Ghassem, A.,
Richard, B., Frédéric, C., Marie, D., Louis, F., Katja, F., Anselmo
Garcia Cantu, R., Alexandra-Jane, H., Thomas, H., Akihiko, I.,
Catherine, M., Guy, M., Kazuya, N., Sebastian, O., Shufen, P.,
Shushi, P., Rashid, R., Christopher, R., Christian, R., Sibyll, S.,
Jorg, S., Hangin, T., Nicolas, V., Jia, Y., Ning, Z., and Fang,
Z.: Benchmarking carbon fluxes of the ISIMIP2a biome models,
Environ. Res. Lett., 12, 045002, https://doi.org/10.1088/1748-
9326/aa63fa, 2017.

Chen, T., van der Werf, G. R., Dolman, A., and Groenendijk, M.:
Evaluation of cropland maximum light use efficiency using eddy
flux measurements in North America and Europe, Geophys. Res.
Lett., 38, L14707, https://doi.org/10.1029/2011GL047533, 2011.

Ciais, P, Reichstein, M., Viovy, N., Granier, A., Ogee, J., Allard, V.,
Aubinet, M., Buchmann, N., Bernhofer, C., Carrara, A., Cheval-
lier, F., De Noblet, N., Friend, A. D., Friedlingstein, P., Grun-
wald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G., Lous-
tau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J. M.,
Papale, D, Pilegaard, K., Rambal, S., Seufert, G., Soussana, J. F.,
Sanz, M. J., Schulze, E. D., Vesala, T., and Valentini, R.: Europe-
wide reduction in primary productivity caused by the heat and
drought in 2003, Nature, 437, 529-533, 2005.

Ciais, P.,, Bousquet, P., Freibauer, A., and Naegler, T.: Horizontal
displacement of carbon associated with agriculture and its im-
pacts on atmospheric CO,, Global Biogeochem. Cy., 21, 776—
786, 2007.

Cleveland, C. C., Taylor, P., Chadwick, K. D., Dahlin, K., Doughty,
C. E., Malhi, Y., Smith, W. K., Sullivan, B. W., Wieder, W. R.,
and Townsend, A. R.: A comparison of plot-based satellite and
Earth system model estimates of tropical forest net primary pro-
duction, Global Biogeochem. Cy., 29, 626—644, 2015.

Cotter, J.: Troubled Harvest: Agronomy and Revolution in Mexico,
1880-2002, Hisp. Am. Hist. R., 96, 298-299, 2005.

Crowther, T. W., Todd-Brown, K. E. O., Rowe, C. W., Wieder, W.
R., Carey, J. C., Machmuller, M. B., Snoek, B. L., Fang, S., Zhou,
G., Allison, S. D., Blair, J. M., Bridgham, S. D., Burton, A. J.,
Carrillo, Y., Reich, P. B., Clark, J. S., Classen, A. T., Dijkstra, F.
A., Elberling, B., Emmett, B. A., Estiarte, M., Frey, S. D., Guo,
J., Harte, J., Jiang, L., Johnson, B. R., Kroel-Dulay, G., Larsen,
K. S., Laudon, H., Lavallee, J. M., Luo, Y., Lupascu, M., Ma, L.
N., Marhan, S., Michelsen, A., Mohan, J., Niu, S., Pendall, E.,
Pefiuelas, J., Pfeifer-Meister, L., Poll, C., Reinsch, S., Reynolds,
L. L., Schmidt, I. K., Sistla, S., Sokol, N. W., Templer, P. H.,
Treseder, K. K., Welker, J. M., and Bradford, M. A.: Quantifying
global soil carbon losses in response to warming, Nature, 540,
104-108, 2016.

Davies, W. P.: An Historical Perspective from the Green Revolution
to the Gene Revolution, Nutr. Rev., 61, S124-134, 2003.

Defries, R. S., Hansen, M. C., Townshend, J. R. G., Janetos, A. C.,
and Loveland, T. R.: A new global 1-km dataset of percentage

Earth Syst. Dynam., 8, 875-887, 2017



https://www.nobelprize.org/nobel_prizes/peace/laureates/1970/borlaug-lecture.pdf
https://www.nobelprize.org/nobel_prizes/peace/laureates/1970/borlaug-lecture.pdf
http://www.bspb.co.uk/sg_userfiles/BSPB_Plant_Breeding_Matters_Spring_2016.pdf
http://www.bspb.co.uk/sg_userfiles/BSPB_Plant_Breeding_Matters_Spring_2016.pdf
https://doi.org/10.1088/1748-9326/aa63fa
https://doi.org/10.1088/1748-9326/aa63fa
https://doi.org/10.1029/2011GL047533

886 P. Han et al.: Estimating global cropland production from 1961 to 2010

tree cover derived from remote sensing, Glob. Change Biol., 6,
247-254, 2000.

Ejeta, G.: African Green Revolution needn’t be a mirage, Science,
327, 831-832, 2010.

Evenson, R. E.: Besting Malthus: The Green Revolution, P. Am.
Philos. Soc., 149, 469-486, 2005.

Evenson, R. E. and Gollin, D.: Assessing the impact of the Green
Revolution, 1960 to 2000, Science, 300, 758-762, 2003.

Field, C. B., Randerson, J. T., and Malmstrom, C. M.: Global net
primary production: Combining ecology and remote sensing, Re-
mote Sens. Environ., 51, 74-88, 1995.

Fischer, K. S. and Cordova, V. G.: Impact of IRRI on rice science
and production, in: Impact of rice research, edited by: Pingali,
P. L. and Hossain, M., Thailand Development Research Insti-
tute, Bangkok and International Rice Research Institute (IRRI),
Manila, Philippines, 27-50, 1998.

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Ger-
ber, J. S., Johnston, M., Mueller, N. D., O’Connell, C., Ray, D.
K., and West, P. C.: Solutions for a cultivated planet, Nature, 478,
337-342,2011.

Fritz, S., See, L., McCallum, 1., You, L., Bun, A., Moltchanova, E.,
Duerauer, M., Albrecht, F., Schill, C., and Perger, C.: Mapping
global cropland and field size, Glob. Change Biol., 21, 1980—
1992, 2015.

Gibbs, H. K., Ruesch, A. S., Achard, F.,, Clayton, M. K., Holmgren,
P, Ramankutty, N., and Foley, J. A.: Tropical forests were the
primary sources of new agricultural land in the 1980s and 1990s,
P. Natl. Acad. Sci. USA, 107, 16732-16737, 2010.

Glaeser, B.: The Green Revolution revisited: critique and alterna-
tives, Taylor & Francis, London, 2010.

Goldewijk, K. K., Beusen, A., and Janssen, P.: Long term dynamic
modeling of global population and built-up area in a spatially
explicit way: HYDE 3.1, Holocene, 20, 565-573, 2010.

Goldewijk, K. K., Beusen, A., van Drecht, G., and de Vos, M.: The
HYDE 3.1 spatially explicit database of human-induced global
land-use change over the past 12000 years, Global Ecol. Bio-
geogr., 20, 73-86, 2011.

Gollin, D.: Impacts of International Research on Intertemporal
Yield Stability in Wheat and Maize: An Economic Assessment,
Impact Studies, 2006.

Gollin, D., Morris, M., and Byerlee, D.: Technology Adoption in
Intensive Post-Green Revolution Systems, Am. J. Agr. Econ., 87,
1310-1316, 2005.

Graven, H. D., Keeling, R. F., Piper, S. C., Patra, P. K., Stephens,
B. B., Wofsy, S. C., Welp, L. R., Sweeney, C., Tans, P. P, and
Kelley, J. J.: Enhanced seasonal exchange of CO, by northern
ecosystems since 1960, Science, 341, 1085-1089, 2013.

Gray, J. M., Frolking, S., Kort, E. A., Ray, D. K., Kucharik, C. J.,
Ramankutty, N., and Friedl, M. A.: Direct human influence on
atmospheric CO, seasonality from increased cropland produc-
tivity, Nature, 515, 398-401, 2014.

Haberl, H., Erb, K. H., Krausmann, F., Gaube, V., Bondeau, A.,
Plutzar, C., Gingrich, S., Lucht, W., and Fischerkowalski, M.:
Quantifying and mapping the human appropriation of net pri-
mary production in earth’s terrestrial ecosystems, P. Natl. Acad.
Sci. USA, 104, 12942-12947, 2007.

Han, P, Zhang, W., Wang, G., Sun, W., and Huang, Y.: Changes
in soil organic carbon in croplands subjected to fertilizer man-

Earth Syst. Dynam., 8, 875-887, 2017

agement: a global meta-analysis, Scientific Reports, 6, 27199,
https://doi.org/10.1038/srep27199, 2016.

Harris, 1., Jones, P., Osborn, T., and Lister, D.: Updated high-grids
of monthly climatic observations—the CRU TS3. 10 Dataset, Int.
J. Climatol., 34, 623-642, 2013.

Hazell, P. B.: The Asian green revolution, Intl. Food Policy
Res. Inst., 35, 3-9, available at: https://www.researchgate.net/
publication/239807423_The_Asian_Green_Revolution (last ac-
cess: 12 June 2017), 2009.

Hicke, J. A., Lobell, D. B., and Asner, G. P.: Cropland Area and Net
Primary Production Computed from 30 Years of USDA Agricul-
tural Harvest Data, Earth Interact., 8, 145-147, 2004.

Huang, Y., Zhang, W., Sun, W., and Zheng, X.: Net primary pro-
duction of Chinese croplands from 1950 to 1999, Ecol. Appl.,
17, 692-701, 2007.

Khush, G. S.: Green revolution: the way forward, Nat. Rev. Genet.,
2, 815-822, 2001.

Lal, R.: Soil carbon sequestration impacts on global climate change
and food security, Science, 304, 16231627, 2004.

Le Quéré, C., Andrew, R. M., Canadell, J. G., Sitch, S., Kors-
bakken, J. L., Peters, G. P,, Manning, A. C., Boden, T. A., Tans,
P. P, Houghton, R. A., Keeling, R. F.,, Alin, S., Andrews, O. D.,
Anthoni, P., Barbero, L., Bopp, L., Chevallier, F., Chini, L. P,,
Ciais, P., Currie, K., Delire, C., Doney, S. C., Friedlingstein, P.,
Gkritzalis, T., Harris, 1., Hauck, J., Haverd, V., Hoppema, M.,
Klein Goldewijk, K., Jain, A. K., Kato, E., Kortzinger, A., Land-
schiitzer, P., Lefevre, N., Lenton, A., Lienert, S., Lombardozzi,
D., Melton, J. R., Metzl, N., Millero, F., Monteiro, P. M. S.,
Munro, D. R., Nabel, J. E. M. S., Nakaoka, S.-1., O’Brien, K.,
Olsen, A., Omar, A. M., Ono, T., Pierrot, D., Poulter, B., Roden-
beck, C., Salisbury, J., Schuster, U., Schwinger, J., Séférian, R.,
Skjelvan, I., Stocker, B. D., Sutton, A. J., Takahashi, T., Tian,
H., Tilbrook, B., van der Laan-Luijkx, I. T., van der Werf, G.
R., Viovy, N., Walker, A. P, Wiltshire, A. J., and Zaehle, S.:
Global Carbon Budget 2016, Earth Syst. Sci. Data, 8, 605-649,
https://doi.org/10.5194/essd-8-605-2016, 2016.

Lin, S. C. and Yuan, L. P.: Hybrid rice breeding in China, In: Inno-
vative Approaches to Rice Breeding: Selected Papers from the
1979 International Rice Research Conference, 35-51, Manila,
Philippines, International Rice Research Institute, 1980, avail-
able at: http://books.irri.org/9711040018_content.pdf, last ac-
cess: 6 June 2017.

Lorenz, A.J., Gustafson, T. J., Coors, J. G., and Leon, N. D.: Breed-
ing Maize for a Bioeconomy: A Literature Survey Examining
Harvest Index and Stover Yield and Their Relationship to Grain
Yield, Crop Science, 50, 1-12, 2010.

Lu, C. and Tian, H.: Global nitrogen and phosphorus fertilizer use
for agriculture production in the past half century: shifted hot
spots and nutrient imbalance, Earth Syst. Sci. Data, 9, 181-192,
https://doi.org/10.5194/essd-9-181-2017, 2017.

Luo, Y., Ahlstrom, A., Allison, S. D., Batjes, N. H., Brovkin, V.,
Carvalhais, N., Chappell, A., Ciais, P,, Davidson, E. A., and
Finzi, A.: Towards More Realistic Projections of Soil Carbon
Dynamics by Earth System Models, Global Biogeochem. Cy.,
30, 40-56, 2016.

Marris, E.: Conservation in Brazil: the forgotten ecosystem, Nature,
437, 944-945, 2005.

www.earth-syst-dynam.net/8/875/2017/


https://doi.org/10.1038/srep27199
https://www.researchgate.net/publication/239807423_The_Asian_Green_Revolution
https://www.researchgate.net/publication/239807423_The_Asian_Green_Revolution
https://doi.org/10.5194/essd-8-605-2016
http://books.irri.org/9711040018_content.pdf
https://doi.org/10.5194/essd-9-181-2017

P. Han et al.: Estimating global cropland production from 1961 to 2010 887

Mitchell, T. D. and Jones, P. D.: An improved method of construct-
ing a database of monthly climate observations and associated
high-grids, Int. J. Climatol., 25, 693-712, 2005.

Mitchell, T. D., Carter, T. R., Jones, P. D., Hulme, M., and New, M.:
A comprehensive set of high-resolution grids of monthly climate
for Europe and the globe: the observed record (1901-2000) and
16 scenarios (2001-2100), Tyndall Centre for Climate Change
Research Working Paper, 55, 25, 2004.

Monfreda, C., Ramankutty, N., and Foley, J. A.: Farm-
ing the planet: 2. Geographic distribution of crop ar-
eas, yields, physiological types, and net primary produc-
tion in the year 2000, Global Biogeochem. Cy., 22, 1-19,
https://doi.org/10.1029/2007GB002947, 2008.

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M.,
Piper, S. C., Tucker, C. J., Myneni, R. B., and Running, S.
W.: Climate-Driven Increases in Global Terrestrial Net Pri-
mary Production from 1982 to 1999, Science, 300, 1560-1563,
https://doi.org/10.1126/science.1082750, 2003.

Ogle, S. M., Breidt, F., Easter, M., Williams, S., Killian, K., and
Paustian, K.: Scale and uncertainty in modeled soil organic car-
bon stock changes for US croplands using a process-model,
Glob. Change Biol., 16, 810-822, 2010.

Parayil, G.: The Green Revolution in India: A Case Study of Tech-
nological Change, Technol. Cult., 33, 737-756, 1992.

Parazoo, N. C., Bowman, K., Fisher, J. B., Frankenberg, C., Jones,
D. B. A., Cescatti, A., Pérez-Priego, O., Wohlfahrt, G., and Mon-
tagnani, L.: Terrestrial gross primary production inferred from
satellite fluorescence and vegetation models, Glob. Change Biol.,
20, 3103-3121, 2014.

Pardey, P. G., Chan-Kang, C., Dehmer, S. P., and Beddow, J. M.:
Agricultural R&D is on the Move, Nature, 537, 301-303, 2016.

Peng, S., Cassman, K. G., Virmani, S. S., Sheehy, J., and Khush, G.
S.: Yield Potential Trends of Tropical Rice since the Release of
IR8 and the Challenge of Increasing Rice Yield Potential, Crop
Science, 39, 1552-1559, 1999.

Peng, S., Piao, S., Shen, Z., Ciais, P., Sun, Z., Chen, S., Bacour,
C., Peylin, P, and Chen, A.: Precipitation amount, seasonality
and frequency regulate carbon cycling of a semi-arid grassland
ecosystem in Inner Mongolia, China: A modeling analysis, Agr.
Forest Meteorol., 178-179, 46-55, 2013.

Pingali, P. L.: Green revolution: impacts, limits, and the path ahead,
P. Natl. Acad. Sci. US A, 109, 12302-12308, 2012.

Portmann, F. T., Siebert, S., and Doll, P. MIRCA2000 -
Global monthly irrigated and rainfed crop areas around the
year 2000: A new high-data set for agricultural and hy-
drological modeling, Global Biogeochem. Cy., 24, 1-24,
https://doi.org/10.1029/2008GB003435, 2010.

Potter, P., Ramankutty, N., Bennett, E. M., and Donner, S. D.: Char-
acterizing the spatial patterns of global fertilizer application and
manure production, Earth Interact., 14, 1-22, 2010.

Prasad, P. V. V,, Boote, K. J., Allen, L. H., Sheehy, J. E., and
Thomas, J. M. G.: Species, ecotype and cultivar differences in
spikelet fertility and harvest index of rice in response to high
temperature stress, Field Crop. Res., 95, 398-411, 2006.

Prince, S. D., Haskett, J., Steininger, M., Strand, H., and Wright, R.:
Net Primary Production of U.S. Midwest Croplands from Agri-
cultural Harvest Yield Data, Ecol. Appl., 11, 1194-1205, 2001.

www.earth-syst-dynam.net/8/875/2017/

Rosegrant, M. W. and Hazell, P. B.: Transforming the rural Asian
economy: The unfinished revolution, Oxford University Press
Oxford, 2000.

Sanchez, P. A.: Tripling crop yields in tropical Africa, Nature Geo-
science, 3, 299-300, 2010.

Shiferaw, A., Hurni, H., and Zeleke, G.: A Review on Soil Carbon
Sequestration in Ethiopia to Mitigate Land Degradation and Cli-
mate Change, J. Environ. Earth Sci., 3, 187-200, 2013.

Sinclair, T. R.: Historical changes in harvest index and crop nitrogen
accumulation, Crop Science, 38, 638-643, 1998.

Sitch, S., Friedlingstein, P., Gruber, N., Jones, S. D., Murray-
Tortarolo, G., Ahlstrom, A., Doney, S. C., Graven, H., Heinze,
C., Huntingford, C., Levis, S., Levy, P. E., Lomas, M., Poul-
ter, B., Viovy, N., Zaehle, S., Zeng, N., Arneth, A., Bonan,
G., Bopp, L., Canadell, J. G., Chevallier, F., Ciais, P., Ellis,
R., Gloor, M., Peylin, P., Piao, S. L., Le Quéré, C., Smith, B.,
Zhu, Z., and Myneni, R.: Recent trends and drivers of regional
sources and sinks of carbon dioxide, Biogeosciences, 12, 653—
679, https://doi.org/10.5194/bg-12-653-2015, 2015.

Soltani, A., Galeshi, S., Attarbashi, M. R., and Taheri, A. H.: Com-
parison of two methods for estimating parameters of harvest in-
dex increase during seed growth, Field Crop. Res., 89, 369-378,
2004.

Tao, B., Tian, H., Chen, G., Ren, W,, Lu, C., Alley, K. D., Xu, X.,
Liu, M., Pan, S., and Virji, H.: Terrestrial carbon balance in trop-
ical Asia: Contribution from cropland expansion and land man-
agement, Global Planet. Change, 100, 85-98, 2013.

West, P. C., Gibbs, H. K., Monfreda, C., Wagner, J., Barford, C. C.,
Carpenter, S. R., and Foley, J. A.: Trading carbon for food: global
comparison of carbon stocks vs. crop yields on agricultural land,
P. Natl. Acad. Sci. USA, 107, 19645-19648, 2010.

Witt, C., Dobermann, A., Abdulrachman, S., Gines, H. C.,
Guanghuo, W., Nagarajan, R., Satawatananont, S., Son, T. T,
Tan, P. S., and Van, T. L.: Internal nutrient efficiencies of irri-
gated lowland rice in tropical and subtropical Asia, Field Crop.
Res., 63, 113-138, 1999.

Yuan, L. P.: Male sterility in rice, Chinese Sci. Bull., 17, 185-188,
1966.

Zeng, N., Mariotti, A., and Wetzel, P.: Terrestrial mechanisms
of interannual CO, variability, Global Biogeochem. Cy., 19,
https://doi.org/10.1029/2004GB002273, 2005a.

Zeng, N., Qian, H., Roedenbeck, C., and Heimann, M.: Impact
of 1998-2002 midlatitude drought and warming on terrestrial
ecosystem and the global carbon cycle, Geophys. Res. Lett., 32,
https://doi.org/10.1029/2005GL024607, 2005b.

Zeng, N., Zhao, F., Collatz, G. J., Kalnay, E., Salawitch, R. J., West,
T. O., and Guanter, L.: Agricultural Green Revolution as a driver
of increasing atmospheric CO; seasonal amplitude, Nature, 515,
394-397,2014.

Zhao, M. and Running, S. W.: Drought-induced reduction in global
terrestrial net primary production from 2000 through 2009, sci-
ence, 329, 940-943, 2010.

Zucco, G., Brocca, L., Moramarco, T., Seneviratne, S., and Mit-
telbach, H.: Absolute and relative soil moisture spatial-temporal
variability over large areas in Europe, Water Resour. Res., 15,
5560-5576, 2014.

Earth Syst. Dynam., 8, 875-887, 2017



https://doi.org/10.1029/2007GB002947
https://doi.org/10.1126/science.1082750
https://doi.org/10.1029/2008GB003435
https://doi.org/10.5194/bg-12-653-2015
https://doi.org/10.1029/2004GB002273
https://doi.org/10.1029/2005GL024607

	Abstract
	Introduction
	Materials and methods
	Simulating the Green Revolution with a dynamic vegetation model
	Variety
	Irrigation
	Fertilizer and pesticide
	Motivation of the M1r parameter calibration
	Planting, harvesting, and lateral transport

	Data sets
	Climate data
	Land cover data
	Crop production data

	Initialization and simulation

	Results
	A brief revisit of the agricultural Green Revolution
	Global and continental comparison between model simulation and FAO statistical data
	Country-scale comparison between model simulation and FAO statistical data
	Spatial comparison between the model simulation and the documented data

	Discussion
	Conclusion
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	References

