Responses to the reviewers

We would like to thank the two reviewers for their thoughtful comments. We have
addressed all these comments in our revised manuscript. The point-by-point responses
to the comments are provided below.

Reviewer 1:

Some general comments:

- Question 1: My major concern is that it is rather a report of finds from readily
available and published data and does not provide much added scientific value.

- Answer: Thank you for the comment. Although this study used the readily available
and published data, it is not a simple illustration of the data. The objective of this
study is to identify the high risk areas for crop production under climate change in
China and to support adaptation to climate change at regional scale. Although I1SI-MIP
project has provided the model outputs, these gridded outputs are not readily useful
for effective risk reduction and adaptation strategies. The adaptation strategies are
usually carried out for different regions and administrative districts. The decision
makers are interested in the risk assessment at administrative areas rather than the
gridded outputs. Our results provide a starting point for regional studies on
vulnerability and adaptation strategies to climate change. It bridges the gap between
the modelers and policy-makers. Scientists always hope the model projections could
help shape climate adaptation approaches. This study demonstrates an effort at
regional scale. We have clarified the objective and scientific significance of this study
in the introduction section. We have also added the risk and uncertainty assessments
in the administrative districts of the China in order to better support decision making
at regional scale (please see Fig.S1 and Fig.S3 in the Supplemental materials).

- Question 2: The title may need some adjustment. In the Discussion (P626/L3ff), the
authors state that GGCMs show large differences in projected CC impacts and do not
reproduce historic yields well. The title should hence include some reference to
uncertainties.

- Answer: Thanks for the suggestion. We agree that uncertainty is very important in
risk assessment and we have revised the title accordingly. We have replaced the title
with “A multi-model analysis of change in potential yield of major crops in China
under climate change” in the revision.

- Question 3: The language could be polished in various places in order to facilitate
understanding.



- Answer: We have read through the manuscript and polished the language.

- Question 4: The Conclusions are rather a summary and need more elaboration.

- Answer: We have rewritten the Conclusions section. In the revised section, we have
organized the conclusions in two respects: 1) risk of crop productions under climate
and uncertainty of the assessment, 2) what could be done in the future. Please see the
Conclusion part in the revision.

Some specific comments:

- Question 5: P618/L4: “... a couple of global gridded crop models ...” why does this
not state the number of crop models being used, which is four?

- Answer: The crop models used in this study are EPIC, GEPIC, pDSSAT and
PEGASUS. We have stated the number of crop models in the revision. It has been
replaced with “4 global gridded crop models (GGCropMs)” in the revision.

- Question 6: P618/L9: “... show that the potential yields of rice may increase
over ...” should be “... show that the yields of rice may potentially increase over ...”
to make clear that not yield potential is meant.

- Answer: We have corrected it following the suggestion.

- Question 7: P618/L11: should be “which” instead of “where”.

- Answer: We have replaced “where” with “which”.

- Question 8: P618/ L11: should say “yields” instead of “production”. Production is
not necessarily impacted by CC, as it also depends on the harvested area, agronomic
inputs, etc.

- Answer: Corrected. We have checked the use of “yield” and “production’ throughout
the manuscript.

- Question 9: P621/L2: “harvesting time” should be “number of cropping seasons”.

- Answer: Revised.

- Question 10: P621/L15: There actually is partial adjustment in some models:
GEPIC takes adaption into account in terms of decadal adjustment of planting and
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harvest dates and the distribution of spring and winter wheat. PEGASUS and
LPJ-GUESS adjust the GDD of their cultivars. You may need to check more carefully
the descriptions of models that produced the data.

- Answer: We have revised the descriptions and made the statements more accurate.
The sentence “All the GGCMs have taken into account the CO; fertilization effects
and assumed no adaptation, i.e. the crop planting area and irrigation area do not
change in the future.” should be “All GGCropMs considered two scenarios: All
GGCropMs run with two experiments: one takes into account the CO, fertilization
effects but the other one does not.”

- Question 11: P622/L7: “moving average”: what kind of average?

- Answer: In order to remove inter-annual variability of yield, we used 30-year
moving average of the data. We have replaced “moving average” with “30-year
moving average” in the revision.

- Question 12: P623/L16: “This is likely due to the limitations of rice model in the
GGCMs”. How do you derive this conclusion? Apparently, also the other crops are
not represented too well in the GGCMs in terms of reproducing historic reported
yields. Besides actual crop growth algorithms, the global crop models also use
different input data (e.g. soils, planting dates, growing season lengths) and various
management assumptions. I’'m not sure whether any conclusions on model
performance in terms of bio-physical processes can be drawn from the ISI-MIP crop
model outputs.

- Answer: Thanks for the insightful suggestion. We agree that no conclusions on
performance of bio-physical processes in the models may be drawn from ISI-MIP
outputs. We have rewritten the related discussions.

- Question 13: 626/L11: See comment on adaptation above.

- Answer: We have rewritten the sentence in the revision: “Furthermore, some
GGCropMs assumed none adaptation to climate change.”

- Question 14: P627/L8: The conclusions should draw new findings or provide an
outlook on what further research or policy decisions, etc. may be needed in the future
based on what has been presented and discussed in the foregoing sections. This
Conclusions chapter however is rather a summary that has already been provided in
the abstract.

- Answer: Thanks for the suggestion. We have rewritten the conclusion section
following the suggestion. Please see the answer to Question 4.



- Question 15: P628/L.10: various names in the references have been misspelled (e.g.
Challiore, lzauurade, Lobel). The authors for “Future scenarios of European
agricultural land use ...” are not correct. The authors should check all references
carefully and correct them where necessary.

- Answer: We have checked the references throughout the manuscripts and corrected
the misspells. Some modifications are shown as follows:

L1150: “Challiore” has been changed to “Challinor”
L1166 “Khabarow” has beenchanged to “Khabarov”
L1170: “Glotter, M.” has beenchanged to “Kelly, D.”

L1172: “Elliott, J. Glotter, M., Best, N., Wilde, M., Glotter, M., and Foster, I.” has
been changed to “Ewert, F., Rounsevell, M. D. A., Renginster, 1., Metzger, M. J.,
Leemans, R.”

L1206: “lzauurade” has been changed to “lzaurralde”
L1238: “Lobel, D. B.” has been changed to “Lobell, D. B.”
L1329: “Kin” has been changed to “Kim”

L1374: have deleted “Rodomiro, O. ......, 2008.”

L1355: “W arszawski” has been changed to “Warszawski”
L1437: “Yolozawa” has been changed to “Yokozawa”
L1441: “Tornton” has been changed to “Thornton”

L1446: “Wahaa” has been changed to “Waha”

L1453: “Pontek, F.” has been changed to “Huber, \V.”

L1454: “Research Design of the Inter-Sectoral Impact Model Intercomparison
Projection (ISI-MIP)” has been changed to “The Inter-Sectoral Impact Model
Intercomparison Projection (ISI-MIP): project framework”

L1472: have deleted “Xiong, W., Balkovic, J., ..... ,2014.”
L1544: “Yand” has been changed to “Yang”

- Question 16: References: Xiong, W. et al. (2012) Untangling relative contributions
of recent climate and CO; trends to national cereal production in China. Environ. Res.
Lett. 7 044014

- Answer: It is a closely related reference and we have added it in the Discussion in
the revision.



Reviewer 2:

Some general comments:

- Question 1: The paper is a valuable, relevant and interesting contribution to the
literature, however it presently merely reports the regional findings rather than
discussing them in the context of existing knowledge or investigating the underlying
causes of changes observed. Therefore to me it fails to clearly identify whether
anything new was learned.

- Answer: Thank you for the comment. The objective of this study is to identify the
high risk areas for crop production under climate change in China and to support
adaptation to climate change at regional scale. Although the gridded outputs were
provided by the ISI-MIP project, the decision makers are usually not well informed
from the scientific results. Our results could show the risk assessments at the
administrative zones (please see Fig.S1 and Fig.S3 in the Supplemental materials) and
thus provide a starting point for regional studies on vulnerability and adaptation
strategies to climate change. It bridges the gap between the modelers and
policy-makers. We have clarified the objective and scientific significance of this study
in the introduction section. Furthermore, we have enhanced the discussion on the
underlying causes of the risk in the revision.

- Question 2: The paper would benefit from discussing the main climatic causes of
the changes observed by comparing patterns in the changes in temperature,
precipitation and CO; to the patterns observed in crop yields. | realize that it would go
beyond the scope of this paper to do an in-depth analysis here, but it is not satisfying
to not receive any information about how climate changes in different GCM
projections. Do the crops that increase growth mainly benefit from CO, fertilization?
Do the crops that show a decline of yields mainly suffer from increased water stress?

- Answer: As the reviewer kindly mentioned, an in-depth analysis of the causes is
beyond the scope of the paper. We have added some additional analyses in order to
better understand the causes of the changes of relative yields. More specifically, we
have investigated the role of CO, fertilization in the risk assessments. Please see “3.3
Projected changes in crop yield” (Fig.3 to Fig.7).

- Question 3: I think it would be valuable to receive information from your analysis
about leading reason for the grey areas of inter-model uncertainty behind the temporal
plots of median crops yields. Are they mainly due to differences between the crop
models, mainly due to differences between the GCMs, or a mix of both, and if so, in
what relation?

- Answer: In the revision, the model spread was analyzed to understand the

uncertainty of the assessment. The standard deviation from all the available

GCM-GGCM pairs was used to quantify the model agreement. The model spread
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caused by GGCMs and GCMs was separately evaluated. The standard deviation of
the estimates from the GGCMs was firstly calculated for each GCM. The averaged
GGCM standard deviations of the GCMs was then used to assess the model spread
caused by GGCMs. Using the same calculation procedure, the model spread caused
by GCMs was estimated and compared with the model spread caused by GGCMs. We
have added the method in “2. Materials and methods™, and the results in “3.5 Model
spread and uncertainty” (please see Fig.10).

- Question 4: You announce at the end of the introduction that you intend to compare
your results to those obtained from AR4-based studies but as far as | can detect, do
not do so subsequently. More generally: the strength of your study is that it is
multi-model, multi-GCM using AR5 scenarios. The important question left open by
your paper is: what do we learn from such a multi-GCM, multi-GGCM AR5 analysis?
Do the results simply confirm previous knowledge (if so, in what way is that
significant? Were there doubts about earlier studies?) or add to it? I suggest that you
more systematically discuss your results (a) with respect to the present state of
knowledge about climate impacts on crops in China, identifying the advances made
(even if it is an important confirmation of existing knowledge), (b) with respect to
ARA4 in particular (if that is important — you mention it in the introduction), (c) with
respect to single model studies. In summary: what is the advance in knowledge you
provide?

- Answer: Thanks for the suggestions. We have provided more systematically
discussions in the discussion section. As the previous AR4 studies are under different
climatic scenarios, we compared the differences between AR4 and AR5 assessments
qualitatively. We have modified the statements in the introduction accordingly.

- Question 5: You discuss the median behavior a lot, and the disagreement between
model pairs. However, would not the “worst case” be of particular importance, too? If
the best case happens, no problem. The median case is of interest. But the worst case
could potentially really be a problem. It could be the real case. Maybe those models
are right. So it is not just uncertainty, it is also a case where “the worst case cannot be
excluded scientifically and is therefore a non-zero likelihood, i.e. a risk”. So | suggest
you also discuss the worst cases as such.

- Answer: We agree the worst case is meaningful for risk assessment. We have shown
a figure of the worst case and have added a brief discussion regarding the risk of the
‘worst case’ (please see Fig.S2 in the Supplemental materials).

Some other, more minor comments:

- Question 6: | suggest to not use the abbreviation GGCM (global gridded crop model)
because it is so similar to GCM. It can cause mistakes and confusion.

- Answer: We have replaced “GGCM (global gridded crop model)” with “GGCropM
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(global gridded crop model)” throughout the manuscript.

- Question 7: The crop models used are established models described elsewhere, but
the paper should very briefly describe what they do and what not.

- Answer: We have added a very briefly description about the crop models in the
second paragraph of “2. Materials and methods” in the revision. The description is
shown below.

The simulated crop yield data were taken from 4 GGCropMs (EPIC, GEPIC, pDSSAT
and PEGASUS) (see table 1). These models may have different model types and
different parameterizations of soil and crop processes. The dissimilarities of the
models and the consequent caution needed in interpreting the model results are
discussed in Rosenzweig et al. (2014).

- Question 8: Figures 6 and 7 are never mentioned in the text. You discuss Figs. 4 and
5, butnot 6 and 7.

- Answer: It was corrected in the revision. Please see the fourth paragraph and fifth
paragraph in “3.3 Projected changes in crop yield” in the revision.

- Question 9: How do results compare to discussions in the IPCC’s AR5 WG2 report?

- Answer: Although our results are generally in line with the large pattern shown in
the IPCC’s AR5 WG2, our results have provided the risk assessment in details for
different administrative zones. We have added a brief discussion in the revision.

- Question 10: The English is ok; however, there are quite a number of small but
important language mistakes that are typical for non-native speakers. Often it is about
the word “the”, so let me explain once more, since it occurs many times: you use
“the” before a noun when you mean a specific thing or group of things, one that you
identify: you are talking about those things (for example: the coast of China, the
GGCMs used). You do not use “the” if you are talking about a type of thing generally
without a specific thing referred to (for example: “GGCMs simulate climate™). There
are too many small language problems for me to list, so let me just do it for the
abstract so you get an idea: (i) “a couple of” usually means: two. You mean: “a
number of” (since there are 4). By the way: why not just say “four GGCMs”; (ii)
“may benefit food production IN (not over)”; (iii) “where are outside”; you mean
“which (or that) are outside”; (iv) “such as North China Plain” should be “such as the
North China Plain”; (v) “new agronomic strategy”; better “nee agronomic strategies”
or “a new agronomic strategy”.

- Answer: Thanks for the comments. We have read through the manuscript and
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polished the language.
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A multi-model analvsislmpaets of change in potential yieldFuture Climate Changeon*

s, in China_under climate change

Abstract: Climate change may affect crop growthdevelepment and yield, whichand consequently casts
a shadow of doubt over China's food self-sufficiency efforts. In this study, we used the medel
projections derived from 4ef-a-ceouple-of global gridded crop models (GGCropMs)fGGEMs) to assess
the effects of future climate change on the petential-yields of the major crops (i.e. wheat, rice, maize
and soybean) inever China. The GGCropMsGGEMs were forced with the bias-corrected climate data
from 5 global climate models (GCMs) under the Representative Concentration Pathways (RCP) 8.5
which were made available by the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP). The
results show that the potential yields of the crops would decrease in the 21* century without carbon

dioxide (CO,) fertilization effect. With CO, effect, the potential yields of rice and soybean would may

increase, while the potential yields of maize and wheat would decrease. The uncertainty of yields

resulting from the GGCropMs is larger than the uncertainty derived from GCMs in the most part-ever
atarge-pertien of China. Climate change may benefit rice and soybean yields in feed-preductions-over
the—high-altitude and cold regions whichwhere are not ineutside current main agricultural area.
However, the potential yields of maize, soybean and wheat may decrease atin—aJtarge-pertion—of the
major food production area.current-main-erop-planting-areas-such-as North-ChinaPlain: Development

of new agronomic management strategiesstrategy may be useful for coping with climate change in the

areas with high risk of yield reduction.

Keywords: climate change; global gridded crop model; crop yield; uncertainty; China
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| GCM standard deviation of 4 GGCropMs was used to assess the model spread caused by GCMs.
3. Analysis and Results

3.1 Crop area in China

Southwest China (SWC). The rice planting area spreads across the eastern China with large area in
the East China (EC), €entral-China (€€} -South China (SC), NC_and Central China (CC), and;

parts of the Northeast China (NEC), Xinjiang (XJ), and Sichuan Provinceprevinee in the SWC.

The planting area of soybean is relative small comparedeemparing with theareas-ef-maize, rice

ander wheat. The main planting area efseybean-locates in the NEC and NC. The wheat planting

area is mainly distributed-in the NC, northern EC, parts of the NEC and Sichuan Provinceprevinee

in_the, SWC.

3.2 Simulated and NBSC statistical yields in 1981-20101981-2010

Fig. 2Fig—2 shows the simulated and NBSC statistical yields inef China during*

1981-20103981~2040- The NBSC yields were reported at each provinceand-the—erop—yield

simulations—were—provided—at-0-5-degree—grids: Apparently, the simulated patterns demonstrate
thatpreserve local details inside each province while-the NBSC statistical patterns illustrate the

yield difference among the provinces. The average yields for the 8 regions are listed in Table 2.
Both the simulated and NBSC maize yields are high at the main maize planting areas, such as the
NEC, NC, and NWC Nerthwest-ChinaNWE) and are relatively low at the CC and SC (Fig. 2

al.a2) ab): It seems that GGCropMsthe-GGEMs overestimate the-maize yields in the jmost areas

of China, but underestimate-the maize yields in the high-altitude and cold regions such as the
Tibetan Plateau. The simulated rice yield is lower than NBSC yield in all regions (Fig. 2
b1.b2) e This-is-likely-due-to-the limitation-of rice-model-in-the GGCM iong-et-al;2014)-

In the EC geastern-China; both simulation and NBSC data show high rice yield in a belt from the

southern NC to Sichuan Provinceprevinee in the SWC, and low rice yield in the northernmest and

southern provinces. In the western China, GGCropMsthe-GGEMs simulation suggests lower rice

yield in the high-altitude and cold regions than-in the low-altitude areas. The NBSC data show low
rice yield at the high-altitude region such as Tibetan Plateau although the NBSC yield is generally
higher than the simulation. The yield of soybean is lowest among the 4 major crops. The simulated
soybean yields are generally higher than the NBSC yield in most areas of China (Fig. 2 c1.c2).e56)-

In the main seybean-planting areas of soybean in the NEC and NC, the simulated yield is about

90% and 65% of the NBSC yield, respectively. The yield of wheat is lower than these-ef-maize

and rice but higher than that-efsoybean (Fig. 2_d1.d2).gh)- The NBSC wheat yield is high in the

main wheat-planting area such as the NC, partsand-part of the NWC and XJ, but itand is low in the

southern China. The simulated wheat yield shows some high values in the g-mixed pattern—with

higheryieldina-belt from the NWC to Sichuan Province previnee-in SWEC: Although, the model

simulations ares imperfect in terms of its ability to reproduce the NBSC statistical yield, they can,

state-of-art-model-ean-—simulate-the-order-of the-erep-yields-and capture the difference among the

crops. The comparison between model simulation and NBSC yieldstatisties illustrates the inherent

uncertainty of the state-of-art GGCropMs ,GG6EMs: Due to the large discrepancy between the

medel-simulated yield and NBSC statistical yieldstatisties in the historical period, the relative

changes, rather than the absolute differences, are analyzed for future changes in crop yields.

Fig. 1 shows the planting areas grep-area-of maize, rice, soybean and wheat in China. The maize* [Formattedi Font: 115 ]
planting area is mainly distributed in_the, Northeast China (NEC), North China (NC) and [lgogr}fatted: Indent: First line: }
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3.3 Projected temperal-evelution-ef-changes in crop yields

Fig. 3 shows the relative changeg, of the simulated yields of maize, rice, soybean, and wheat with* . [Formatted: Font: fi5 ]
and without the CO, fertilization effects jin China. Without CO, effect, the simulated yields of k {Igor}nllatted: Indent: First line: }
- C

maize, rice, soybean and wheat would decrease by more than 10% while the simulated wheat yield
would decrease largest by about 25% at the end—for-the-period of 21% century. With CO,, effect,
the}995~2085—The simulated yields of rice and soybean would increase and yields of maize and

Formatted .

wheat would decrease in the late 21% century. The projected change directions are generally
consistent with the previous studies (j.efe-g- Lin et al., 2005; Ye et al., 2013; Ju et al., 2013). The
relative change of maize yield is small (between -10% and £<5%). The inter-quartile range25th
and-75th-percentileenvelope of maize yields coveringeevers the zero change line throughout the
study period_indicatesindieating that the model agreementeensensus on the change direction jis
low,deesnotexist: The simulated maize yield decreases by 3.3% in the late 21 century although
the model uncertainty is high (Fig, 3a). ThereJn-the-ensemble-median,there is a transitionto-a
i i The

simulated rice yield would increase by 8% in the 2070s and_the, most model pairs support an

Formatted . ]

sustained higher yield for rice and soybean begi in the late 20™ century.

increasing change. The model agreement on the rice yield increase is very high before the 2040s,
Wwhich suggests thatsuggesting climate change may benefit rice production in the next a—few
decades. The MMsnedian of the simulated rice yield keeps at the high level after the 2070s
although the model agreement becomes low. The simulated soybean yield would increase by 10%

in the late 21* century and the most model pairs agree on the increase change, (Fig. 3c), The

simulated wheat yield shows little change before the 2030s, slightly increase duringin the 2040s to
2060s, and slightly2050s;-and-stight decrease after the 2060s2050s (Fig, 3d). The relative change
in wheat yield is generally small (between -5% and £<5%) and the agreement of the model pairs /Formtted
Jnen the change direction is low._,

Fig, 4Fis—4 shows the relative changeg, in maize yield at the 8eisht regions of China. Without Fhet { lgormatted: Indent: First line: }
cm
median-of-the CO,effect, the MMs of simulated maize yield would Jlargely decrease in almost all,
. . . . . . . . Formatted [ﬂ -~
the regions in China, With the CO,, effect, the MMs of simulated maize yield would increases Formatted [ﬂ
inereases slightly before the 2060s and decreases slightly thereafter in the main maize planting Formatted [ﬂ

region NWC area—NEC. However, there is no model consensus on the change trenddireetion
throughout the study period. In the NC, another main maize planting area NE; the simulated

maize yield would decreasedeereases slightly with high model agreement before the 2030s, which
suggestssusgesting that maize production in the NC may decrease in the next-a few decades. The
simulated maize yield would decrease largely after the 2050s although the model agreement on the

decrease is low. In_the, SC, there is a transition to a sustained lower yield for maize. The maize

yield would decrease by 18% with high model agreement at the end of the 21* century. In contrast,
the maize yield in_the NWC would increase by 5% before the 2030s. The maize yield after the
2030s would keep the high level after the 2030s in the NWC although the model agreement
becomes low. The simulated maize yields in the EC, CC, XJ SWE€-and SWC XJ-show a genera

decrease}y—deereasing change withputthe—modelagreements—on—thechangedirection—are low

model agreements

[Formatted: Font: .5

regions_of China. Without the CO,* ]
[Formatted: Indent: First line: }

Fig. 5 shows the relative changeg, in rice yield at the Sei

effect, the MMs of simulated rice

CO,, effect, the simulated rice yield would keep increase-Fhe-simulated-rice-yield showssenerally
inereasingtrend with high model agreement in the nerthern—and-western—China—(i-e- NEG;NG;
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NWC, SWC,and XJ, and NEC,}- The simulated rice yield would increase b [Formatted

and XT and inerease-by more than 10% in the SWC, NEC and NWC at the end of the 21* century. \ (Formatted

In the southernand-eastern-China-(i-e—SC, CC and ECEC); the relative change in rice yield is ||\ [ Formatted: Font: $i5

generally small (<5%) and the model agreement efthe-medelpairs-on the change direction is low. \‘  ‘ \ {Formatted

These results indicate that climate change may benefit rice vieldproduetion in the northern and ||| [Formatted

western China while itsglimate-change impact en—rice-yield-in the southern and eastern China is \ \ ‘ [Formatted: Font: h
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ln.concluswe.‘ - - - - - ) — \ [Formatted: Font: f5

Fig. 6 shows the relative changes in soybean yield at the 8 regions of China. The simulated yield \ ‘ [Forma tted

of soybean would decrease in all regions without the CO, effect. With the CO, effect, the (Formatt ed: Font: fi%

simulated soybean yield would increase in the NEC and NWC with high model agreement on the \ ( Formatted

change direction. In the NEC and XJ, the soybean yield would increase by more than 10% at the Formatted: Font: 72

end of the 21* century. In the NWC and SWC, the soybean yield would increase by about 7% and \ Formatted: Font: Ti'5

14%. The relative change in soybean yield is generally small (<5%) with low model agreement in Formatted

the southern and eastern China (i.e. SC, EC and CC). The simulated soybean yield would increase Formatted: Font: 1%

slightly before the 2050s and decrease slightly thereafter with low model agreement in the NC. | | Formatted

These results indicate that climate change would benefit soybean vield in the NEC, NWC and XJ | Formatted: Font: £

but its impact in the other regions is inconclusive. Eormattej: iont: 2%
ormatted: Font: F%5

47—Fig.7 shows the relative changes in wheat yield at the 8 regions of China. Without the co, “ [Formatted: Font: fi5

effect, the MMs of simulated wheat yield would decrease by more than 13% in all regions of % ::ZI::::Z

China at the end of 21 century. With the CO, effect, the simulated wheat yield would decrease ( Formatted

slightly with high model agreement on the change direction in the next two decades in the NC [ Formatted

region, the main wheat planting area. The change direction of wheat yield in the NC after the [ Formatted

2030s, however, is unclear due to large uncertainty in model simulation. The relative change in
wheat yield is small and the model agreement on the change direction is generally low in the other
regions (i.e. NEC, EC, NWC and XJ). There is a transition to a sustained low yield in the SC and a
high yield in the SWC for wheat, which suggests that Biseussions
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Numerous——studies—have—examinedtheeffeets—of future—climate change would threaten wheat Formatteds, Times New
production in the SC and benefit wheat production in the SWC. The increase or decrease change is Formatted: Font: T.%. Font
inconclusive in the next decade due to large model uncertainty. However, the change direction color: Auto

becomes obvious after the 2030s. The simulated yield in the CC region would increase from the Eg;:itted: Font: Times New
2000s to 2040s and decrease thereafter. The model agreement on the increase change before the

2040s is high but the agreement on the decrease change after the 2040s is low.

3.4 Climate risk of encrop production [Formatted: Font: 7%

Fig. 8 shows the MMs of the relativeyields-ef-China—Theprojeeted changes in crop yield with the [Formatted: Font: fi5

CO, effect at the end of the 21" century. The simulated maize yield would decrease over a large

portion of China while it would increase in a relative small area in the high-altitude and cold

regions. The largest decrease is at the main planting areas in the northern and southern China (Fig.

8a). The simulated rice yield would increase over a large portion of China with the largest increase

in the high-altitude and cold regions (Fig. 8b). Rice would decrease in some of the current main

rice planting areas such as the EC and SC. The relative change in soybean yield (Fig. 8c) shows a

spatial pattern similar to that of rice yield. The soybean yield would increase in the regions outside
the traditional agricultural areas but decrease in the main agricultural areas in the eastern China.

The relative change in wheat yield (Fig. 8d) is negative across China except for a small area in the
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Tibetan Plateau and NEC. Fig. S1 shows the MMs of the relative changes of the simulated yield of
maize, rice, soybean and wheat with the CO, effect at the prefectures of China at the end of the

21" century. The maize vield would decrease in most prefectures of the SWC, NC and NEC, and
would increase in most prefectures of the NWC, NEC and SC (Fig. Sla). The yields of rice and
soybean would increase in the most prefectures in China (Fig. S1b,c). The relative change in

wheat yield (Fig. S1d) is negative in China except for some prefectures in the SWC, NWC, and
EC.
The relative change of the 25" percentiles of maize and wheat yield is negative across China

except a small area in the SWC region (Fig. S2). In the worst-case, the yields of rice and soybean

would decrease as well across the southern and eastern China and the XJ region (Fig. S2). The

worst-case assessment shows high risk of production of all types of the main crops and in all the

main planting areas. This worst-case shows the upper boundary of the risk assessment taking the

large uncertainties in the model pairs.

There are large high climate risk areas for maize and wheat yields under a warming climate. The
high risk areas for maize yield extends across most agricultural areas in China including the NC,
SC, XJ, and some parts of the NEC and NWC, suggesting that a high climate risk for maize
production (Fig. 9). The high risk areas for wheat yield include the SC, XJ and a part of EC. The

high risk areas for maize and wheat are in the current main agricultural area, indicating that maize

and wheat production in China would face great challenge in the future if no further adaptation

measures were taken. The high risk area for rice and soybean yields is quite small. The high

resilience areas for the 4 crops are generally located in a belt from the NEC to SWC which is

outside the traditional agricultural area. The prefectures with high resilience of crop yield are

mainly located in the western and Northeast China (Fig. S3). The prefectures with high risk of

crop yield are located in the eastern China.

3.5 Model spread and uncertainty

Fig. 10 shows the model spread in the relative change of maize, rice, soybean, and wheat yields
across all the available GCM-GGCropM pairs and the model spread induced by GCMs and
GGCropMs at the end of 21* century. The STDs from the crop model ensembles are more than

60% in the Tibet Plateau, suggesting the model uncertainty is large in this region. The model

spread for maize is generally less than 40% and the model spread for rice and wheat is generally

less than 30% in the eastern China. The model spread for soybean and wheat is more than 50% in

many parts of the eastern China, suggesting the model uncertainty is especially large for these

crop types. The model spread (i.e. STD of in the relative change of yield) arising from the

GGCropMs is larger than that arising from the GCMs in most part of China. The uncertainty

arising from the GCMs is generally small (less than 20%) in the eastern China, while is the

uncertainty is more than 30% for soybean and wheat over a large area in the eastern China.

4. Discussion

J
)

There are large discrepancies between the NBSC statistics and the model simulated crop yields in+— { gorﬂlﬁttedi Indent: First line: J
C
dfrem—vafmus
the historical perlod The uncertamtv of the gridde crop models is still high ""[Formatte 4 Font. 1B
E = '[Formatted: Font: H%5
p%ejeeted—fu’fufe—efep—y}eld—elﬁﬂge—Moreover change in #uffufe—water avallablllty (Tang &
Lettenmaier, 2012; Schewe et al., 2014;2643; Piontek et al., 2014), which2643),—which—is—net [Formatted: Font: %
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acecountedfor-in-this-stady; might lead to a cropland conversion ef-eropland-from irrigated to (Formatted: Font: fi% )

rain-fedrainfed management and-a-consequentreduction-of erop-yield-(Elliott et al., 2014), are not [Formatted: Font: fi'5 ]

2043 Furthermore, no-adaptationeptions—are-considered in this study. Furthermore, we used the [Formattedi Font: 1% ]

model outputs from ISI-MIP and no further adaptation measures are considered the-GGCMs: It is [Formattedi Font: TL5 ]

possible that the adaptation measures such as changing sowing date and planting area couldean [Formatted: Font: 115 }

partially or even, totally offset the negative effects of climate change (Yun et al., 2007; Meza et al., [Formatted: Font: 115 ]

2009; Olmstead et al., 2011). These suggest that the inherent model uncertainty would be a major [Formatted: Font: 115 ]

issue in assessing climate change impacts on crop yield (Asseng et al., 2013; Rosenzweig et al.,

2014) 2043y Future assessment of climate change impacts on crop yield should applysse the [Formatted: Font: h'5 ]

further improved models-applied in a localized setting in China and consider a wide variety of [Formatted: Font: fi%5 ]

adaptation options.

The simulated crop yields with the CO, effects would generally increase ingver the high-altitude [Formattedi Font: 115 ]

and cold regions in a warming climate. It suggests that climate warming may jn-the-futare-would [Formatted: Font: #5 ]

allow agriculture to move northward or upward into regions where are currently less gasuitable for NJ [Formatted: Font: 115 ]

the-crops. The simulated crop yields show mixed patterns of increasing and decreasing changegﬁip; NS [ Formatted: Font: fi% ]

the current main agricultural area in the-eastern China. Fhesimulated-erop-yield-may-deerease-ina \ [ Formatted: Font: iy ]
R T T o i X X o ‘[Formatted: Font: fi'5 ]
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sensitive—to—therise—in—temperature—in—the—eastern—China—Climate change is unlikely to benefit

maize and wheat productions in the traditional main agricultural area in the-eastern China but

might benefit rice production._The results are in line with previous studies (Xiong et al., 2007) and

the IPCC reports (Parry et al., 2007; Field et al., 2014).

The CO, fertilization effect would favor crop yields in the future. The simulated crop yields

without the CO, effect would largely decrease while the simulations with the CO, effect might

increase. The important role of the CO, effect is also discussed in the previous results (i.e. Lin et

al., 2005; Sakurai et al., 2014). It should be noted that the dominant effects of climate change on

crop yield are still inconclusive. The effects of different climatic variables (i.e. temperature,

precipitation, radiation, CO,) on crop yield were assessed in many researches (i.e. Tao et al., 2008;

Lobell and Gourdji, 2012; Xiong et al., 2012). The dominant variable that affects change in crop

yield may vary in different regions. The causes of the climate risk in crop yield should be further

investigated in the future.

5. Conclusion

Based on the model projections of 4 GGCropMs, the impact of future climate change on the yields+ [ gogﬁattedi Indent: First line: }

of the major crops (wheat, rice, maize and soybean) in China was assessed. The projections

without the CO, fertilization effect suggest that the yield of maize, rice, soybean and wheat would

decrease by up to 25%, while the projections with the CO, effect show that the yield would

decrease by less than 5% for maize and wheat and increase by 10% for rice and soybean under

RCP8.5 at the end of the 21" century in China. With the CO, effect, the modelThe-changes—in [Formatted: Font: 1% ]

generatedfor IPCC-ARS-and-made-available- by ISI-MIPThe results show that the area-weighted

yields of rice and soybean in China would increase in the next a few decades with high model

agreement. The changes in area-weighted yield of maize and wheat in China are small and the

model agreement of the-meodel pairs-on-the-change-direction-is low. The response of potential crop [Formatted: Font: F.5 ]
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yield to climate change shows large regional differences. The uncertainty of relative change in the
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yields arising from the GGCropMs is approximately twice as large as that arising from GCMs. The

The response of crop yield to Jn—summary—the—analysis—shows—climate change shows larget

differences between regions. Climate changem}ght—beﬂeﬁt—ﬁee—pfedue&eﬂ—&s—the—pe&eﬂ&al—ﬂee

hange would benefit

soybean and rice yields m%eat—predﬁeﬁeﬂs—evef the high-altitude and cold regions where are
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currently unsuitable for agriculture. Expanding rice and soybean planting areas to the NEC and [Format ted: Font: Hi% }

SWCthe-erop-productions-to-those regions;-when-appheable; might be a good adaptation option to o\ [Formatted: Font: 7% ]

climate change. The crop yields in the current main grain production area, i.e. the high risk : [ Formatted: Font: i & ]

area,Hewever—th%petenﬁal—ﬁeld—ef—nmzHeﬂeean—aﬂd—W%eat would lar;zelv decrease in a [ Formatted: Font: i ]
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management strategy for-maize-and-wheat-may be useful for coping with climate change in these, [Formattedi Font: #i+5 ]

abeve high risk areas._There are large uncertainties among the model projections. Better

understanding of the difference of the crop models, which is the major source of the uncertainty, is
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Figures:
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Fig. 1 The 8 regions in China and the crop area (% of grid area) of maize (a), rice (b), soybean (c) and
wheat (d). NEC, NC, EC, SC, CC, SWC, NWC and XJ denote Northeast China, North China, Eastern
China, South China, Central China, Southwest China, Northwest China and Xinjiang, respectively
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Fig. 2 The MMs of the simulated yields with the CO, effect and NBSC reported yields of the 4 major
crops in China during 1981-2010. The upper panels are the NBSC yields and lower panels are the
simulated yields. The median of the simulated crop yield among the GCM-GGCropM pairs are
provided at 0.5-degree grids. The NBSC yields at each province were plotted at the crop area shown in
Fig. 1
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RCPS8.5. The blue (green) shade area denotes the inter-quartile range for the simulations with (without)
CO, effect and the solid line shows the median of the GCM-GGCropM pairs
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The MMs and the 25" and 75" percentiles of the model pairs are shown
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MMs and the 25" and 75" percentiles of the model pairs are shown
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Fig. 6 The relative change of the simulated soybean yield at the 8 regions with (without) the CO, effect.

The MMs and the 25" and 75" percentiles of the model pairs are shown
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Fig. 8 The MM of the relative change of the simulated yield of maize (a), rice (b), soybean (c), and
wheat (d) with the CO, effect at the end of the 21* century (2070-2099) comparing with the simulated
yield in the historical period (1981-2010)
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Fig. 9 The high climate resilience areas (left column) and high climate risk areas (right column)

for the major crops in China at 0.5 degree grids
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Fig. 10 The model spread of the relative change of the simulated yield of maize, rice, soybean, and
wheat with the CO, effect at the end of the 21 century (top row) and the model spread induced by
GCMs (middle row) and GGCropMs (bottom row)

Tables:

Table 1 Overview of the GCMs and GGCropMs

Name Institute References
HadGEM2-ES Met Office Hadley Centre Jones et al. (2011)
IPSL-CM5A-LR Institute Pierre-Simon Laplace Mignot et al. (2013)

Japan Agency for Marine-Earth
Science  and  Technology,
Atmosphere and Ocean
MIROC-ESM-CHEM | Research Institute (The | Watanabe et al. (2011)
GCMs University of Tokyo), and
National Institute for
Environmental Studies

Geophysical Fluid Dynamics | John et al. (2012); John et

GFDL-ESM2M
Laboratory al. (2013)
. . Bentsen et al. (2013);
NorESM1-M Norwegian Climate Centre
Iversen et al. (2013)
BOKU, University of Natural .
} . Williams (1995);
EPIC Resources and Life Sciences,
. Izaurralde et al. (2006)
Vienna
GGCropMs EAWAG
Swiss Federal Institute of | Williams et al. (1990); Liu
GEPIC . .
Aquatic Science and | etal. (2007)
Technology
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University of Chicago | Elliott et al. (2013); Jones

pDSSAT i .
Computation Institute et al. (2003)

Tyndall Centre, University of
PEGASUS East Anglia UK/McGill | Deryng et al. (2011)

University, Canada

4 Note: EPIC: short for the Environmental Policy Integrated Climate Model (originally the Erosion Productivity Impact Calculator);
5 GEPIC: short for the Geographic Information System (GIS)-based Environmental Policy Integrated Climate Model; pDSSAT:
6 short for the parallel Decision Support System for Agro-technology Transfer (using the Crop Environment Resource Synthesis
7 (CERES) models for maize, wheat, and rice and the Crop Template approach (CROPGRO) for soybean); PEGASUS: short for
8  the Predicting Ecosystem Goods and Services Using Scenarios model.
9
10 Table 2 Simulated and statistical yields in the 8 regions of China in 1981-2010 (kg/hmz)
. Maize Rice Soybean Wheat
Region - ; I ; - e ; - - X . —
Simulation  Statistic =~ Simulation  Statistic =~ Simulation  Statistic =~ Simulation  Statistic
NEC 4575 5228 3970 6346 1993 1798 3249 2671
NC 6473 4733 5136 6237 2483 1609 3156 4113
EC 4866 4006 4414 6082 2238 1981 3015 3025
SC 3650 2832 4146 4677 1816 1343 2468 1795
CC 4158 3604 4593 6350 2167 1824 2885 2345
SWC 4162 4016 4094 5484 1827 1827 3560 2866
NWC 5400 4565 4270 6403 1693 1165 3494 2579
XJ 4596 5450 3662 6072 1938 2309 2845 4020

11 Note: NEC, NC, EC, SC, CC, SWC, NWC and XJ denote Northeast China, North China, Eastern China, South China, Central

12 China, Southwest China, Northwest China and Xinjiang, respectively (see Fig. 1), Formatted: Font: /NTi, Font
color: Auto
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