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Accurately quantifying agricultural water use is essential for protecting agricultural systems from

the risk of water scarcity and promoting sustainable water management. While previous studies

have innovatively provided spatially explicit analyses or datasets, they tend to have relatively coarse
resolution (~8.3 km), and inadequately considered precise localization parameters. Here, we produced
annual blue and green water use for 15 main crops with a resolution of 1 km for the years 1991-2019 in
China. Firstly, we estimated the yearly crop blue and green water use at the site scale by incorporating
more localized input parameters using a dynamic water balance model. Then, the random forest model
was combined with site-scale simulation results to generate spatial predictions of blue and green water
for each crop from 1991 to 2019. The resulting maps showed a high correlation with locally observed
values at field stations (R?>=0.95), statistics (R?=0.77), and exhibited some strengths compared with
existing datasets that covered various scales. This dataset can play a key role in devising sustainable
water management strategies.

Background & Summary

With an increasing global population and rapid economic development, ensuring the sustainability of agri-
cultural development while meeting human food demands has become a pressing global concern'. Freshwater
resources, serving as the foundation of agricultural systems, play an essential role in ensuring food security and
achieving sustainable agricultural development®. As the largest consumer of freshwater resources, global agri-
cultural water use has surged by 124.35% over the past 40 years, constituting more than 70% of global freshwater
withdrawals and nearly reaching the upper limit of blue water for agriculture on the planet®~. The scarcity of
freshwater presents a significant threat to the sustainability of agricultural systems. Consequently, there is an
urgent need to accurately quantify agricultural water use to help stakeholders improve efficiency and formulate
policies for sustainable water resource management.

Since the beginning of the 21st century, the gradual improvement of irrigation infrastructure has led to
significant advancements in irrigated agriculture in China®. This has played a crucial role in promoting the pro-
duction of agricultural products, with 75% of the grains production and over 90% of the cash crops production
being produced on irrigated farmland, which accounts for 50% of cropland in China®. However, the inefficiency
and expansion of irrigated agriculture have resulted in a continuous increase in agricultural water consumption,
accounting for over 65% of China’s total freshwater consumption'®. This surpasses the threshold for maintain-
ing the stability of the Earth’s system and has caused environmental issues, such as groundwater depletion in
the North China Plain and soil salinization in Northwest China''"'*. Improving the efficiency of agricultural
water use and managing the total amount used pose significant challenges to sustainable development in China.
Additionally, the rapid development of urbanization and industrialization in China has escalated the demand
for water resources, intensifying the competition between non-agricultural and agricultural water use'>'. In the
future, China’s agricultural sector is poised to experience heightened water stress as a result of shifting precipita-
tion patterns due to climate change and escalating food demand'>'”!8. Consequently, it is imperative to conduct
a quantitative and spatiotemporal dynamic analysis of agricultural water use in China to improve irrigation
efficiency, promote the reallocation of water resources, and ensure sustainability within the agricultural system.
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So far, traditional data on agricultural water consumption in China mainly relies on administrative-level
statistics published by government departments, which rarely capture detailed information about specific water
requirements for various crops and intra-administrative districts'®*. To address this issue, the water footprint
framework has been proposed as a potential assessment avenue®*. This framework distinguishes the water
requirements for crop growth into blue water, which comes from surface or groundwater, and green water,
which comes from rainwater stored in the soil at the crop roots?!. Various techniques have been developed
over the past two decades to estimate crop blue water use (BWU) and green water use (GWU), such as the
global crop water model (GCWM)?!' and the grid-based dynamic water balance model>*. These models provide
spatially explicit information on water use based on the soil balance principle and crop coefficient approach at
a resolution of 5’ x 5’ (~8.3km). For irrigated crops, the model estimates GWU as the potential evapotranspi-
ration under water stress (without irrigation), while the BWU is defined as the difference between potential
evapotranspiration with fully satisfied irrigation and GWU. For the rainfed crops, only the GWU is estimated.
Although pioneering in providing spatially clear analyses of global crop water use, these studies are primarily
based on crop production data from the year 2000 and lack crop-specific and year-specific datasets for the BWU
and GWU*?!, Subsequently, efforts have been made to develop maps showing crop water use at a grid scale over
time. For example, a global dataset of monthly crop-specific BWU and GWU for 23 main crops was obtained
using the WATNEEDS model at a 5’ resolution for the years 2000 and 2016*%. Additionally, a crop water use map
from 1990 to 2019 at a 5’ resolution was produced using a global process-based crop model with upgraded soil
water balance techniques®.

In summary, the previous studies represent a significant contribution to freshwater resource management by
offering innovative solutions and datasets to the challenges related to efficient water allocation and sustainable
agricultural development. Nevertheless, it is important to acknowledge the existence of several limitations and
uncertainties that must be taken into account. Firstly, the current spatial and temporal dynamics of crop water
use are usually represented with a coarse spatial resolution (~8.3 km), which may not accurately capture the
spatial variability of crop water demand within grid cells. This limitation could impact the precision of water
management strategies at a local level. Secondly, the integration of multiple raster data sources in these models
can introduce errors that propagate across layers, potentially affecting the overall accuracy of the results. Thirdly,
the requisite crop parameters used in the above models, such as crop coeflicients (K,) and crop calendars, are
often outdated or lack spatial heterogeneity. For instance, Chiarelli et al.? assessed the crop water requirement
for the years 2000 and 2016 using the crop planting and harvesting dates around the year 2000 and internation-
ally used K_. Similarly, Mialyk et al.> estimated the crop water use annually since 1990 based on the static grow-
ing periods, i.e., the multi-year average estimates, rather than accounting for year-to-year variability. These
studies did not fully account for the dynamic nature of agricultural practices and climate impacts on water use
over time. Overall, while these studies offer valuable insights into agricultural water use, addressing the limita-
tions mentioned above is important for enhancing the accuracy and relevance of water management strategies
in the context of sustainable agricultural development.

Here, we presented annual blue and green water use for 15 major crops with a resolution of 1 km for the years
1991-2019. Firstly, following the methodology laid out by Siebert et al.?!, a dynamic water balance model was
applied at the site scale to estimate the crop blue and green water use for each station (Fig. S1), incorporating
more localized input data for improved accuracy. Specifically, the daily reference evapotranspiration is com-
puted by combining the modified Penman-Monteith (P-M) equation recommended by FAO with climate data
observed at meteorological stations. Planting and harvested dates for the crops were determined using observa-
tional data from agro-meteorological stations in China; and K, is adjusted by the specific climatic and growing
conditions of each station based on the internationally recognized values. Secondly, we employed a random
forest (RF) model to spatialize the simulation results of crop water use at site scale. We validated our outcomes
by comparing them with (1) locally observed values across several crops and locations from the Chinese
Ecosystem Research Network (CERN) and literature; (2) provincial or municipal statistics from the National
Statistics Bureau (NSB) in China; and (3) existing datasets provided by Chiarelli et al.??, Mialyk et al.?*, Zhang et
al** and Wang et al.?®. The resulting dataset on crop water use holds significant potential in formulating more
informed water management strategies, guiding agricultural practices, and addressing the impacts of climate
change on water resources.

Methods

The study covers a comprehensive scope, encompassing 31 provinces, municipalities, and autonomous regions
within mainland China. Given China’s vast agricultural production and diverse crop planting structure, the
research estimated the annual blue and green water use for 15 primary crops. These crops include wheat (winter
wheat, spring wheat), maize (spring maize, summer maize), rice (early rice, late rice, single-season rice), soy-
bean, potato, sugar beet, sugarcane, groundnut, rapeseed (spring rapeseed, winter rapeseed), and cotton (Fig. 1).
These selected crops collectively represent a significant portion of China’s crop production and harvested area,
accounting for approximately 71.77% of crop production and 76.39% of the harvested area in the country. The
water use estimation differentiates between irrigated crops, for which both blue and green water use are calcu-
lated, and rainfed crops, for which only green water use is considered (Fig. 2). This comprehensive approach
provides valuable insights into the water use patterns within China’s agriculture sector, essential for sustainable
water resource management and agricultural planning.

Data collection. The input data for our study primarily comprises two components. The first section focuses
on calculating data related to crop water use, including climate data, crop parameters, crop calendars from plant-
ing to harvested dates, crop heights, and soil data. Daily meteorological data such as air temperature, precipita-
tion, relative humidity, wind speed, sunshine hours, and atmospheric pressure of 616 national meteorological
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Fig. 2 Schematic flow of the crop water use estimation.
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Stations Lat Lon Crop type Time Reference
Luancheng 37°53'N 114°41'E | Winter wheat, summer maize | 2005-2007 CERN
Fenggqiu 35°01'N 114°32'E ‘Winter wheat, summer maize | 2005-2008 CERN
Shanggiu 34°35'N 115°34E | Winter wheat, cotton 2000-2004 CERN
Hailun 47°27'N 126°55'E Soybean 2004-2006 CERN
Taoyuan 28°55'N 111°27'E | Early rice, late rice 2004-2007 CERN
Changshu 31°33'N 120°38’E Late rice 2004-2006 CERN
Yingtan 28°15'N 116°55’E Rice 2004-2006 CERN
Shihezi 44°17'N 85°49'E Cotton 2010 ref. 3
Tongzhou 39°36'N 116°48'E | Wheat 2005-2008 ref.
Guangli 35°09'N 114°40'E | Winter wheat 2011-2013 ref.

Table 1. Description of the field stations.

stations from 1991 to 2019 were came from the China Meteorological Data Service Centre (CMDSC) (https://
data.cma.cn/). Subsequently, daily reference evapotranspiration was calculated using the P-M equation.
Information on crop growth and development from 1991 to 2013, including planting and harvesting dates and
crop heights, was sourced from national agro-meteorological stations (https://data.cma.cn/) (Fig. 1). In the
absence of pertinent data, the information for the period 2014-2019 has been substituted with the average value
for the 2010-2013 interval. Soil data, specifically available water capacity (AWC) at a resolution of 250 m, was
sourced from SoilGrids (https://www.isric.org/explore/soilgrids). Crop parameters such as crop depletion frac-
tion and rooting depth were referenced from Allen et al.?. The total available soil water capacity was then calcu-
lated by multiplying the AWC and crop-specific rooting depth. Standard crop coeflicients (K_) adjusted for
China’s climatic conditions were derived from Li et al.”’, based on FAO recommendations. The proportion of each
development stage (initial, crop development, mid-season, and late season) of various crops to the whole growing
period was derived from Fisher ef al.?.

The second section of the data pertains to result validation and includes information such as crop-specific
harvested area from the SPAM2010 dataset® (https://mapspam.info/data/), which estimates crop harvested areas
for 42 crops in 2010 with a spatial resolution of 5’ based on the Spatial Production Allocation Model (SPAM).
Historical data on crop-harvested areas in 31 provinces in mainland China from 1991 to 2019 were obtained
from the National Bureau of Statistics®® (https://www.stats.gov.cn/sj/ndsj/). Information on total agricultural
water use, the proportion of agricultural irrigation to total water use, and irrigation project efficiency for 31
provinces from 2000 to 2019 were sourced from the China Water Resources Bulletin®! (https://mwr.gjzwfw.gov.
cn/). Data on consumptive blue water use at the field scale for crops were collected from various sources includ-
ing the CERN (https://www.nesdc.org.cn/) and literature®?->* (Table 1). The city-level reported irrigation water
and irrigated area for wheat, maize, and rice from 2005-2013 were obtained from Zhou et al.’®. All raster data
mentioned above was resampled to a consistent 1km resolution for analysis.

Estimating of crop blue and green water use. The daily potential evapotranspiration for a specific crop
is defined as the amount of evapotranspiration occurring during the crop’s growth period, regardless of any con-
straints posed by limited water availability. The primary factors influencing this quantity are the crop type and the
growth stage of the crop being evaluated. Daily potential evapotranspiration for crop-specific can be calculated
as follows:

PETt,i = Kc,t,iETO,t (1)

where PET; ; (mm) is the potential evapotranspiration of crop i on day¢. K_, ; is the crop coefficients of cropi on
dayt. ET; ; (mm) is the reference evapotranspiration on day t, which is calculated using the P-M equation.

For the K, the standard values for different development stages are taken from Li et al.”’, which were adjusted
based on the K, provided by FAO and the specific conditions in China. The standard K| values are not univer-
sally applicable across China, as they indicate results for climatic conditions with air humidity of approximately
45%, wind speed of approximately 2m s, sufficient water supply, effective management, normal growth, and
large areas aiming for high yields. Consequently, the crop coefficients were adjusted to reflect the actual climatic
conditions and management conditions at each meteorological station. The K, of each meteorological station is
modified by the following formula:

6

h. 0.3
K. = Kegapy; + [0.04 x (1, — 2) — 0.004 x (RHU,;, — 45)] x [?] o

where K, ; is the standard K, of crop i. y1, (m s™") is the average wind speed at a height of 2m at different
growth stage. RHU,;, (%) is the average minimum relative humidity at different growth stage. h; (m) is the aver-
age height of the crop i at different growth stage.

The actual evapotranspiration of crops is computed as:
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AET,; = K, ,PET, ; (3)

where AET, ; (mm) is the actual evapotranspiration of crop i on day t. K , ; is a dimensionless transpiration
reduction factor of crop i on dayt that is calculated based on a daily function of the actual and maximum soil
moisture in the root zone. The equation is as follows:
St
Ks,t,i = (1 - pt,i)smax
1, otherwise (4)

> St,i < (1 - Pt,i)smax

where S, ; is the actual soil moisture content, and the S, . is the maximum available soil water in the effective
root zone, which is computed by multiplying the available water capacity by crop rooting depth, as in Allen
et al.* - p, ,is the fraction of S, ,, that crop i can extract from the root zone without suffering water stress, and is
calculated as follows:

by =P+ 0.04(5 — PET;)) (5)

where P, , ; is the depletion fraction of crop i derived from Allen et al.’.
The S, ; is simulated by performing soil water balances, and the equation is expressed in the following form:

Sei =Sy + At(P, ﬁt—l_Itz_ETu,t,i_Rt,i) 6)

where, _, ; is the actual soil moisture content on dayt — 1. At is equal to 1. P, ;, (mm) is the effective precipita-
tion on day t, which is calculated using the U.S. Department of Agriculture Soil Conservation Method?>:

Pre,(4.17 — 0.2Pre,)

Py, = 4.17
4.17 4 0.1Pre,, otherwise 7

, Pre < 8.3 mmd !

where Pre, is the precipitation on day¢. I, ; (mm) symbolizes the supplemental irrigation water applied on day
for irrigated crops exclusively. Lastly, R, ; (mm) signifies the runoff volume derived using the specified formula
for the day .

Ry = (Peff,t + It) x

t,i ]
Smax (8)

where y represents the parameter related to crop management conditions. In irrigated areas, the value is set to 3,
while in rainfed areas, it is set to 22,

The preceding steps enable the calculation of the actual evapotranspiration (AET, ;) for each crop on a daily
basis under water stress, which represents the green water use (GWU, ;). Blue water use (BWU, ) is characterized
by the difference between the potential evapotranspiration of crops (PET, ;) without water stress and the AET; ,,
and was only considered for irrigated areas. Subsequently, the total amount of BWU and GWU for each crop’s
growth are determined by summing their individual values across every day during the growing season.

n
GWU, =) " AET,, ©)

BWU, = ZLI(PETM — AET, ;) (10)

where GWU, (mm yr~') and BWU, (mm yr~!) are the green water use and blue water use of cropi. # indicates the
number of days during the growing period of the crops.

Spatialization. A random forest (RF) model was developed to generate spatial predictions of crop blue and
green water use at a high spatiotemporal resolution. Compared with the traditional grid-based dynamic water
balance model, the proposed method effectively mitigates cross-layer propagation errors that can arise from inte-
grating multiple grid data source, especially when large amounts of climate data with high temporal resolution
(e.g., daily scale) are used in this model. In addition, as far as we know, the directly estimating spatially the blue and
green water use is further limited by the fact that some climate data products with high spatial resolution have not
yet been released. Therefore, we combined site-scale simulation with RF-based spatial prediction to simulate crop
blue and green water requirements. The RF model, a form of binary decision rule model that incorporates machine
learning technology, has been consistently validated in numerous studies as an effective tool for spatial prediction.
In this study, blue and green water use were defined as the dependent variables. We selected several environmental
variables, including temperature, precipitation, potential evapotranspiration, available water capacity (AWC), digi-
tal elevation model (DEM), and soil components such as sand, silt, clay, and soil type. These variables were analysed
using RF modeling with 10-fold cross-validation. The model was set up with 1500 decision trees, and each node in
the trees used three variables. The dataset, comprising records of blue and green water use, was split into ten equal
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Fig. 3 Comparison of crop blue water use (BWU) and evapotranspiration between measured data at field
stations and corresponding values in this study. (a) Scatter plots of simulated crop BWU and measured BWU
for 7 crops. Scatter plots of simulated evapotranspiration and measured evapotranspiration for the cropping
system in (b) winter wheat-summer maize, (c) spring maize, (d) double rice, (e) winter wheat-late rice, and
(f) cotton. The measured data at field stations were obtained from the CERN and existing literature3*333%,

subsets. Seven of these subsets were employed to train the model, while the remaining subsets were used to validate
its accuracy. The model’s performance was evaluated using metrics such as the coefficient of determination (R?),
root mean square error (RMSE), and normalized root mean square error (NRMSE). Consequently, it is now pos-
sible to generate detailed estimates of blue and green water use for 15 distinct crops at a spatial resolution of 1km.

Data Records

The dataset is available at Figshare’”. We provide annual blue and green water for irrigated crops and green water
for rainfed crops with a 1km resolution in China from 1991 to 2019. The datasets are provided in the format
of NetCDF4, with a spatial reference system of EPSG:4214 (Beijing1954). All the maps can be visualized in
ArcMap. Specific datasets detailing the blue and green water use for each crop are available in the provided link
(https://doi.org/10.6084/m9.figshare.25980358).

Technical Validation
The accuracy of our simulation results was evaluated through three methods, including site-scale validation with
measured data at field stations, comparison with statistics, and intercomparison with existing data products.
In addition, we compared the annual reference evapotranspiration with the existing datasets and verified the
accuracy of the RF model.

Comparison with measured data at field stations. To validate the accuracy of our model, we compared
its output with the locally measured values across several crops and sites sourced from the CERN and existing liter-
ature (Fig. 3). Firstly, we compared the simulated blue water use of seven crops with the measured results. The find-
ings revealed a strong consistency with an R? of 0.95 and RMSE of 47.55 mm when the intercept was set to 0 (Fig. 3a).
The linear regression line (y =0.9764x) closely aligns with the 1:1 line. Subsequently, we conducted a comparative
analysis of evapotranspiration under various cropping systems (Fig. 3b—f). Due to variations in the geographical
positioning of the field stations and meteorological stations used in this study, the daily evapotranspiration obtained
from the field stations was juxtaposed with the simulated data derived from nearby meteorological stations. The
comparative assessment revealed that while there were disparities between the simulated and observed values of
crop evapotranspiration, the overall trends exhibited substantial consistency. The noted differences between the
datasets could be attributed to the distinct geographical settings of the respective stations. Collectively, these results
indicate the reliability and feasibility of estimating crop water use based on the model proposed in this study.
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Fig. 4 Comparison of total blue water use (TBWU) between statistics and corresponding values in this study.
(@) Scatter plots of simulated average TBWU and corresponding statistical BWU for 31 provinces from 1991-
2019. (b) Comparison of TBWU simulated by this study, Chiarelli et al.>?, Mialyk et al.>, and Wang et al.” with
statistical data for 31 provinces in 2016. Box plots of RMSE (c), NRMSE (d), MAE (e), and R? (f) for rice, wheat,
and maize from 2005-2013 at the city scale compared with Zhou et al.”>.

Comparison with statistical data. Statistical data typically provides the total amount of water use (km?
yr~1). Therefore, the simulated crop blue water use (mm yr—') and crop harvested area (ha) data were initially
combined to calculate the total blue water use (TBWU) of crops. However, the traditional harvested area is avail-
able at the provincial scale provided by the National Bureau of Statistics and is therefore unable to capture the
spatial heterogeneity of agricultural systems at the grid cells. To address this limitation, we used the SPAM2010
dataset to conduct downscaling research. Here, we assumed that the proportion of each crop harvested area on
each grid cell to the total harvested area of each crop in the province remain constant based on the SPAM2010.
Then the harvested area of province-level statistics over the 1991-2019 period for each province and crop is mul-
tiplied by the above fixed proportion, and SPAM2010 harvested area for each grid cell is adjusted to 1991-2019.

Subsequently, a comparative analysis of TBWU was conducted at the provincial level for all crops and at the
city level for wheat, maize, and rice, respectively. According to the China Water Resources Bulletin, we collected
the total agricultural water use, the proportion of agricultural irrigation to agricultural water use, and the irriga-
tion project efficiency for 31 provinces in mainland China from 2000 to 2019. Notably, for the irrigation project
efficiency, except for the provinces in the Haihe River Basin and Guangdong, which are 80% and 45% respec-
tively, the rest of the provinces adhered to the national average®®. These data were then multiplied to obtain
the total amount of water used for agricultural irrigation in each province. The results highlighted a strong
correlation between simulated and statistical values at the provincial level, with an R? of 0.77, a slope of the fitted
line of 0.92, and an RMSE of 2.79 km?® yr~! (Fig. 4a). Despite the overall agreement, certain provinces exhibited
significant discrepancies between simulated TBWU and statistical TBWU data. In our simulations, we assumed
that irrigation water is always available when the irrigation infrastructure is present. This assumption led to an
overestimation of TBWU in regions with inadequate irrigation facilities, such as Hebei Province, Shandong
Province, and Henan Province in the North China Plain, where farmers typically utilize less water for irrigation
than required by crops®®. Additionally, we omitted considerations for water-intensive cropping systems like tea,
fruits, and vegetables due to the absence of observational data from national agro-meteorological stations during
crop growth, potentially resulting in an underestimation of TBWU in certain provinces.

The city-level reported BWU and irrigated area for wheat, maize, and rice during the 2005-2013 period
were obtained from Zhou et al."’. We then calculated the TBWU for three crops and compared our results with
theirs. The analysis showed that wheat exhibited the highest estimation accuracy with an R? of 0.68 (0.61-0.70),
followed by rice (0.61-0.71) and maize (0.40-0.57) (Fig. 4c-f). Given the higher irrigation demands of rice culti-
vation, the RMSE, NRMSE, and MAE were higher, which were elevated at 0.32 km® yr~?,0.12 km? yr~, and 0.18
km? yr~!, respectively. For wheat, the corresponding values were 0.12 km?® yr~, 0.09 km? yr~! and 0.06 km? yr~1,
while maize recorded RMSE, NRMSE, and MAE of 0.13 km?® yr~!, 0.08 km?® yr~! and 0.06 km? yr~!, respectively.
All of these results were close to the reported accuracies by Bo et al.*’.
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Fig. 5 Comparison of annual reference evaporation in this study with datasets from the (a) Climate Research
Unit Time Series (CRU TS) v4.01 datasets*® and (b) Peng et al.** during the period 1990-2019.

Comparison with existing datasets. For the maps of the year 2016, we compared our simulation results
with three existing grid datasets that were widely used around the world. Overall, the blue water use of irrigated
crops in this study exhibited higher values than those reported by Chiarelli et al.?* and Wang et al.”, but lower
than the findings of Mialyk et al.** (Table S1). This phenomenon may be attributed to the differences in crop
planting dates. Mialyk et al’s crop calendar involve early planting, which generally extends the growing period
and potentially increases total water requirements due to higher evapotranspiration during that time?%. When
considering the harvested area of irrigated crops, the TBWU in 2016 aligned more closely with statistical data,
offering a more accurate representation than the three existing data products (Fig. 4b). Overall, it is more con-
sistent with the results of Wang et al.”. Our study revealed relatively lower green water use for both irrigated
and rainfed crops compared to the datasets, showing more similarity to the results of Mialyk et al.?, particularly
for maize and potatoes. A potential reason for this discrepancy may be attributed to the use of an updated crop
calendar in the study of Mialyk et al.?, a composite data product that integrates a multitude of observational data
sources. While Chiarelli ef al.?* used crop calendars from around 2000. In addition, reference evapotranspiration
was used as the basis for quantifying crop water use. Both our study and Mialyk et al.”® calculated the daily values
by combining daily meteorological data with the P-M equation, while Chiarelli et al.?? obtained daily reference
evapotranspiration by dividing the monthly reference evapotranspiration products by the number of days in
the corresponding month. From the perspective of spatial correlation, our study exhibited a higher correlation
with Chiarelli ef al.>> and Wang et al., particularly about the blue water use of irrigated crops. This is primarily
because we employed the methodology of integrating the soil water balance model and the crop coefficient,
whereas Mialyk et al.? estimated crop water use by the process-based grid crop models.

Comparison with remote sensing data. In a recent study, Zhang et al.** estimated the global irrigation
water use by the Integration of multiple satellite observations. However, the simulation results of Zhang et al.** for
Xinjiang and Northeast China exhibited a discernible underestimation***. This may be attributed to the fact that
the irrigated areas used in the study are static rather than dynamic, which may lead to an underestimation of the
total amount of irrigation water required in areas with rapid irrigation expansion®**!. Therefore, a comparison
was conducted between the simulated crop blue water use and the datasets from the remaining 27 provinces. The
results demonstrated a robust correlation at the provincial scale, with an R? of 0.9, a slope of the fitted line of 0.85,
and an RMSE of 2.76 km® yr~! (Fig. S2).

The validation of the reference evapotranspiration. Two publicly available monthly reference evap-
otranspiration datasets at grid scale were collected*>*’ and then calculated the corresponding annual values.
Subsequently, the annual reference evapotranspiration data for the stations in this study were then extracted
and compared with these datasets. The findings of this study were in good agreement with the dataset, especially
the comparison with the Climate Research Unit Time Series (CRU TS) v4.01 datasets*® with an R? of 0.99 and
RMSE of 61.18 mm when the intercept was set to 0 (Fig. 5a). The correlation between this study and Peng et al.*?
was relatively weak, with an R? of 0.98 and RMSE of 172.11 mm. This is mainly due to differences in calculation
methods. Both our study and the CRU TS dataset utilized the P-M equation to calculate reference evapotranspi-
ration, whereas Peng et al.*? relied on the Hargreaves’ method. Despite the weaker correlation with Peng et al.*?,
the strong agreement with the CRU TS dataset underscores the reliability of our methodology in assessing annual
reference evapotranspiration data at the grid scale.

Accuracy validation of random forest model. In this study, we conducted calculations of crop blue
and green water use at each station (Fig. S1) and generated a spatial map of crop water use using an RF model
from 1991 to 2019. Subsequently, the model’s performance was assessed yearly using 10-fold cross-validation.
This process is repeated 30 times per year for each crop, and the resulting data are averaged to produce the values
presented in the Table 2. The results highlighted the optimal performance of the model in estimating blue water
use for irrigated crops, with R?, RMSE, and NRMSE of 0.68, 68.17 mm, and 8.07%, respectively, especially for the
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BWU GWU_I GWU_R

Crops RMSE (mm) | R? NRMSE (%) | RMSE (mm) |R? NRMSE (%) | RMSE (mm) |R? NRMSE (%)

Winter wheat 51.71(£2.71) | 078(£0.02) [647(£122) |28.58(£1.79) |0.58(£0.03) |10.98(£1.13) |26.36(+£1.80) |0.57(+0.04) | 10.08 (+0.95)
Spring wheat 62.12(+£3.83) |0.68(+0.03) |6.69(+1.21) |24.18(+1.99) |0.74(+£0.04) |9.81(£1.07) |21.82(+1.92) |0.70(+0.04) | 9.97 (+1.16)

Spring maize 7097 (£3.55) | 0.77(£0.02) [594(+0.89) |30.13(£2.38) |0.63(£0.05) |10.77 (£1.15) |28.13(£2.72) |0.53(+£0.03) | 11.98 (+0.97)
Summer maize 7049 (£3.74) | 0.61(+0.04) | 8.58(+0.80) | 30.49 (+2.80) | 0.67 (£0.05) | 9.73 (£1.50) | 28.19 (£3.06) |0.58(+0.05) | 10.79 (+1.27)
Early rice 61.96 (£5.60) | 0.56(£0.09) | 8.76(£0.96) | 36.49 (+2.72) |0.48(£0.09) | 1342 (£1.65) |32.14(£237) |0.44(+0.10) | 13.71 (£1.63)
Late rice 5175 (£5.53) | 0.59 (+£0.07) | 13.53(+1.23) |32.14(+2.33) |051(£0.07) | 1157 (£2.91) |28.18(£2.12) |0.47(+0.08) | 11.60 (+2.61)
Single rice 83.86 (£5.20) | 0.69 (+£0.04) |7.30 (+1.54) |27.87(x1.21) |0.78(£0.03) |9.45(+£0.86) | 23.84 (£1.03) |0.74(£0.04) | 9.95(£0.89)

Soybean 66.05(£5.94) | 0.67(£0.07) [8.19(£1.10) |24.87(+1.46) |055(£0.07) |11.08(£1.88) |21.37(£133) |0.57(£0.11) | 11.20 (+2.63)
Potatoes 62.17 (£4.10) | 0.85(+0.02) | 4.93(+0.67) | 2830(+2.29) |0.67(£0.04) |10.56 (£1.16) |25.97 (£2.03) |0.64(£0.04) | 11.04 (+1.19)
Cotton 65.17 (£4.50) | 0.75(+£0.04) [6.15(+1.12) | 2839(+241) |0.75(£0.06) |9.51(£145) | 26.01(£225) |0.68(£0.07) | 10.30 (+1.57)
Sugarcane 91.95 (£8.49) | 0.56 (+£0.06) | 12.52 (+1.47) | 46.61 (+4.48) |0.47 (£0.09) |14.49 (£347) | 4547 (+3.53) |0.51(£0.10) | 14.09 (+4.03)
Sugar beet 87.61 (£5.52) | 0.78(£0.03) | 594(+0.79) |24.05(£1.88) |0.80(£0.04) |9.20(£1.55) [2151(£L175) |0.78(+0.05) | 9.79 (+1.87)

Groundnut 65.17 (£2.93) | 0.74(+0.05) | 7.42(+0.70) | 2839(£1.75) |0.75(40.09) |9.51(£2.06) | 26.01 (+1.66) |0.68(£0.09) | 10.30 (+1.96)
Spring rapeseed | 83.92 (£8.75) | 0.59 (£0.04) | 8.05(£1.11) | 21.71(£2.07) | 0.69 (£0.04) | 11.00 (£1.99) | 19.14 (+1.87) |0.63(£0.05) | 11.55(+1.95)
Winter rapeseed | 47.6 (£3.69) | 0.64 (£0.05) | 10.54(£1.09) | 3021 (£170) |0.58(£0.06) | 12.82(+1.68) |28.31(£1.55) |0.54(+0.07) | 1226 (£1.68)

Table 2. Prediction performances of the random forest models derived using 10-fold cross-validation. BWU,
GWU_I and GWU_R represent the crop blue water use for irrigated crops, green water use for irrigated crops
and for rainfed crops. Error range are shown in parenthesis.

winter wheat (R?=0.78), potatoes (R?=0.85) and sugar beet (R*=0.78). For the green water use, the simula-
tion of irrigated crops revealed a superior efficacy, with R?, RMSE, and NRMSE of 0.64, 29.49 mm, and 10.93%,
respectively, especially for the single rice (R*=0.78), and sugar beet (R?>=0.80). The accuracy for rainfed crops
was slightly lower at 0.60, 26.83 mm, and 11.24%, respectively. Lower accuracy was observed for crops such as
sugar cane, and rapeseed, etc., primarily due to the limited number of stations dedicated to monitoring these
specific crops.

Spatial distribution.  Overall, the blue water use of various crops demonstrated an increasing trend form
south to north and from east to west (Fig. 6). Crops such as rice, wheat, sugar cane, cotton and potato have rela-
tively high blue water requirements, whereas crops such as soybean, groundnut and maize have relatively low blue
water demand. In addition, the blue water use in northern China is predominantly increasing from 1991 to 2019,
particularly in the North China Plain and the northwest inland regions. The decline in this indicator is primarily
concentrated in southern China, especially in the provinces along the coast of China (Fig. $3). These findings are
in accordance with those previously reported by Yin ef al.*’. As for green water use, its spatial distribution pattern
and change trend are opposite to that of blue water use. Additionally, rainfed crops demonstrated a higher green
water use compared to those that were irrigated (Figs. S4-S7).

Uncertainties and limitations. This study leverages localized input parameters such as meteorological
data, crop coefficients, and crop growth periods to generate maps of blue and green water use for 15 crops in
China using soil water balance models combined with a random forest model. Despite the comprehensive
approach, the study acknowledges potential uncertainties that could impact the accuracy of the final water use
maps. To assess the uncertainties associated with crop blue and green water use, the study focuses on variations
in K, values and crop calendars. K, values adopted in the research of Zhuo et al.*, allowing for a & 15% variability
for each crop. Additionally, variations in crop calendars were explored by shifting planting dates within + 15 days
while maintaining the overall crop growth duration constant. The results indicated that changes in K, values and
crop calendars lead to modest fluctuations in green water use (within —9.19% to 9.12%), except for specific crops
like early rice, potato, and winter rapeseed (Table 3). Conversely, crop blue water use demonstrated more signifi-
cant variations ranging from —38.71% to 44.34%, aligning with previous research findings?>**.

In addition to quantifying uncertainty, some limitations in this study also should be noted. Firstly, it should
be noted that the study did not consider all crop types in China, such as tea, fruits, vegetables, tobacco, etc.
Secondly, due to data limitations, planting and harvesting dates for crop-specific considerations post-2013 were
approximated using average data from 2011 to 2013. Furthermore, the deep percolation is not considered in
the model, as it is challenging to quantify and separate from ET*. Moreover, the study only used an RF model
to produce maps of crop blue and green water use, benefiting from the model’s robustness in estimating crop
water requirements compared with other models®. Future research could explore integrating additional envi-
ronmental factors using models like Support Vector Machines (SVM), Artificial Neural Networks (ANN), High
Accuracy Surface Modelling (HASM), among others, to enhance spatial predictions of crop water use. Despite
these limitations, the study, when augmented with more localized parameters, offers high-resolution data on
blue and green water use for a wide range of crops in China. This dataset is crucial for safeguarding China’s water
resources and warrants further exploration and refinement in future studies.
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Fig. 6 Spatial distribution of crop average blue water use (mm) from 1991 to 2019. It should be noted that the
spatial distribution does not represent the actual extent of crop distribution. The distribution was obtained by
masking cultivated land in counties or provinces with records of crop cultivation.
BWU GWU_I GWU_R
Crop K,—15 |K.+15 |length—15 |length+15 |K,—15 |K,+15 |length—15 |length+15 |K,—15 |K.+15 |length—15 |length-+15
Winter wheat | —36.62 3927 | —28.03 30.44 -2.62 |46l —8.55 9.01 -3.18 |503 -8.27 8.41
Springwheat | —3125 [33.04 | —1653 14.54 235 | 158 ~7.70 7.59 289 | 194 —6.93 6.65
Springmaize | —36.02 4038 | —12.57 15.44 —4.04 | 279 —8.08 6.83 —4.80 | 330 ~7.09 6.07
Summer maize | —38.71 [44.34 | —1595 19.13 492|343 —8.40 7.08 —580 | 3.96 ~7.73 6.52
Early rice —2492  |2620 | -18.06 20.47 -273  |9.12 ~13.52 12.24 — - - -
Late rice 2434 |2536 | —8.64 7.55 -483 [3.71 ~7.37 6.11 — — — —
Single rice 2201 |2268 |-8.12 693 ~3.63 | 276 ~7.03 5.79 — — — —
Soybean —29.95 |3207 | -11.60 1121 —345 | 273 ~9.19 8.22 —4.18 |323 ~7.82 7.05
Potatoes 2727 2936 | -9.19 9.14 —3.66 |3.01 ~11.06 10.01 —4.15 | 349 —10.48 9.61
Cotton -3332  |3605 | -13.97 1228 ~3.60 | 2.61 ~7.04 6.17 -382 |2.78 —6.19 5.47
Sugarcane 4463 |5338 | —6.16 5.25 ~5.58 |330 ~2.06 1.59 587 | 3.61 ~2.08 161
Sugar beet —2355 2393 |3.16 —5.01 ~149 | 1.09 —4.17 3.11 192 | 144 -3.33 2.50
Groundnut —3026 |3246 | —12.19 1031 —429 |3.13 ~9.10 7.98 449 |331 ~8.06 7.05
Spring rapeseed | —29.59 3120 | —13.34 9.71 -213 | 151 —5.81 523 293 | 1.96 —4.97 426
Winter rapeseed | —38.21 | 42.63 | —30.04 32.01 ~7.22 | 544 -9.97 10.74 826 | 619 ~9.69 10.04

Table 3. Percentage changes of crop-specific blue water use (BWU) and green water use for irrigated crops
(GWU_I) and rainfed crops (GWU_R) with different K, and crop calendars.

Usage Notes

The 1 km resolution agricultural water consumption dataset generated in this study over the past 30 years serves
as crucial data support for agricultural water resources management and ensuring the stability of the agricul-
tural system in China. Researchers can utilize this dataset to analyse crop water consumption patterns, optimize
irrigation management strategies, and evaluate water resource utilization efficiency. Government agencies can
utilize this dataset to develop irrigation policies, strategize agricultural water resource allocation, advocate for
sustainable agricultural methods, and manage water resources efficiently to boost agricultural productivity and
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safeguard national water resource security. Nevertheless, it is important to note that users should be aware of
certain issues when working with this dataset. (1) The blue water use of crops as modeled by us does not cor-
respond precisely to the actual irrigation water use of crops. Crop blue water use represents the water required
for irrigation when there is sufficient and functional irrigation infrastructure, indicating an irrigation potential.
In regions with insufficient irrigation infrastructure, this can result in an overestimation of the total amount of
irrigation water. (2) This study exhibits a degree of error propagation. Initially, due to the discrepancy in spatial
locations between meteorological and agro-meteorological stations, we obtained data on crop growth and devel-
opment from the latter and subsequently mapped it onto Thiessen polygons. Subsequently, we extracted data on
crop calendars and crop heights corresponding to each meteorological station. While we anticipate that changes
in crop calendars do not significantly impact our estimations of crop water use for most crops (Table 3), such
considerations are crucial for research aiming to apply our methodology over extended periods.

Code availability
R code for calculating crop water use is freely available from https://doi.org/10.6084/m9.figshare.25980358"".
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