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Abstract: The Colorado River Basin (CRB) includes seven states and provides municipal and industrial water to millions of people across all major southwestern cities both inside and outside the
basin. Agriculture is the largest part of the CRB economy and crop production depends on irrigation,
which accounts for about 74% of the total water demand cross the region. A better understanding of
irrigation water demands is critically needed as temperatures continue to rise and drought intensifies,
potentially leading to water shortages across the region. Yet, past research on irrigation dynamics
has generally utilized relatively low spatiotemporal resolution datasets and has often overlooked the
relationship between climate and management decisions such as land fallowing, i.e., the practice of
leaving cultivated land idle for a growing season. Here, we produced annual estimates of fallow and
active cropland extent at high spatial resolution (30 m) from 2001 to 2017 by applying the fallow-land
algorithm based on neighborhood and temporal anomalies (FANTA). We specifically focused on
diverse CRB agricultural regions: the lower Colorado River planning (LCRP) area and the Pinal
and Phoenix active management areas (PPAMA). Utilizing ground observations collected in 2014
and 2017, we found an overall classification accuracy of 88.9% and 87.2% for LCRP and PPAMA,
respectively. We then quantified how factors such as climate, district water rights, and market
value influenced: (1) annual fallow and active cropland extent and (2) annual cropland productivity,
approximated by integrated growing season NDVI (iNDVI). We found that for the LCRP, a region of
winter cropping and senior (i.e., preferential) water rights, active cropland productivity was positively correlated with cool-season average vapor pressure deficit (R = 0.72; p < 0.01). By contrast, for
the PPAMA, a region of summer cropping and junior water rights, annual fallow and active cropland
extent was positively correlated with cool-season aridity (precipitation/potential evapotranspiration)
(R = 0.46; p < 0.05), and active cropland productivity was positively correlated with warm-season
aridity (precipitation/potential evapotranspiration) (R = 0.42; p < 0.01). We also found that PPAMA
cropland productivity was more sensitive to aridity when crop prices were low, potentially due to the
influence of market value on management decisions. Our analysis highlights how biophysical (e.g.,
temperature and precipitation) and socioeconomic (e.g., water rights and crop market value) factors
interact to explain seasonal patterns of cropland extent, water use and productivity. These findings
indicate that increasing aridity across the region may result in reduced cropland productivity and
increased land fallowing for some regions, particularly those with junior water rights.
Keywords: agriculture; fallow; irrigation; remote sensing; NDVI; temperature; precipitation; aridity;
vapor pressure deficit; Google Earth Engine
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1. Introduction
Irrigated agriculture accounts for approximately 70% of global annual freshwater
consumption and 40% of global annual crop production, enabling stability in food and
feed production across water-limited regions [1–4]. However, for many regions, current
rates of irrigation are unsustainable and putting significant pressure on regional freshwater
supplies [5], especially as food demand increases [6] and drought intensifies [7,8]. For
instance, with current high demand for water within the Colorado River Basin (CRB) in
the United States, published estimates of water supply indicate periods of shortages as
temperatures warm without increased precipitation [3,9–11], which will likely lead to
failure in meeting water allocation demand [3]. Adaptive water management is necessary
to optimize water resource allocation in a fair and equitable way, especially for regions
characterized by rapid resource depletion and overconsumption such as the CRB [11].
Climate variability, crop prices, water policies, crop rotation and the dynamics of
fallowed agriculture all drive irrigated cropland interannual variability [12–15]. Climate
change may affect crop yields and regional agriculture patterns both directly and via management decisions to change crop type or fallow fields [16,17], and these crop management
decisions impact communities’ economies, food security and water availability [17,18].
One important metric for measuring agricultural water use is through the amount of
cropland area left unplanted or fallow [18]. A fallow-land metric is one indication of a
management decision to conserve water and is a common practice in dry regions with
limited capacity for irrigation [19]. Monitoring changes in fallow area is therefore critical
for long-term planning by managers, policymakers, scientists and farmers. Producing
accurate, timely maps of fallowed and active crop extent can provide real-time assessment
of agricultural water use and food supply [18]. Mapping active versus fallowed cropland
can aid in estimating the impact of management practices on vegetation greenness and
water use [18].
Satellite remote sensing provides a powerful tool for development of spatially explicit
datasets that map agricultural dynamics, including active versus fallowed land, which in
turn could provide insight into socioeconomic and biophysical influences on irrigation
dynamics, improve our understanding of climatic effects on agriculture value and productivity, inform water budgets, and provide information on food security [12]. Researchers
have long used remotely sensed data to create land use and land cover classifications, allowing the mapping and monitoring of cropland changes to be more efficient than the intense
labor of ground mapping [20,21]. However, until recently (e.g., [12,18]), investigations of
irrigation dynamics used relatively low-resolution datasets (both spatially and temporally)
due largely to computational limitations. Additionally, the relationships and interactions
between climate (e.g., precipitation and temperature) and cropland management decisions
(e.g., fallowing and irrigation) remain poorly understood.
Here we focused on two regions in the lower CRB—southwestern Arizona agriculture within the lower Colorado River planning (LCRP) area and south-central Arizona
agriculture within the Pinal and Phoenix active management areas (PPAMA)—and estimated annual changes in cropland extent using the established fallow-land algorithm
based on neighborhood and temporal anomalies (FANTA). For the first time, by leveraging
the Google Earth Engine cloud computing platform, we adapt this algorithm to produce
long-term (2001–2017), monthly estimates of fallow and active cropland extent at 30-m
spatial resolution. These estimates were calculated from a novel 8-day, 30-m normalized
difference vegetation index (NDVI) time series, which was derived from a statistical fusion
of best quality Landsat and MODerate resolution Imaging Spectroradiometer (MODIS)
surface reflectance observations. Using these estimates of cropland extent, we derive 30-m
integrated growing season NDVI (iNDVI) of active croplands for the full study period,
which we use as a proxy for annual active cropland productivity.
Our primary goal in developing these improved cropland extent and productivity
data was to better understand their interannual variability and driving factors at a scale
consistent with that of individual fields, which are not easily resolvable from coarse res-
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olution imagery. As a next step, we also explore the influence of key biophysical (e.g.,
temperature, precipitation, vapor pressure deficit, and aridity) and socioeconomic factors
(e.g., water rights and crop market value) on annual cropland extent and productivity. A
better understanding of the relationships among cropland extent and production, biophysical, and socioeconomic factors and how these relationships vary by region can inform
improved water management strategies across the increasingly water-limited CRB.
2. Materials and Methods
2.1. Study Area and Regional Water Rights
Both the LCRP and the PPAMA (Figure 1) consist of croplands that are large suppliers
of lettuce, alfalfa, cotton, cauliflower, and broccoli [22]. The LCRP is classified as a hot
and arid desert with mean annual temperatures of 24.6 ◦ C and mean annual precipitation
of 108.1 mm, whereas the PPAMA is classified as a hot desert steppe with mean annual
temperatures of 22.3 ◦ C and mean annual precipitation of 270.7 mm (Figure S1). Both
regions depend on water resources from the Colorado River. Crop production in these
regions is significant nationally, with the LCRP located in a region known for providing
90% of leafy vegetables within the United States [23–25]. In addition to the LCRP being
more arid than the PPAMA, these two agriculture areas are also distinct in their: (1)
source of irrigation water, (2) water rights and (3) growing season. The LCRP receives
irrigation water directly from surface water diverted from the Colorado River and is also
supplemented by groundwater [26]. By contrast, the PPAMA gets irrigation water from
groundwater, effluent, and the Central Arizona Project (CAP), which diverts and transports
water from the Colorado River over hundreds of miles [27–29]. The LCRP has some of
the oldest water rights on the river, which guarantees first priority access to water from
the basin (i.e., senior water rights). Conversely, the PPAMA has third-priority access to
surface water from the basin, resulting in limited access especially during drought years
(i.e., junior water rights) [30–32]. The PPAMA crop growing season generally extends
from March to September while the LCRP crop growing season extends from October to
February (Table S1).
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Figure 1. The study regions in 2017 (A), including the lower Colorado river planning (LCRP) area
Figure 1. The study regions in 2017 (A), including the lower Colorado river planning (LCRP) area
(B), and the Pinal and Phoenix active management areas (PPAMA) (C). Base map shows the 2017
(B), and the Pinal and Phoenix active management areas (PPAMA) (C). Base map shows the 2017
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available 30-m Landsat NDVI product was used to confirm the accuracy of our retrieval and
in our examination of cropland productivity (iNDVI) [34]. From the filtered and gap-filled
30-m, 8-day NDVI, we further derived estimates of monthly minimum, maximum, and
range of NDVI for each pixel for input into the FANTA fallow land identification algorithm.
2.3. FANTA Fallow Land Identification Algorithm
The fallow-land algorithm based on neighborhood and temporal anomalies (FANTA)
was adapted to be driven by 30-m, Landsat-based NDVI estimates (Wallace et al., 2017). We
first defined cultivated lands based on the 30-m spatial resolution cropland classification of
the national land cover database (NLCD), which were available for years 2001, 2006, 2011
and 2016 [36–38]. The NLCD products were used as a mask of cultivated lands for the year
they were released and the next four consecutive years until an updated NLCD product
was released (e.g., 2001 NLCD was used as a cropland mask from 2001 to 2005). The NLCD
products provide the best available characterization of cropland extent for the study region
but do not distinguish between active and fallow croplands [36–38].
The FANTA algorithm uses monthly NDVI temporal and spatial anomalies to classify
a given cropland pixel as either active or fallow, comparing each pixel to its historical
values and to its neighboring cropland pixel values based on a series of logical statements
(Equations (1)–(4)). We used a conservative approach such that if any two or more of the
below logical statements were true, then the pixel was classified as “fallow” for a given
month. Conversely, if three or more of the below logical statements were false, then the
cropland pixel was classified as “active” for a given month (Figure 1). For more algorithm
details, please refer to Wallace et al. (2017).
Statement 1. Identify low greenness anomalies relative to each pixel’s long-term
characteristics (temporal anomaly):
NDV Imax − T_NDV Imax < −3 × ( T_NDV Imax_stdv )

(1)

where the monthly NDVI maximum of a given cropland pixel (NDVImax ) subtracted by its
long-term monthly mean NDVI maximum (T_NDVImax ) is compared to three times the
long-term monthly NDVI maximum standard deviation (T_NDVImax_stdv ).
Statement 2. Identify low monthly greenness variation relative to each pixel’s longterm characteristics (temporal anomaly):


NDV Irange − T_NDV Irange < −3 × T_NDV Irange_stdv
(2)
where the monthly NDVI range of a given cropland pixel (NDVIrange ) subtracted by its longterm monthly mean NDVI range (T_NDVIrange ) is compared to three times its long-term
monthly NDVI range standard deviation (T_NDVIrange_stdv ).
Statement 3. Identify low greenness anomalies relative to each pixel’s neighbors
(spatial anomaly):
NDV Imax < 0.8 × (S_NDV Imax )
(3)
where the monthly NDVI maximum of a given cropland pixel (NDVImax ) is compared
to 0.8 times the monthly mean NDVI maximum for all cropland pixels in the full region
(S_NDVImax ).
Statement 4. Identify low monthly greenness variation relative to each pixel’s neighbors (spatial anomaly):

NDV Irange < 0.8 × S_NDV Irange
(4)
where the monthly NDVI range of a given cropland pixel (NDVIrange ) is compared to 0.8
times the monthly mean NDVI range for all cropland pixels in the full region (S_NDVIrange ).
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2.4. Ground Validation Data
Field data used for algorithm validation were collected by USGS personnel in 2014
in the PPAMA and 2017 in the LCRP. Over 5000 sites were visited, guided by preliminary
analyses of the NLCD cropland data layer and NDVI status. Each field subplot within
a greater field plot was treated as a vector polygon that was then categorized as either
fallow or as the specific crop type if actively planted. A critical challenge of monitoring
fallows lands is that they can look very different depending on management. For instance,
fallow land maintained for future crop production may remain free of vegetation (low
NDVI). Conversely, abandoned fallow land may experience natural regrowth (relatively
high NDVI). The field sites used in the regional validation of the Landsat FANTA algorithm
for this work included a diverse selection of fallow lands to ensure our approach accurately
captured the full range of fallow cropland states [18]. FANTA fallow/active cropland
estimates were extracted for all validation polygons and used to generate key statistics
including producer’s, user’s and overall accuracy estimates. We utilized 100 randomly
selected points within each validation polygon that represented each crop field.
2.5. Ancillary Data and Statistical Analysis
We examined relationships of active cropland extent and iNDVI to both climatic
and socioeconomic variables using standard linear regression analyses. Climatic variables included precipitation (PPT), temperature, potential evapotranspiration (PET), vapor
pressure deficit (VPD) and aridity provided by or derived from the parameter-elevation
regression on independent slopes model (PRISM) products [39]. We calculated monthly
estimates of PET using the FAO-56 Penman-Monteith method and aridity as the ratio
between PPT and PET [40–42]. To account for the distinct summer and winter growing
seasons characteristic of the regional hydroclimate, all meteorological and NDVI data were
annually summarized for both the warm (DOY 97-273) and cool (DOY 273-97) seasons
(Table S1). Socioeconomic data included Arizona crop market value data from the United
States Department of Agriculture (USDA) National Agricultural Statistics Service (NASS)
annual statistical bulletin [43]. Market value can be directly related to the supply of and
demand for crop production, and these valuations can influence management decisions at
a farm level [4]. We evaluated the influence of crop price on farm-level decision making by
calculating the correlation between: (1) crop market value and cropland extent and (2) crop
market value and active cropland productivity (e.g., iNDVI) [44]. All statistical analyses
were conducted in the R statistical computing environment [45].
3. Results
3.1. Classification Performance
Based on ground observations collected in 2014 and 2017, we found overall classification accuracies of 88.9% and 87.2% for the LCRP and PPAMA, respectively (Figure 2;
Tables S2 and S3). The LCRP had a user’s accuracy of 98.1% and a producer’s accuracy
of 78.2% for active cropland, and a user’s accuracy of 83.3% and a producer’s accuracy
of 98.6% for fallow cropland. PPAMA had a user’s accuracy of 90.4% and a producer’s
accuracy of 91.0% for active cropland, and a user’s accuracy of 80.1% and a producer’s
accuracy of 78.9% for fallow cropland. We note that cases of mixed active/fallow cropland
within a single land parcel were a source of uncertainty in the ground observations that
likely contributed to apparent reductions in model performance (Figure 2).
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Figure 2. Classification of fallow and active cropland extent for all USGS in situ observations (A);
Figure 2. Classification of fallow and active cropland extent for all USGS in situ observations (A); an example region within
an example region within LCRP in 2014 (overall accuracy: 88.9%) (B); and an example region
LCRP in 2014 (overall accuracy: 88.9%) (B); and an example region within PPAMA in 2017 (overall accuracy: 87.2%) (C).
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The LCRP, an area of senior water rights, consistently had a higher percentage of
The LCRP, an area of senior water rights, consistently had a higher percentage of
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rights (24.7% croplands remained active for 15 or more years of the 17-year study period)
rights (24.7% croplands remained active for 15 or more years of the 17-year study period)
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cool-season average aridity (PPT/PET) (R = 0.46, p < 0.05) (Figure 4, Tables S4 and S5).
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Figure 3. Total number of years croplands remained in active production for the full LCRP and
Figure 3. Total number of years croplands remained in active production for the full LCRP and
PPAMA study areas (A); an example region within LCRP (B); and an example region within
PPAMA
PPAMAstudy
(C). areas (A); an example region within LCRP (B); and an example region within
PPAMA (C).
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Figure 4. The relationship between key climate factors and active cropland extent and productivity (iNDVI) from 2001 to
2017. LCRP active cropland extent (A) and iNDVI (C) were most sensitive to cool-season vapor pressure deficit, whereas
PPAMA active cropland extent was most sensitive to mean cool-season aridity (B) and PPAMA cropland iNDVI was most
sensitive to mean warm-season aridity (D). Each point indicates an annual mean estimate from 2001 to 2017. Dashed lines
show the linear regression fit of all significant (p < 0.05) relationships. Blue signifies a relationship with cool-season climate
variable while red represents a relationship with warm-season climate variable.

3.3. Active Cropland Extent, Productivity and Market Value
We evaluated the influence of crop price on farm-level decision making by calculating
correlations between active cropland extent and productivity in years when market values
are high (greater than the median value) versus years when they are low (less than the
median value) [44]. For the PPAMA, a region of junior water rights, cropland extent and
productivity were more positively correlated with cool-season aridity (PPT/PET) (R = 0.74,
p < 0.01) and warm-season aridity (PPT/PET) (R = 0.62, p < 0.05), respectively, during
periods of relatively low crop market value (Figure 5). For the LCRP, a region of senior
water rights, cropland productivity was more positively correlated with cool-season vapor
pressure deficit (R = 0.79, p < 0.01) during periods of relatively low crop market value, but
differences between low and high market value years were not as great as in the PPAMA
(Figure S3).
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(Figure 5). One explanation for this trend could be that during low commodity price years
farmers may be deciding the extent and intensity of irrigation based on water resource
availability. Alternatively, during high commodity price years farmers may be maximizing
the extent and intensity of irrigation even during drought years, such that crop productivity
becomes insensitive to climate. The LCRP showed similar evidence of higher climate
sensitivity of crop productivity during low market value years (Figure S3). This finding is
in contrast to Deines et al. (2017), who found higher climate sensitivity of crop production
in the US Northern High Plains during high commodity price year due to incentives for
cropland expansion. These contrasting results demonstrate key regional differences in
cropland management strategies and highlight the need for high spatiotemporal resolution
analyses spanning climatic gradients to better understand and optimize water resource
consumption across water-limited agricultural regions.
Overall, the proportion of active cropland extent varied interannually in response to
both climatic conditions (e.g., drought) and socioeconomic factors (e.g., market values),
and thus accounting for these factors and their interactions is critical to our understanding
of future food and water security. We present an improved framework for active/fallow
cropland mapping by integrating a cutting-edge fallow land mapping algorithm (FANTA)
with GEE cloud computing, enabling the rapid processing of large volumes of the bestavailable long-term satellite observations. Next steps of this work include the integration of
long-term records of land surface temperature (LST) derived from Landsat thermal bands,
which when combined with other ancillary data including NDVI, could be used to track
daily crop water use and status [49–51].
5. Conclusions
We assessed agricultural fallowing dynamics and crop productivity within the lower
Colorado River Basin using the FANTA model in the Google Earth Engine. The FANTA
model, based on greenness anomalies relative to historical patterns and neighboring
pixels, produced accurate maps of active versus fallow agricultural extents in both study
areas (LCRP and PPAMA). Our approach is self-calibrating based on simple inputs and
spatiotemporal statistical analysis of greenness, and it produces annual spatially explicit
fallow and active crop extent maps that provide consistent tracking of irrigation, which can
supplement or support current cropland classifications for both scientific and managerial
applications. Our products utilize high resolution datasets that can be applied to finer
spatial scale management areas. Our analysis revealed long-term temporal dynamics in
active cropland extent and productivity that were strongly correlated with climate factors.
We found that the LCRP, a region of winter cropping and senior water rights, experienced
relatively reduced sensitivity to water availability: annual fallow and active cropland
extent remained relatively stable, while active cropland productivity was even positively
correlated with cool-season vapor pressure deficit. By contrast, the PPAMA, a region of
summer cropping and junior water rights, showed evidence of significant sensitivity to
water availability: annual fallow and active cropland extent was positively correlated with
cool-season aridity (PPT/PET), and active cropland productivity was positively correlated
to warm-season aridity (PPT/PET). We also found that cropland productivity in the PPAMA
was more sensitive to climate constraints when crop prices were relatively low, potentially
due to the influence of market value on management decisions. Our approach, due to the
relative simplicity of its inputs and processing, is transferable to other regions, allowing
high spatiotemporal resolution mapping of agricultural dynamics that can provide valuable
real-time information for research, land management and evidence-based decision-making.
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