
Key Points:
• Evapotranspiration (ET) is largely 
composed of transpiration during the 
growing season (74% over the season; 
up to 95% in the mid-summer)
• The transpiration signal is strong such 
that drying periods do not seem to 
show significant reductions in ET. 
• The project team has expanded its spa-
tial reach by developing a regional net-
work of ET observation sites and will 
work with a USGS team to help con-
strain regional groundwater models. 

Abstract: This project aimed to resolve uncertainties in the evapotranspiration 
(ET) portion of the water balance as rice farms transition from conventional to 
alternate wetting-drying (AWD) irrigation strategies. As 64% of regional precipi-
tation is converted to ET, it is a dominant part of the surface water balance, and 
understanding its behavior is a key priority to determine the state’s water resources 
situation. Our project’s research work is performed at several scales. First, we di-
rectly monitor ET rates with the eddy covariance method at several rice produc-
tion fields in Arkansas in concert with biometeorological measurements to detect 
underlying, predictive mechanisms. We interpret these measurements in a number 
of ways, including the Food and Agricultural Organization’s implementation of the 
Penman-Monteith equation to partition ET into its transpiration and evaporation 
components. Here we find that AWD management does not significantly alter the 
surface water balance due to the high rates of transpiration during the growing sea-
son. Second, we have generated a regional network of research scientists focused on 
ET and related fluxes (e.g., land-atmosphere exchange of CO2, which plays a major, 
interacting role in controlling plant water use). Further, we have connected to a 
USGS groundwater modeling team to enhance their representation of ET in their 
projections. Our local and regional results lay the groundwork for more nuanced 
experimental research in both ground observations and modeling strategies. The 
initial results will help to constrain the rate of ET in the region so that USGS-driv-
en models more accurately anticipate changes in the region’s water resources. 
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Image caption: Eddy covariance tower deployed at a rice field in Arkansas.



Introduction  
Rice agriculture uses 35% of Arkansas’s irrigation water 

and contributes to the unsustainable depletion of the state’s 
water resources (Reba et al., 2013; ANRC, 2014). A variety 
of new irrigation methods have been proposed to reduce wa-
ter use, including alternate wetting and drying (AWD), which 
floods the soil and then allows a strategic dry down before 
reflooding to save water, reduce the risk of the straighthead 
disability on rice, and decrease field methane production. 
This method reduces greenhouse gas emissions by more than 
70% (including from methane, which is produced under wa-
ter-saturated conditions and is 20-30 times more potent as 
a greenhouse gas than CO2) (Rogers et al., 2013; Linquist 
et al., 2015). Our 2015 project found that total evapotrans-
piration (ET) from an AWD field is similar or even slight-
ly greater than a comparison, conventionally flooded field. 
This response may be due to the strong ability of rice roots 
to pull water from the soil matrix and from the relatively 
short length of the dry down period (approximately 11 days). 

Therefore this project aimed to investigate further the 
relationships between evaporation and transpiration and to 
quantify a second growing season of ET rates in Arkansas 
rice production to test whether the initial results were ro-
bust over time. This project also aimed to generate broader 
interest through the creation of a regional network of mea-
surement sites. While our eddy covariance datasets are still 
being developed, we have been able to compare initial find-
ings with the Food and Agricultural Organization’s Pen-
man-Monteith method of reference ET (known as FAO56; 
Allen et al., 1998). The FAO56 method is also used to par-
tition the total ET into contributing portions of evaporation 
and transpiration by applying a dual crop coefficient method. 

Additionally, we recognize a need for a more regional 
perspective, and so sought out strategic partners who both 
collect and interpret ET observations. We generated the re-

gional Delta-Flux observation network, established ties to 
South Korean researchers, and have begun working with a 
USGS team dedicated to improving groundwater model-
ing of the Mississippi Alluvial Aquifer. These efforts are de-
scribed in more detail in the Results and Conclusions sections. 
 

Methods
This research is situated within a larger project aimed 

to measure year-round land-atmosphere fluxes of ener-
gy, water vapor, CO2 and CH4 from two side-by-side pairs 
of rice fields near Humnoke and Burdette, AR, respectively 
(Figure 1). This larger project provides meteorological in-
strumentation, eddy covariance equipment to measure the 
fluxes, and associated environmental monitoring devices to 
capture terms such as the water level and soil temperature. 
Presented here are the water vapor fluxes measured by the 
eddy covariance method, for the Humnoke fields in 2015. 

Water vapor fluxes are both measured by the eddy cova-
riance method to determine turbulent transport between the 
surface and atmosphere (Baldocchi, 2003) and they are mod-
eled by the Penman-Monteith equation (Monteith, 1981). 
The eddy covariance measurements are generated from obser-
vations of vertical wind and water vapor recorded 20 Hz by 
using the EddyPro software, version 6.2 (Li-cor, USA), and 
are carefully quality controlled following standard protocols 
and an additional screen for outliers in the scalar statistics. 
The eddy covariance observations are gap-filled using an ar-
tificial neural network approach (Knox et al., 2015, 2016). 
These models use data equally apportioned into training, 
testing, and validating groups from natural data clustered 
identified using a k-means method. The procedure was rep-
licated across 20 resampling runs and the median prediction 
was used for gap-filling. To estimate conservative uncertainty 
bounds from this procedure for the seasonal budget, we use 
the 95% confidence interval from the 20 extractions used to 
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Figure 1: Two project field locations in Humnoke and Burdette, Arkansas, mapped upon a 2013 crop cover dataset (Han et al., 2014) with selected crops 
in legend. (b) Representative paired field site (Humnoke, AR farm) with measurement sites for the eddy covariance system (which includes soil and 

biometeorological measurements, closed chambers, and surface renewal system indicated).
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fill each gap. The ANN model for ET was created with ex-
planatory variables including decimal day since the start of 
the study period, leaf area index (LAI) and plant height in-
terpolated using growing degree day, the friction velocity u*, 
air temperature, incoming solar radiation (Rg), vapor pressure 
deficit (VPD), and water table depth. The model also includ-
ed representations of seasonality (spring, summer, and au-
tumn) and the time of day (morning, afternoon, evening, and 
night), following the method of Papale and Valentini (2003). 

 Using observations of ET, meteorology, and assump-
tions about the roughness length and aerodynamic conduc-
tance, the Penman-Monteith equation can be inverted to es-
timate the canopy conductance gc. The model is inverted to 
create estimates of gc based on measured ET. This approach 
was previously used by the PI to determine canopy controls 
on ET in a Russian wetland (Runkle et al., 2014). The cano-
py conductance term is assessed during wet periods for both 
fields under the hypothesis that it should behave very simi-
larly between fields under similar conditions. In the future, 
using the photosynthesis estimates derived from the simul-
taneous CO2 flux measurements could enable a partition of 
ET into plant-controlled (transpiration) and water or soil 
controlled (evaporation) components. During dry down pe-
riods the hypothesis is that canopy conductance will become 
an increasingly important control on ET rates. The transpi-
ration portion of ET should also increase during these pe-
riods even if the overall ET rate is similar to wetter periods.
The dual crop coefficient method requires biometeoro-
logical and phenological inputs in order to calculate two 
separate crop coefficients used to convert reference evapo-
transpiration (ETref) into transpiration and evaporation:

ET=(Ktrans.+Kevap.)*ETref

where the part modified by Ktrans is the estimated transpira-
tion and the part modified by Kevap is the estimated evapo-
ration. Each coefficient was calculated separately using guide-
lines presented in FAO56, including recommendations and 
considerations for different crops, management practices, and 
climate. These coefficients are also adjusted for the higher rel-
atively humidi conditions present in the US Mid-South. The 
reference evapotranspiration rate was calculated using meth-
ods also outlined in FAO56 as part of the Penman-Monte-
ith method for calculating reference evapotranspiration.

Site description
Two privately farmed, adjacent rice fields (34° 35' 8.58" 

N, 91° 44' 51.07" W) located just outside of Humnoke, 
Arkansas, were used for this research. Each field is approxi-
mately 350m wide from north to south and 750m long from 
east to west (i.e., 26 ha). One field was managed with con-
tinuous flooding (CF) during the rice growing season and 
the other with AWD management practice, facilitating a di-
rect comparison of the two types of systems with minimal 

spatial separation. Both sites have been zero-graded and thus 
have approximately 0% slopes. Although only about 12.3% 
of total rice in Arkansas is grown on zero-graded land, this 
practice is growing due to the potential to save water in the 
fields (Hardke, 2015), to serve as a carbon-offset credit option 
(ACR, 2014) and to receive credit in the Natural Resources 
Conservation Service’s Environmental Quality Incentives Pro-
gram (EQIP). The sites are not tilled and are flooded for two 
months in winter for duck habitat and hunting. The domi-
nant soil mapping unit in this area is a poorly-drained Perry 
silty clay. In 2015, the fields were drill-seed planted April 7 
(AWD) and April 8 (CF), given an irrigation flush on May 
3 (CF) and May 4 (AWD), and given a permanent flood on 
May 16 (CF) and May 18 (AWD). The AWD field dried on 
June 5 and received 3 more dry periods through the summer.

Results  
Evapotranspiration observations and partition into 
evaporation and transpiration

Observed ET in each field in 2015 was similar, regardless 
of water management (Figure 2). Even during periods when 
the AWD field had a water table below the surface and the 
CF field had a standing water table, the daily observed ET 
was very similar (the AWD field ET was 1.07 ± 0.06 times 
the CF field ET, n=25 observed days; alternately, when both 
fields had a standing water table, the slope was 1.01 ± 0.03, 
n=63). In 2015 the fields also had similar yields, though the 
field under AWD treatment had higher peak LAI (approx. 5 vs 
4.5). The contributions of modeled evaporation and transpira-
tion to ET – both as observed and as modeled by the FAO56 
method – for the entire 2015 growing season can be viewed in 
Figure 3. Transpiration was the highest contributing portion 
in both fields, composing 73-75% of total ET. Seasonal totals 
for each portion as well as eddy covariance observations can be 
found in Table 1. With these fields the modeled ET tended to 
overestimate the observed and gap-filled ET. Further work is 
being performed to test this finding by assessing the eddy cova-
riance data for further corrections, including transducer shad-
owing on the sonic anemometer  (Horst et al., 2015) and other 
possible causes for the well-known potential under-estimation 
bias of eddy covariance measurements (Foken et al., 2011).

Our initial investigation of surface conductance, looking 
at the noon-time value as representative of canopy character-
istics, indicates that both fields were similar whether the two 
fields were under similar, ponded-water conditions or whether 
the AWD field was dry and the CF field was wet. In these 
cases the relationship between gc of the AWD field and gc 
of the CF field had a slope of 1.12 ± 0.01 (n=18) or 1.17 ± 
0.004 (n=51), respectively (data not shown). Because these re-
lationships look so similar, we cannot yet use surface conduc-
tance as a clear indicator of flooded or dried water flux source 
conditions, nor use it as a clear indicator by which to parti-
tion the flux into evaporation or transpiration components. 

While we observed a second rice growing season, in 2016, 
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and expanded our efforts to include measurements near Bur-
dette, Arkansas, those results are not yet ready for release. They 
are being quality-controlled and checked for accuracy, and 
they were delayed in part through re-coding for the transduc-
er shadowing effect as described above. An initial look at this 
data suggests that the findings are consistent with the 2015 
growing season. These results will be published as soon as pos-
sible and then widely shared through the AmeriFlux website. 

Network generation and project expansion
A major result of this project was an effort to generate 

several regional networks. Networked research sites are in-
creasingly used to study regional land management impacts 
on carbon and water fluxes. However, key national networks 
lack contributions from the Lower Mississippi River Basin 
(LMRB), whose highly productive agricultural areas have 
potential for soil carbon sequestration through conservation 
practices. Therefore, we established the new Delta-Flux net-
work to coordinate efforts to quantify carbon and water bud-
gets and their interactions at seventeen eddy covariance flux 
tower sites in Arkansas, Mississippi, and Louisiana (Runkle 
et al., 2017). We are also working with USGS researchers to 
improve the water budget of the Mississippi Embayment Re-
gional Aquifer System (MERAS) groundwater model (Clark 
and Hart, 2009) which is being used to provide projections 
on groundwater supply under various scenarios of climate 
and land use changes for the MAP. However, this modeling 
group lacks ground-based observations of ET, and we hope 
to integrate the MERAS model with the Delta-Flux network. 

Beyond these regional networks, we also expanded our 

international network to build on work funded through 
the USGS 104(b) project. We leveraged the 104(b) project 
to seek funding from the AsiaRice Foundation for a travel 
grant for project graduate student Colby Reavis. In January, 
2017, he visited Youngryel Ryu’s research group at Seoul Na-
tional University in South Korea. There, he learned how to 
use the Breathing Earth System Simulator (BESS) product, 
based on remote sensing products and ecophysiological re-
lationships and built by Ryu’s group (Ryu et al., 2011; Jiang 
and Ryu, 2016). The visit to Korea also involved a visit to a 
rice research site with an eddy covariance tower and discus-
sions about how to better parameterize and clarify the role of 
rice phenology as an important factor in field ET. Together 
the site visit and rice phenology discussion highlighted the 
need to take advantage of cutting edge site-monitoring tools 
such as drone-based imagery and solar-induced fluorescence. 

Conclusions, Recommendations and Benefits
The project findings that ET is largely composed of tran-

spiration during the peak growing season highlight that water 
savings from AWD are not derived from reduced ET. They 
are instead derived from a mixture of reduced over-applica-
tion of water, AWD’s ability to capture mid-summer rainfall 
that would otherwise have drained off the field edge, and 
reductions in other end-of-field drainage and soil percola-
tion. The ET rates of the fields in this study are very similar 
to modeled ET using the Penman-Monteith method. This 
finding lends confidence to regional modeling initiatives 
that they can constrain this term’s uncertainties and reduce 
uncertainty in projections of the region’s full water balance, 
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Figure 2: Daily ET estimates for both CF and AWD fields using eddy covariance, gap-filled with a neural network model, and presented with 30-min water 
table measurements throughout the 2015 growing season.



including its groundwater levels. To enhance partitioning ef-
forts between evaporation and transpiration, we encourage 
more field-based techniques such as leaf photosynthesis mea-
surements, analysis of water table fluctuations, or the use of 
lysimeters or isotopic methods. Coupling an analysis of ET 
rates with landscape CO2 exchange may also prove fruit-
ful for helping differentiate the two water flux pathways.

  
Local, regional, and national benefits

Local measurements of the ET terms will help in manag-
ing water demand and irrigation scheduling. Increased knowl-
edge of how the components of rice field evapotranspiration 
respond to different weather conditions will enable two types 
of upscaling: (1) temporally, these relationships can be used to 
expand and improve on models of crop water use in different 
future climate scenarios, (2) spatially, changes in weather pat-
terns across the state can generate a mosaic pattern of ET. The 
project outcome will therefore constrain estimates of ground-
water recharge, the regional meteorological energy balance, 
and downstream water quality. We have begun collaborating 

with USGS partners on the MERAS groundwater model to 
contribute our ET datasets to their regional modeling initia-
tives. In addition to providing quantitative data on the magni-
tude of ET we also hope to generate locally-calibrated mecha-
nistic relationships to place within their modeling framework. 

Acknowledgements
This material is based upon work supported by the U.S. Geo-
logical Survey under grant agreement No. G16AP00040 and 
administered by the Arkansas Water Resources Center. The 
views and conclusions contained in this document are those of 
the authors and should not be interpreted as representing the 
opinions or policies of the U.S. Geological Survey. Mention of 
trade names or commercial products does not constitute en-
dorsement by the U.S. Geological Survey.

References
ACR, 2014. Voluntary Emission Reductions in Rice Manage-

ment Systems - Midsouth Module, version 1.0, American 
Carbon Registry, Winrock International, Little Rock, Ar-
kansas.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. FAO Ir-
rigation and Drainage Paper No. 56 Crop evapotranspira-
tion (guidelines for computing crop water requirements). 
FAO Rome 1–300.

ANRC, 2014. Arkansas Water Plan Update 2014, Arkansas 
Natural Resources Commission.

Baldocchi, D.D., 2003. Assessing the eddy covariance tech-
nique for evaluating carbon dioxide exchange rates of eco-
systems: past, present and future. Glob. Change Biol. 9, 
479–492. doi:10.1046/j.1365-2486.2003.00629.x

Clark, B.R., Hart, R.M., 2009. The Mississippi Embayment 
Regional Aquifer Study (MERAS): Documentation of a 
groundwater-flow model constructed to assess water avail-

Figure 3. Cumulative transpiration (green) and evaporation (blue) for the 2015 growing season with both portions summing to total evapotranspiration 
(black) as predicted from the dual crop coefficient model. Eddy covariance observations (dashed) are also included for reference.

7

Partitioning Rice Field Evapotranspiration into Evaporation and Transpiration Components

Seasonal Total, mm

AWD CF

Transpiration 550 619

Evaporation 188 220

Total ET 738 839

Table 1. Seasonal totals for each contributing portion of evapotranspiration 
for the 2015 growing season (April 13 to August 17) in Humnoke, Arkan-

sas, based on the dual crop coefficient model.

Arkansas Bulletin of Water Research
A publication of the Arkansas Water Resources Center



ability in the Mississippi Embayment. US Geological Sur-
vey.

Foken, T., Aubinet, M., Finnigan, J.J., Leclerc, M.Y., Maud-
er, M., Paw U, K.T., 2011. Results of a Panel Discus-
sion about the Energy Balance Closure Correction for 
Trace Gases. Bull. Am. Meteorol. Soc. 92, ES13-ES18. 
doi:10.1175/2011BAMS3130.1

Han, W., Yang, Z., Di, L., Yue, P., 2014. A geospatial Web 
service approach for creating on-demand Cropland 
Data Layer thematic maps. Trans. ASABE 57, 239–247. 
doi:10.13031/trans.57.10020

Hardke, J.T., 2015. Trends in Arkansas Rice Production, 2014, 
in: Norman, R.J., Moldenhauer, K.A.K. (Eds.), B.R. Wells 
Arkansas Rice Research Studies 2014, Research Series. Ar-
kansas Agricultural Experiment Station, University of Ar-
kansas System Division of Agriculture, Fayetteville., pp. 
11–22.

Horst, T.W., Semmer, S.R., Maclean, G., 2015. Correction 
of a Non-orthogonal, Three-Component Sonic Ane-
mometer for Flow Distortion by Transducer Shadowing. 
Bound.-Layer Meteorol. 1–25. doi:10.1007/s10546-015-
0010-3

Jiang, C., Ryu, Y., 2016. Multi-scale evaluation of global gross 
primary productivity and evapotranspiration products 
derived from Breathing Earth System Simulator (BESS). 
Remote Sens. Environ. 186, 528–547. doi:10.1016/j.
rse.2016.08.030

Knox, S.H., Matthes, J.H., Sturtevant, C., Oikawa, P.Y., 
Verfaillie, J., Baldocchi, D., 2016. Biophysical controls 
on interannual variability in ecosystem-scale CO2 and 
CH4 exchange in a California rice paddy. J. Geophys. 
Res. Biogeosciences 121, 2015JG003247. doi:10.1002/
2015JG003247

Knox, S.H., Sturtevant, C., Matthes, J.H., Koteen, L., Verfail-
lie, J., Baldocchi, D., 2015. Agricultural peatland resto-
ration: effects of land-use change on greenhouse gas (CO2 
and CH4) fluxes in the Sacramento-San Joaquin Delta. 
Glob. Change Biol. 21, 750–765. doi:10.1111/gcb.12745

Linquist, B.A., Anders, M., Adviento-Borbe, M.A., Chaney, 
R. l., Nalley, L. l., da Rosa, E.F.F., van Kessel, C., 2015. 
Reducing greenhouse gas emissions, water use and grain 

arsenic levels in rice systems. Glob. Change Biol. 21, 407–
417. doi:10.1111/gcb.12701

Monteith, J.L., 1981. Evaporation and surface temperature. 
Q. J. R. Meteorol. Soc. 107, 1–27.

Papale, D., Valentini, A., 2003. A new assessment of Euro-
pean forests carbon exchanges by eddy fluxes and artifi-
cial neural network spatialization. Glob. Change Biol. 9, 
525–535.

Reba, M.L., Daniels, M., Chen, Y., Sharpley, A., Bouldin, J., 
Teague, T.G., Daniel, P., Henry, C.G., 2013. A statewide 
network for monitoring agricultural water quality and 
water quantity in Arkansas. J. Soil Water Conserv. 68, 
45A–49A. doi:10.2489/jswc.68.2.45A

Rogers, C.W., Brye, K.R., Norman, R.J., Gbur, E.E., Mattice, 
J.D., Parkin, T.B., Roberts, T.L., 2013. Methane Emis-
sions from Drill-Seeded, Delayed-Flood Rice Production 
on a Silt-Loam Soil in Arkansas. J. Environ. Qual. 42, 
1059–1069. doi:10.2134/jeq2012.0502

Runkle, B.R.K., Rigby, J.R., Reba, M.L., Anapalli, S.S., 
Bhattacharjee, J., Krauss, K.W., Liang, L., Locke, M.A., 
Novick, K.A., Sui, R., Suvočarev, K., White, P.M., 2017. 
Delta-Flux: An Eddy Covariance Network for a Cli-
mate-Smart Lower Mississippi Basin. Agric. Environ. Lett. 
2. doi:10.2134/ael2017.01.0003

Runkle, B.R.K., Wille, C., Gažovič, M., Wilmking, M., Kutz-
bach, L., 2014. The surface energy balance and its drivers 
in a boreal peatland fen of northwestern Russia. J. Hydrol. 
511, 359–373. doi:10.1016/j.jhydrol.2014.01.056

Ryu, Y., Baldocchi, D.D., Kobayashi, H., Ingen, C. van, Li, J., 
Black, T.A., Beringer, J., Gorsel, E. van, Knohl, A., Law, 
B.E., Roupsard, O., 2011. Integration of MODIS land 
and atmosphere products with a coupled-process model 
to estimate gross primary productivity and evapotranspira-
tion from 1 km to global scales. Glob. Biogeochem. Cycles 
25, GB4017, 24 pp. doi:201110.1029/2011GB004053

Suvočarev, K., Shapland, T.M., Snyder, R.L., Martínez-Cob, 
A., 2014. Surface renewal performance to independently 
estimate sensible and latent heat fluxes in heterogeneous 
crop surfaces. J. Hydrol. 509, 83–93. doi:10.1016/j.jhy-
drol.2013.11.025

8

Runkle

Arkansas Bulletin of Water Research
A publication of the Arkansas Water Resources Center


