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ABSTRACT
Cropland is one of major sources of carbon lost to the atmosphere and directly contributes to the emissions of
greenhouse gases. There is, however, large potential for cropland to reduce its carbon flux to the atmosphere and
sequester soil carbon through conservative agriculture management including no-tillage, perennial and/or deep
root crops, irrigation, and organic fertilization etc. But these estimations on carbon emissions and sequestrations
over cropland under future climate changes and variability remain largest uncertain among all other terrestrial
biomes. Global climate and earth system models are an effective tool to study the cropland responses and
feedbacks to present and future climate, yet most models in the latest couple model intercomparsion project
phase 5 (CMIP5), generally treat cropland similarly as grassland with tuned parameters and do not account
for realistic crop phenology, physiology, and management. In this study, we will evaluate the limitations and
deficiencies of the CMIP5 models without process-based crop growth models over cropland by comparing their
simulations against FLUXNET observations at eight cropland sites. The results show that: (1) the observed
and simulated annual cycles generally are not consistent in either phase or amplitude; (2) the MPI and IPSL
model families have better skills in the annual cycles of gross primary product (GPP), net ecosystem production
(NEP), and terrestrial ecosystem respiration (TER) than other models at the corn/soybean and cereal sites
respectively; (3) none of the CMIP5 models successfully simulate the observed two-peak pattern in the annual
cycles of sensible heat fluxes at the corn/soybean sites; (4) the simulated GPPs and NEPs of the CESM1, BCC
model families and NorESM1-M are much smaller than the observations for entire year; (5) model members
from same model family normally simulate similar annual cycles both in phase and magnitude, but the model
members from the CESM1 model family with different atmospheric models have different annual cycles; (6) the
biases both in phases and magnitudes of annual cycles for the biogeochemical variables (GPP, NEP and TER)
are generally larger than those biogeophysical variables (sensible and latent heat fluxes). Because of the above
limitations and deficiencies of CMIP5 simulations over cropland, it is essential to incorporate process-based crop
growth models into ESMs to improve the model physics and performance over cropland.
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1. INTRODUCTION
Cropland shares a large portion of the Earth’s total land area (about 11% globally1, 2 and 20%3) over United
States and is likely continuously expanding to meet increasing demands in food, fibre and energy due to a growing
population.2, 4, 5 It is estimated that the global crop production needs to double by 2050 to meet the projected
demands,6 this goal, however, seems unable to be reached based on the growth rate derived from the historical
yield trends.7 The Food and Agriculture Organization estimates that more than 10% and 20% in developed and
developing countries respectively, the projected growth in crop production by 2050 could be attributed to the
land expansion while the remaining growth comes from the increased yield and cropping intensity due to future
technology advance.8

Moreover, cropland plays an important role in global carbon cycle and is one of major contributors to
global greenhouse gas (GHG) emissions.2 It is responsible for approximately 25%, 50%, and 75% of annual
anthropogenic emissions of carbon, methane, and nitrous oxide to the atmosphere respectively.9 However,
changing agriculture management practices including irrigation, tillage and mulch, and covered, perennial, deep
root crops may have large potential to mitigate the cropland GHG emissions.10, 11 Nonetheless these estimations
over cropland remain largest uncertain among all other terrestrial biomes.12
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Therefore, it is necessary to study the cropland responses and feedbacks to global and regional climate under
future climate changes and variability in order to secure our food supply and mitigate the GHG emissions.
Generally global circulation and climate models (GCMs) and earth system models (ESMs) are used to study
the crop-climate interplays by simulating the comprehensively biogeophysical and biogeochemical processes. But
there still remain large uncertainties in these model results due to the complex nature of climate systems and
their closely interactions with human activities.13–15 More importantly most GCMs and ESMs such as those
models in the fifth phase of the coupled model intercomparison project (CMIP5) do not include process-based
crop growth models (CGMs) with comprehensive physiology and phenology and they generally treat crop in a
similar way as grass with tuned model parameters. This simple approach will cause large biases and uncertainties
as crop management and phenology largely affect crop growth and development, as well as carbon-nitrogen cycles
over croplands.

Some ESMs began to incorporate CGMs into their land and carbon cycle model components recently.16–22

Due to the lacks of the global coverage of credible crop management data including planting, harvesting, irri-
gation, fertilization, and crop type and variety, these models generally need to be calibrated using the observed
yields or other observations and therefor still have large uncertainties and biases in their future predictions.21

Hence it is necessary and essential to evaluate the skills of the ESMs on surface carbon, water and energy
exchanges over cropland. As a first step, in this study, we will compare multi-model simulations from CMIP5 with
the FLUXNET observations at eight sites in which crops are grown. Note that the comprehensive evaluations not
only are used to examine the limitations and deficiencies of the CMIP5 models without CGMs, but also help us to
find out what kind of improvements that we can anticipate after the implementation of CGMs in ESMs. As most
field crops are annuals, the biogeochemical and biogeophysical processes related to crop growth and development
generally have strong seasonal and annual cycles. Hence we focus on the comparisons of simulated and observed
annual cycles in gross primary production (GPP), net ecosystem product (NEP), terrestrial ecosystem respiration
(TER), latent (HFLS) and sensible (HFSS) heat fluxes. The brief descriptions of the CMIP5 simulations and
observational data as well as the statistics are given in section 2. This will be followed by the result and discussion
section. We will conclude our results on section 4 at last.

2. MODELS, DATA AND METHOD
The fifth phase of the coupled model intercomparison project (CMIP5) is a coordinated climate modeling ex-
periments and most modeling groups worldwide have participated in it.23 Generally their simulations are used
to assess national and international climate science.23 All models in CMIP5 do not have any process-based crop
growth models and crop management,24 some of them treat cropland similar as grassland with adjusted model
parameters, others may just directly treat cropland as grassland without any modification or adjustment.

The CMIP5 monthly simulations including GPP, NEP, TER, HFLS, and HFSS are compared with the
observations of the eddy-covariance FLUXNET towers.25 The model names and basic descriptions of model
component configurations are listed in Table 1. We also indicate if the model has crop plant function type
(PFT) in its land or terrestrial biogeochemistry model components. Note that for the sake of convenience, a
model family name is used to represent all models that are developed on the same institution but have different
configurations on model components. For example, we use “the CESM1 model family” to represent CESM1-
BGC, CESM1-WACCM, CESM1-CAM5, and CCSM4, because all of them are derivatives of CESM1 with
different configurations on the atmosphere, land, and biogeochemistry model components. Since GPP, NEP, and
TER are highly related to biogeochemistry cycles, they denote biogeochemical variables hereafter, while latent
and sensible heat fluxes are more related to the canopy physical processes and therefore denote biogeophysical
variables hereafter.

Table 2 lists the names, locations and time periods of eight FLUXNET sites at which cropland is their major
land cover. Five of them are from United States and three are from European. The crop types and irrigation
practices at the sites are also shown in the table. There are four sites, all from U.S. (US-Ne1, US-Ne2, US-Ne3,
and US-Bo1), in which cron and soybean are grown in one or two years rotation, while other four sites, one from
United States and three from European (US-ARM, DE-Geb, DE-Kli, and DK-Ris), in which cereal crops are
normally planted. For simplicity, the sites with corn and soybean planted are denoted by CORNSOY, and the
sites with cereal crops planted are denoted by CEREAL.
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Table 1. The names and brief descriptions of CMIP5 models (refer to http://es-doc.org/).

Model name Brief desciption Crop
PFT?

CESM

CCSM4 Includes the CAM4 atmopheric model and CLM4 land model, and is su-
perceded by CESM1 C3&C4

CESM1-BGC Similar to CCSM4 but includs a full land & ocean biogeochemistry cycle C3&C4
CESM1-
WACCM Similar to CCSM4 but uses the WACCM atmospheric model C3&C4

CESM1-CAM5 Similar to CCSM4 but uses CAM5 atmospheric model C3&C4
HADLEY

HadCM3 Includes the MOSES1 land model with an interactive carbon cycle model, but
without dynamic vegetation model None

HADGEM2-ES Includes terrestrial carbon carbon cycle and dynamic vegetation model (TRIF-
FID) None

HADGEM2-CC Similar to HADGEM2-ES except for some physical schems and without inter-
active tropospheric chemistry module None

GFDL

GFDL-CM3 Includes the CM3 climate model and LM3 land model with the global carbon
cycle None

GFDL-ESM2G Similar to GFDL-CM3 expect for the CM2.1 climate model None

GFDL-ESM2M similar to GFDL-ESM2G but uses pressure-based vertical coordinations for its
ocean model None

MPI
MPI-ESM-LR Includes the biogeochemical model HAMOCC Yes
MPI-ESM-MR Same as MPI-ESM-LR but on medium resolution Yes
IPSL

IPSL-CM5A-LR Includes terrestial & ocean carbon cycle component and the ORCHIDEE land
model C3&C4

IPSL-CM5A-MR Similar to IPSL-CM5A-LR but on the medium spatial resolution C3&C4
IPSL-CM5B-LR Similar to IPSL-CM5A-LR but with different atmospheric physical parameters C3&C4
BCC
bcc-csm1-1 Inlcudes AVIM land model with land and ocean carbon cycles Yes
bcc-csm1-1-m Same as bcc-csm1-1 but with a moderate resolution Yes
GISS
GISS-E2-R-CC Includes Russell OGCM and carbon and biogeochemistry cylce None
GISS-E2-R Same as GISS-E-R-CC except for without carbon cycle and biogeochemistry None
GISS-E2-H-CC Includes HYCOM OGCM and carbon cycle and biogeochemistry None
GISS-E2-H Same as GISS-E-H-CC except for without carbon cycle and biogeochemistry None
Others
MIROC-ESM Includes dynamic vegetation and carbon cycle models Yes
CanESM2 Includes dynamic vegetation and carbon cycle model (CTEM) Yes
MRI-ESM Includes land & ocean carbon cycle model None
CMCC-CESM Includes carbon earth system model Unknown
inmcm4 Includes land & ocean biogeochemistry cycle Unknown
NorESM1-M Originates from CCSM4 and includes CLM4 carbon & nitrogen cycle C3&C4

CNRM-CM5 Inlcudes the ISBA land model and PISCES scheme as global carbon cycle
model

Irrigated,
C3&C4
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Table 2. Eight FLUXNET cropland sites.

Site nameLatitude Longitude Country Data period Crop type Irrigated
or rainfed?

US-Bo126 40.0062 -88.2904 1996-2007 United States corn&soybean rainfed
US-Ne127 41.1651 -96.4766 2001-2005 United States corn&soybean irrigated
US-Ne227 41.1649 -96.4701 2001-2005 United States corn&soybean irrigated
US-Ne327 41.1797 -96.4396 2001-2005 United States corn&soybean rainfed
US-ARM28 36.6058 -97.4888 2003-2006 United States cereal (wheat) rainfed
DE-Geb29 51.1001 10.9143 2004-2006 German winter wheat / rapeseed / barley

/ sugar beet
unknown

DE-Kli 50.8929 13.5225 2004-2006 German cereal unknown
DK-Ris 55.5303 12.0972 2004-2005 Denmark cereal unknown

As mentioned above, we focus on our evaluations on the annual cycles of the above biogeochemical and bio-
geophysical variables, therefore, the CMIP5 monthly simulations are interpolated into the locations of the sites
using nearest neighbor method. The half-hourly FLUXNET data are averaged to the monthly data correspond-
ingly. Temporal correlation coefficient with significance analysis and standard deviation are the major statistical
metrics. All the metrics are calculated over the period in which the FLUXNET data are available (see Tab. 2)
and account for both annual and inter-annual variations.

We first compare the climatology annual cycles of the CMIP5 simulations against FLUXNET observations
to examine the model skills in simulating the phases and amplitudes of the annual cycles. Then we calculate the
correlation coefficients and standard deviations between monthly CMIP5 simulations and FLUXNET observa-
tions. The statistics are illustratively shown in the Taylor Diagram30 as well as the centered root mean square
errors (CRMSEs) with the overall time-means removed.

3. RESULTS AND DISCUSSIONS
3.1 Climatology annual cycle
Figure 1 shows the climatology annual cycles of the CMIP5 model simulations and FLUXNET observations.
The observed GPPs over cropland generally have near-zero or very small negative values before and after a crop
growing season (time between crop planting and harvesting dates) and reach their seasonal peaks in the middle
of the season (Fig.1). Thus the GPP annual cycles are highly linked to the crop physiology and phenology and
are expected to vary with different crops. For example, the observed GPP annual cycles at the CORNSOY sites
are similar but largely differ from those at the CEREAL sites both in their phases and amplitudes, reflecting
the different crop phenology for corn/soybean and cereal crops. The observed GPPs at the CORNSOY and
CEREAL sites reach their seasonal peaks in summer and spring respectively (Fig.1). The models from same
model families usually have very similar annual cycles with a little difference in the phases and amplitudes, but
the differences among the models from different model families are usually large.

For the CORNSOY sites, the simulated annual cycles of most models, except the MPI and GFDL families,
generally have their seasonal peaks 1-3 months earlier in phase and 0.01-0.21 mgCm-2s-1 smaller in magnitude
than the observed cycles. Compared with other models, the MPI model family is best in simulating the GPP
annual cycles. It could simulate the observed near-zero GPPs before and after a growing season, which most
other models fail to reproduce. Moreover it catches the phases of the observed seasonal peaks for all four sites
very well though it underestimates the magnitudes of the observed peaks by 0.01-0.13 mgCm-2s-1.

For the CEREAL sites, almost all models fail to catch the phases of the observed seasonal peaks and generally
have 1-3 months later. Compared with other models, the IPSL model family has better performance overall. The
annual cycles simulated by the IPSL-CM5B-LR at two German sites (DE-Geb and DE-Kli) have their seasonal
maximum GPPs in June same as the observed peak month. Their magnitudes, however, are 0.05-0.09 mgCm-2s-1

larger than the observed GPPs after the seasonal peaks.
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The GPPs from the CESM1, BCC family and NorESM1-M are 7-9 times smaller than the observed GPPs for
entire year. A possible reason is that these models may directly treat crop as grass without adjusting the model
parameters related to the photosynthetic capacity. The models from the GISS model family, MRI-ESM1, and
inmcm4 have almost identical annual cycles at all eight sites with different locations and crop types (Fig. 1). It
indicates that the crop phenology for corn, soybean, and cereal crops is similar or same in these models. The
reason may be that there is no crop PFTs in their land or carbon cycle models and the grass phenology is directly
used over cropland. This approach likely leads to large biases in simulating biogeochemistry processes related to
crop growth and development as different crops generally have largely different phenology and physiology.

Figure 1. Climatology of annual cycles of the simulated (thin color lines) and observed (thick black solid line) gross
primary production (unit: kgCm-2s-1) at four CORNSOY sites (left panel) and four CEREAL sites (right panel). The
number of model ensembles is shown in the curved bracket in the legend.

Fig. 2 shows the net ecosystem production (NEP). Similar to the results of the GPP, compared with other
CMIP5 models, the simulated NEPs by the MPI and IPSL model families are in better agreement with the
observed annual cycles both in phase and magnitude for the CRONSOY and CEREAL sites respectively. The
MPI simulated peeks are only half of the observed NEP in magnitude, but the phase of the peaks agree well with
the observations at the CRONSOY sites. In addition, MPI model family simulates near zero NEPs during spring
that is a little larger than the observed NEPs, however it simulates negative NEPs (about 0.01-0.02 mgCm-2s-1)
that agree well with the observed NEPs during fall. The simulations from the IPSL models at the CEREAL sites
are reasonably consistent to the observations, but the IPSL models overestimate NEPs by 0.01-0.04 mgCm-2s-1

and underestimate NEPs by 0.02-0.06 mgCm-2s-1 before and after the peaks respectively. We can get the similar
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results by comparing the simulated and observed terrestrial ecosystem respiration (TER) (Fig. 3). Note that
the simulated TERs of MRI-ESM1 are much larger than those of other models and observations at all sites.

As mentioned in the section 2, all models in CMIP5 did not have process-based crop growth models and
they generally adjust the model parameters on the basis of the observations acquired from certain crop type
field. Form the above comparisons on the biogeochemical variables at different crop type sites, the models that
directly apply grass phenology for crop have large biases in the phases and amplitudes of annual cycles at all
sites. Even though the models with tuned parameters including the MPI and IPSL model family may have good
skills over some croplands, the skills are highly dependent on the crop types of the croplands in which the model
parameters are tuned using the observed data.

Figure 2. Same as Fig.1, except for net ecosystem production (NEP) whose unit is kgCm-2s-1).

For the CORNSOY sites, the peak phases (magnitudes) of the observed latent heat fluxes are August (120-130
Wm-2) at Ne1, Ne2, and Ne3, and July (102 Wm−2) at Bo1 respectively. The simulated annual cycles of MPI
model family generally agree well with the FLUXNET observations, except have 15-26 Wm-2 overestimations
before and after the seasonal peak. The peaks of all other CMIP5 models normally occur in one-month earlier
and their magnitudes agree well with the observed peaks at all sites except Bo1 at which the simulated peak
magnitudes are 10-50 Wm−2 larger (Fig. 4). For CEREAL sites, the observed peaks occur in April at US-ARM,
June at DE-Kli and DE-Geb, and May at DK-Ris respectively(Fig. 4), while the CMIP5 simulated peaks are
found in 1-5 months later and 11-87 Wm-2 larger for all sites. The CMIP5 models have very different annual
cycles at DK-Ris, some models including the CESM1, GISS, IPSL, and BCC model families have the peaks
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Figure 3. Same as Fig.1, except for terrestrial ecosystem respiration (TER) whose unit is kgCm-2s-1.

during fall, while other models have the peaks during summer. This may be due to the different land covers
defined in these models.

There are two peaks in the annual cycles of observed sensible heat fluxes at the CORNSOY sites, arising
in May and October (Fig.5). The two-peak pattern over corn and soybean field has been reported by other
researchers.21, 31 All CMIP5 models miss the observed two peaks of sensible heat fluxes except for the CESM1
model family that has two weak peaks but their phases and magnitudes are not in agreement with the obser-
vations. Note that compared with other variables, the differences of the sensible heat fluxes simulated by the
model members of the CESM1 model family are larger. For example, the simulated sensible heat fluxes by
CESM1-BGC and CCSM4 are nearly identical, but they are 10-20 Wm-2 and 31-42 Wm-2 less than the simula-
tions of CESM1-CAM5 and CESM1-WACCM respectively. The MPI model family has best skills in simulating
the annual cycles of biogeochemical variables (GPP, NEP and TER) and latent heat fluxes as compared with
other models. But it simulates a very weak annual cycle of sensible heat flux with a flat and low peak that is
less than 30 Wm-2 and lasts for 7 months. It indicates that although the models without processed-based crop
growth models can adjust some model parameters to improve their skills on certain variables over cropland, they
may still have very large biases for other related variables due to the inconsistency of model components and
parameters during the model calibrating and tuning processes.

The two-peak pattern is not obvious in the observed sensible heat fluxes at the CEREAL sites (Fig. 5).
Except at DE-Ris the simulated annual cycles of the BCC model family are in good agreement with the observed
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peak in phase but are 12-32 Wm-2 larger in magnitudes. Other models generally have 1-2 months later and 2-3
months earlier in the phases of the simulated annual cycles for US-ARM, DE-Kli and DE-Geb respectively.

Figure 4. Same as Fig.1, except for latent heat flux whose unit is Wm-2.

3.2 Statistical analysis
Fig.6 is the Taylor Diagrams for the simulated GPPs over two CRONSOY sites (US-Ne1 and US-Bo1, left panel)
and two CEREAL sites (US-ARM and DE-Kli, right panel). The MPI model family has better performance in
GPP simulations at the CRONSOY sites than other models with largest and significant correlation coefficients
(0.84 and 0.81 for US-Ne1 and US-Bo1) at a 90% confidence level and smallest CRMSEs. Its skills in standard
deviation (variation), however, is worse than the GISS model family and simulated variations are 20% less than
the observed variations. At the CEREAL sites, the simulated GPPs by the ISPL model family are significantly
correlated with the observed GPPs and the simulated and observed variations are in a good agreement. The
CESM1 model family generally has smallest variation both at the CORNSOY and CEREAL sites compared
with other models. We can see the similar results from the Taylor Diagrams for NEP and TER (figures are not
shown).

Figures 7 and 8 are the Taylor Diagrams for simulated latent and sensible heat fluxes respectively. The
CMIP5 models normally have better skills in the latent heat fluxes than the biogeochemical variables at all sites
(Fig. 7). The correlation coefficients of the MPI, CESM1, GFDL, and IPSL model families are almost identical
and all of them are significant at a 90% confidence level. They are 0.81, 0.72, 0.88, and 0.85 at US-Ne1, US-ARM,
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Figure 5. Same as Fig.1, except for sensible heat flux whose unit is Wm-2.

US-Bo1, and DE-Kli respectively. While for the sensible heat fluxes over the CORNSOY sites, the correlation
coefficients of all models are less than 0.6 as all models miss the observed two-peak patten. At the CEREAL
sites, the correlation coefficients are generally larger than those at the CORNSOY sites. The IPSL, BCC and
CESM1 overall have better performances.

4. CONCLUSIONS
Cropland plays an important role in global carbon cycle and is a highly managed land with many human
activities. It is essential to study the response and feedback of cropland to future global and regional climate
and variability in order to mitigate the increases of future carbon emission and secure the food and fibre supply
for a growing global population. The interactions between cropland and atmosphere, however, generally involve
complex biogeophysical and biogeochemical processes and remain large uncertainties. In this study, we address
the uncertainties by evaluating the limitations and deficiencies of the CMIP5 simulations over cropland. The
results show that:

1. Most CMIP5 models have unsatisfactory skills in the annual cycles of the biogeochemical and biogeophysical
variables and the observed and simulated annual cycles generally generally are not consistent in either phase
or amplitude.
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Figure 7. Same as Fig.6, except for latent heat flux
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Figure 8. Same as Fig.6, except for sensible heat flux
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2. Compared with other models, the MPI and IPSL model families have better skills in modeling surface
biogeochemical fluxes at the corn/soybean and cereal crop sites respectively.

3. None of the CMIP5 models successfully simulate the observed two-peak pattern in the annual cycles of
sensible heat fluxes at the corn/soybean sites. Though the simulated annual cycles of the CESM1 model
family have two weak peaks, their peaks are different to the observed peaks both in phase and magnitude.

4. The simulated GPPs and NEPs of the CESM1, BCC model families and NorESM1-M are much smaller
than the observations for entire year. A possible reason is that these models may directly treat crop as
grass without adjusting the model parameters related to the photosynthetic capacity.

5. Model members from same model family normally simulate similar annual cycles both in phase and mag-
nitude, but the model members from the CESM1 model family with different atmospheric models have
largely different annual cycles.

6. The biases both in phases and magnitudes of annual cycles for the biogeochemical variables (GPP, NEP
and TER) are generally larger than those biogeophysical variables (sensible and latent heat fluxes).

None of the CMIP5 models can have a reasonable skill both at the corn/soybean and cereal crop sites as they
simulate the biogeochemical and biogeophysical processes over cropland using tuned parameters for grassland
instead of process-based crop growth models. As such it is essential to implement crop growth models into ESMs
to better represent the crop physiology and phenology and improve the model skills over cropland. In the future,
we plan to assess the performance of the ESMs with process-based crop growth models over cropland.
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