Supplementary Material
Adverse weather conditions for UK wheat production under climate change

Future UK climate[image: ]
[bookmark: _Hlk23407118]Supplementary Figure 1 – Mean maximum monthly temperature for the 1981-2010 baseline (solid line) and box plots for the 2050 climate scenarios (RCP4.5 and RCP8.5). At four sites across the UK wheat growing area. 
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Supplementary Figure 2 - Mean monthly precipitation for the 1981-2010 baseline (solid line) and box plots for the 2050 climate scenarios (RCP4.5 and RCP8.5). At four sites across the UK wheat growing area.

Frequency and severity of adverse weather conditions in 2090
The probability of an extremely wet early season for wheat production is projected to increase by the 2050 (as discussed in the main text). Supplementary Figure 3 provides the probability of an extremely wet early season at all 25 sites and all climate scenarios, illustrating an increasing trend across time and emissions scenarios. In 2090 the probability of an extremely wet early season is expected to increase more than two-fold at 10 sites across the wheat growing area under high emissions (RCP8.5), including sites RR, MA and WH which are located within a key wheat growing region of the South East.
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[bookmark: _Ref7016953][bookmark: _Ref7016949]Supplementary Figure 3 - Probability of the occurrence of extremely wet early season under baseline and projected climate. Black rectangles indicate the 1981-2010 baseline. Box plots indicate the 2050 climate scenarios for RCP4.5 and RCP8.5 and 2090 climate scenarios for RCP4.5 and RCP8.5, from left to right. The calculations consider a medium-ripening cultivar. 

Supplementary Figure 4 and Supplementary Figure 5 provide the 95-percentile of drought stress index (DSI95) and water stress index (WSI95), respectively, at all 25 sites and all climate scenarios. 
In 2090 most sites project a lower DSI95 under both RCP4.5 and RCP8.5 in comparison to the baseline period. In contrast site RR is unique in projecting an increase in DSI95 by 2100 under both emission scenarios. In 2090, using the median of GCMs, most sites show little change or a lower WSI95 under RCP8.5 in comparison to the baseline climate. HSI95 (heat stress index) continues to be negligible or very low in 2090.
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[bookmark: _Ref7078097]Supplementary Figure 4 - 95-percentile of drought stress index (DSI95) Black rectangles indicate the 1981-2010 baseline. Box plots indicate the 2050 climate scenarios for RCP4.5 and RCP8.5 and 2090 climate scenarios for RCP4.5 and RCP8.5, from left to right. 
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[bookmark: _Ref7078099]Supplementary Figure 5 - 95-percentile of water stress index (WSI95) Black rectangles indicate the 1981-2010 baseline. Box plots indicate the 2050 climate scenarios for RCP4.5 and RCP8.5 and 2090 climate scenarios for RCP4.5 and RCP8.5, from left to right.

Range of projections from the CMIP5 ensemble
For most sites CSIRO-MK36 (GCM model no. 3) is the driest model in summer, with the largest reduction in rainfall between the baseline and 2050 climate, as illustrated by Supplementary Figure 6, however this is cooler than other models. For most sites GFDL-CM3 (GCM model no. 5) is the hottest model in the CMIP5 ensemble in the summer, which is also consistently very dry across UK sites. INM-CM4 (GCM model no. 9) is frequently the coldest model in summer and MIROC-ESM (GCM model no. 11) commonly the wettest.
For most sites GFDL-CM3 is the wettest model in winter, with the largest increase in precipitation between the baseline and 2050s (RCP8.5) as illustrated by Supplementary Figure 6. For most sites MIROC-ESM the hottest model in the CMIP5 ensemble for winter. CSIRO-MK36 is the coldest model in winter. A number of GCMs predict no change or a small decrease in winter precipitation, however there is not one model which is consistently the driest in winter across all sites in the UK. MPI-ESM-MR (GCM no. 12) is the driest for site RR and a number of other sites.

[bookmark: _Ref4065558][image: ]
[bookmark: _Ref7019496]Supplementary Figure 6 – Absolute changes in mean temperature and relative changes in mean precipitation at site RR (Rothamsted Research) during a) the summer months (JJA) and b) the winter months (DJF), between baseline (1981-2010) and 2050 climate, under RCP8.5 for 16 GCMs from the CMIP5 ensemble. Model numbers correspond with Supplementary Table 2.

Drought and water stress for light soils
[bookmark: _GoBack]We consider the effect of soil available water capacity (AWC) on extreme drought stress (DSI95) and extreme water stress (WSI95) (Supplementary Figure 7). The AWC used in these calculations represents a medium and light soil, with the majority of wheat in England and Wales grown on soils with an AWC 95-215 mm (Clarke, 2017; Hallett et al., 1996)
[image: ]Supplementary Figure 7 – 95-percentile of drought stress index (DSI95) (a, b) and water stress index (WSI95) (c, d) The first column (a, c) shows results for the medium soil with AWC of 177 mm (as used in Figures 5-9 and Supplementary Figures 4-5), and the second column (b, d) shows results for light soil with AWC of 127 mm. Black rectangles indicate the 1981-2010 baseline and box plots indicate the 2050 climate scenarios for RCP4.5 (light grey) and RCP8.5 (dark grey).
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Supplementary Table 1 - Characteristics of the 25 UK sites for the 1981-2010 baseline conditions
The mean dates of the phenological stages represent the AgriClim model estimates for early-, medium- and late-ripening cultivars. (The sowing, anthesis and maturity dates are expressed as the day of the year – DOY from January 1st).

	Site
	 Acronym 
	Lat 
	Long
	Alt
	Mean precip. 
	Mean temp, °C
	Sowing DOY

	 
	 
	 
	 
	 
	Annual, mm
	Jan, min
	Jul, max
	 

	Wick
	WK
	58.45
	-3.09
	36
	793
	                   1.7 
	              15.7 
	293

	Kinloss
	KI
	57.65
	-3.56
	5
	688
	                   1.3 
	              18.5 
	293

	Dyce
	DY
	57.21
	-2.20
	65
	812
	                   1.2 
	              18.1 
	293

	Leuchars
	LU
	56.38
	-2.86
	10
	709
	                   0.6 
	              19.0 
	293

	Eskdalemuir
	ES
	55.31
	-3.21
	242
	1747
	-0.1 
	              17.8 
	293

	Tynemouth
	TY
	55.02
	-1.42
	33
	631
	                   2.4 
	              18.2 
	293

	Shap Fell
	SF
	54.50
	-2.68
	255
	1753
	                   0.5 
	              18.0 
	293

	Whitby
	WT
	54.48
	-0.60
	41
	561
	                   2.1 
	              18.6 
	293

	Leeming
	LE
	54.30
	-1.53
	32
	643
	                   1.2 
	              20.7 
	293

	Ringway
	RG
	53.36
	-2.28
	33
	805
	                   1.7 
	              20.4 
	293

	Holyhead Valley
	HV
	53.25
	-4.54
	10
	848
	                   4.0 
	              18.3 
	293

	Waddington
	WD
	53.18
	-0.52
	68
	602
	                   1.5 
	              20.9 
	293

	Shawbury
	AW
	52.79
	-2.66
	72
	652
	                   1.0 
	              20.7 
	293

	Marham
	MA
	52.65
	0.57
	21
	644
	                   0.9 
	              21.8 
	293

	Church Lawford
	SC
	52.36
	-1.33
	107
	676
	                   1.3 
	              21.4 
	293

	Wattisham
	WH
	52.12
	0.96
	89
	626
	                   1.3 
	              21.3 
	293

	Aberporth
	AP
	52.14
	-4.57
	133
	857
	                   3.2 
	              17.9 
	293

	Sennybridge
	SQ
	52.06
	-3.61
	307
	1375
	                   0.9 
	              18.0 
	293

	Rothamsted
	RR
	51.80
	-0.35
	128
	751
	                   1.2 
	              21.0 
	293

	Bristol
	BW
	51.45
	-2.60
	42
	855
	                   3.5 
	              21.7 
	293

	East Hamsted
	EH
	51.38
	0.78
	75
	680
	                   1.6 
	              22.1 
	293

	Boscombe Down
	BD
	51.16
	-1.75
	126
	751
	                   1.6 
	              21.7 
	293

	North Wyke
	NW
	50.77
	-3.90
	177
	1065
	                   2.6 
	              19.7 
	293

	Herstmonceux
	HX
	50.89
	0.32
	52
	787
	                   2.4 
	              20.7 
	293

	Camborne
	CB
	50.22
	-5.33
	87
	1037
	                   4.7 
	              18.3 
	293


* In the case of the late cultivar at Eskdalemuir and Wick, maturity was not reached.

[bookmark: _Ref7084879]Supplementary Table 2 - Global climate models from the CMIP5 ensemble used in the LARS-WG weather generator. The scenarios are based on RCP4.5 and RCP8.5 for the periods 1981-2010 (baseline) and 2041-2060 and 2081-2100.
	Model no.
	Research centre
	Country
	Global climate model
	Grid resolution
	Reference

	1
	The Centre for Australian Weather and Climate Research  
	Australia 
	ACCESS1-3
	1.25° x 1.88°
	(Collier and Uhe, 2012)

	2
	Canadian Centre for Climate Modelling and Analysis
	Canada
	CanESM2
	2.77° x 2.81°
	(Chylek et al., 2011)

	3
	Australia's Commonwealth Scientific and Industrial Research Organisation
	Australia 
	CSIRO-MK36
	1.85° x 1.88°
	(Jeffrey et al., 2013)

	4
	EC-EARTH consortium 
	Europe
	EC-EARTH
	1.125° x 1.125°
	(Hazeleger et al., 2012)

	5
	Geophysical Fluid Dynamics Laboratory
	USA
	GFDL-CM3
	2° x 2.5°
	(Griffies et al., 2011)

	6
	Goddard Institute for Space Studies National
	USA
	GISS-E2-R-CC
	2.00° x 2.50°
	(Chandler et al., 2013)

	7
	UK Meteorological Office
	UK
	HadGEM2-ES
	1.25° x 1.88°
	(Collins et al., 2011; Jones et al., 2011)

	8
	Institute Pierre Simon Laplace
	France
	IPSL-CM5A-MR
	1.27° x 2.50°
	(Dufresne et al., 2013)

	9
	Institute for Numerical Mathematics
	Russia
	INM-CM4
	1.50° x 20°
	(Volodin et al., 2013; Yurova and Volodin, 2011)

	10
	University of Tokyo, National Institute for Envir. Studies, Japan Agency for Marine-Earth Science & Technology
	Japan

	MIROC5
	1.39° x 1.41°
	(Mochizuki et al., 2012; Tatebe et al., 2012; Watanabe et al., 2011)

	11
	
	
	MIROC-ESM
	2.77° x 2.81°
	(Watanabe et al., 2011)

	12
	Max-Planck Institute for Meteorology
	Germany
	MPI-ESM-MR
	1.85° x 1.88°
	(Brovkin et al., 2013; Schmidt et al., 2013)

	13
	Meteorological Research Institute
	Japan
	MRI-CGCM3
	1.11° x 1.13°
	(Tsujino et al., 2011)

	14
	National Centre for Atmospheric Research
	USA
	NCAR-CCSM4
	0.94° x 1.25°
	(Jahn and Holland, 2013; Meehl et al., 2013)

	15
	
	
	NCAR-CESM1-CAM5
	0.94° x 1.25°
	(Jahn and Holland, 2013)

	16
	Norwegian Climate Centre
	Norway
	NorESM1-M
	1.90° x 2.50°
	(Bentsen et al., 2013; Iversen et al., 2013)




Supplementary Table 3 – Annual mean temperature for the 1981-2010 baseline and change in annual mean temperature under future climate scenarios (RCP4.5 and RCP8.5). 
Minimum and maximum values show the smallest and largest change in temperature (respectively) across all 16 GCMs, from the baseline.
	 
	Annual mean temp, °C 
	Change in annual mean temp, from baseline, °C

	Site
	 Baseline 
	RCP4.5
	RCP8.5

	
	
	Min GCM
	Max GCM
	Min GCM
	Max GCM

	AP
	                    9.9 
	              0.5 
	              2.1 
	              0.5 
	              2.5 

	AW
	                    9.6 
	              0.6 
	              2.2 
	              0.6 
	              2.7 

	BD
	                  10.1 
	              0.6 
	              2.3 
	              0.8 
	              2.8 

	BW
	                  11.2 
	              0.6 
	              2.3 
	              0.7 
	              2.9 

	CB
	                  10.9 
	              0.4 
	              1.9 
	              0.4 
	              2.4 

	DY
	                    8.6 
	              0.5 
	              1.9 
	              0.3 
	              2.4 

	EH
	                  10.2 
	              0.5 
	              2.5 
	              0.8 
	              3.0 

	ES
	                    7.6 
	              0.6 
	              2.0 
	              0.4 
	              2.4 

	HV
	                  10.5 
	              0.5 
	              2.0 
	              0.5 
	              2.5 

	HX
	                  10.6 
	              0.4 
	              2.5 
	              0.8 
	              3.0 

	KI
	                    8.9 
	              0.5 
	              1.9 
	              0.3 
	              2.3 

	LE
	                    9.5 
	              0.6 
	              2.1 
	              0.5 
	              2.6 

	LU
	                    8.8 
	              0.6 
	              2.0 
	              0.4 
	              2.4 

	MA
	                  10.0 
	              0.6 
	              2.2 
	              0.7 
	              2.7 

	NW
	                  10.0 
	              0.5 
	              2.2 
	              0.5 
	              2.7 

	RG
	                  10.0 
	              0.6 
	              2.2 
	              0.6 
	              2.7 

	RR
	                    9.8 
	              0.6 
	              2.4 
	              0.8 
	              2.9 

	SC
	                    9.9 
	              0.6 
	              2.2 
	              0.7 
	              2.7 

	SF
	                    8.0 
	              0.6 
	              2.0 
	              0.5 
	              2.5 

	SQ
	                    8.4 
	              0.6 
	              2.1 
	              0.6 
	              2.6 

	TY
	                    9.4 
	              0.6 
	              2.1 
	              0.5 
	              2.6 

	WD
	                    9.9 
	              0.6 
	              2.2 
	              0.7 
	              2.7 

	WH
	                  10.0 
	              0.6 
	              2.3 
	              0.7 
	              2.8 

	WK
	                    8.0 
	              0.4 
	              1.8 
	              0.2 
	              2.2 

	WT
	                    9.4 
	              0.7 
	              2.2 
	              0.5 
	              2.7 





Supplementary Table 4 – Mean precipitation for the 1981-2010 baseline, for summer (JJA) and winter (DJF) and change in precipitation under future climate scenarios (RCP4.5 and RCP8.5). 
Minimum and maximum values show the smallest and largest change in precipitation (respectively) across all 16 GCMs, from the baseline.
	 
	Mean precip., summer, mm
	Change in summer precip., from baseline, %
	Mean precip., winter, mm
	Change in winter precip., from baseline, %

	Site
	Baseline
	RCP4.5
	RCP8.5
	Baseline
	RCP4.5
	RCP8.5

	
	
	Min GCM
	Max GCM
	Min GCM
	Max GCM
	
	Min GCM
	Max GCM
	Min GCM
	Max GCM

	AP
	64 
	-25 
	12 
	-26 
	12 
	77 
	-4 
	35 
	-6 
	38 

	AW
	57 
	-28 
	13 
	-26 
	10 
	54 
	-5 
	34 
	-5 
	31 

	BD
	52 
	-26 
	16 
	-25 
	22 
	73 
	-8 
	26 
	-3 
	34 

	BW
	63 
	-25 
	19 
	-26 
	20 
	84 
	-10 
	28 
	-6 
	31 

	CB
	66 
	-21 
	13 
	-23 
	13 
	112 
	-5 
	31 
	-4 
	35 

	DY
	63 
	-11 
	9 
	-11 
	10 
	66 
	-3 
	32 
	-7 
	37 

	EH
	47 
	-25 
	27 
	-25 
	30 
	61 
	-8 
	28 
	-4 
	32 

	ES
	129 
	-21 
	10 
	-19 
	7 
	178 
	-5 
	36 
	-3 
	32 

	HV
	62 
	-18 
	14 
	-20 
	14 
	74 
	-5 
	39 
	-5 
	41 

	HX
	56 
	-28 
	23 
	-28 
	22 
	76 
	-8 
	27 
	-5 
	30 

	KI
	63 
	-9 
	5 
	-15 
	10 
	54 
	-6 
	24 
	-10 
	31 

	LE
	58 
	-20 
	16 
	-20 
	18 
	51 
	-4 
	34 
	-6 
	41 

	LU
	64 
	-13 
	6 
	-11 
	8 
	55 
	-1 
	33 
	-4 
	39 

	MA
	58 
	-23 
	20 
	-26 
	23 
	50 
	-7 
	34 
	1 
	38 

	NW
	63 
	-23 
	15 
	-27 
	10 
	118 
	-6 
	27 
	-5 
	29 

	RG
	65 
	-25 
	16 
	-24 
	18 
	71 
	-5 
	38 
	-6 
	39 

	RR
	60 
	-31 
	20 
	-32 
	22 
	62 
	-8 
	28 
	-3 
	33 

	SC
	64 
	-27 
	18 
	-24 
	18 
	49 
	-1 
	34 
	-2 
	38 

	SF
	99 
	-21 
	12 
	-19 
	10 
	204 
	-9 
	32 
	-8 
	30 

	SQ
	89 
	-19 
	14 
	-23 
	18 
	136 
	-2 
	35 
	-3 
	36 

	TY
	53 
	-18 
	10 
	-20 
	12 
	49 
	-5 
	37 
	-8 
	39 

	WD
	60 
	-24 
	12 
	-28 
	17 
	45 
	-4 
	30 
	-5 
	36 

	WH
	59 
	-24 
	24 
	-26 
	25 
	45 
	-4 
	37 
	4 
	43 

	WK
	60 
	-13 
	8 
	-17 
	11 
	66 
	-2 
	30 
	-8 
	32 

	WT
	46 
	-21 
	10 
	-21 
	14 
	48 
	-1 
	40 
	-3 
	42 
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