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Abstract 
 

Unraveling the complex dynamics of energy, water, and carbon fluxes 
 in an irrigated alfalfa field  

by 

Tianxin Wang 

Doctor of Philosophy in Environmental Science, Policy and Management 

University of California, Berkeley 

Professor Dennis Baldocchi, Chair 

 
Alfalfa agriculture is a natural laboratory for studying land-atmosphere interactions due to its 
homogeneity and fluctuating leaf area index from periodic cuttings throughout the year. 
However, a few problems exist, which are the objectives of this thesis: 1) measuring energy 
and water fluxes in-situ can be very expensive (~$50K); 2) spatiotemporal heterogeneity could 
bring in unexpected quantities (e.g., heat and moisture) into the field, distorting the fluxes of 
energy and water; and 3) long term carbon and water budgets remain largely unknown for 
irrigated alfalfa in California. In the following, I used a combination of eddy covariance 
measurements and satellite remote sensing to investigate these problems.  

The first chapter is on the development of cost-effective measurements for sensible (H) and 
latent heat fluxes (λE). I deployed the variance-Bowen ratio technique in an irrigated alfalfa 
field, and measured H and λE using only a sonic anemometer and an air temperature and 
relative humidity sensor (T-RH). Measured H and λE were validated against eddy covariance 
measurements, where H showed strong agreement (slope = 0.98, R2 = 0.96, n = 3726), while 
λE showed good agreement (slope = 0.89, R2 = 0.91, n = 3773). Thermal remote sensing 
observations from The ECOsystem Spaceborne Thermal Radiometer Experiment on Space 
Station (ECOSTRESS) and existing tower array showed that the uncertainty in λE was 
attributed to a product of horizontal heat and moisture advection from upwind fields. Based on 
our results, the variance-Bowen ratio technique is a robust, inexpensive, yet user-friendly 
approach to measure sensible and latent heat flux. The utility of this approach could extend to 
measure horizontal heat advection and provide sensor networks of energy and water fluxes for 
calibrating/validating remote sensing models.  

The second chapter re-evaluated the theoretical limitation of eddy covariance given the 
spatiotemporal heterogeneity at the site region. Specifically, I focused on the assumed 
negligible horizontal heat and moisture advection and measured them with tower arrays and 
profile measurements. Results showed local and non-local processes affected land-atmosphere 
interactions. Locally, competing process was observed between atmospheric demand and 
stomatal regulation. As a result of the upwind λE, advection humidified the atmosphere and 
increased stomatal opening, but λE was suppressed with a lowered atmospheric demand. Non-
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locally, spectral analysis revealed that low frequency (i.e., large) eddies contributed high heat 
and moisture advection. Thermal imagery from ECOSTRESS and Landsat 8/9 showed that 
these large eddies were generated over the upwind surface, and they were independent of the 
local boundary layer conditions. Hence, λE was enhanced through this non-local transport of 
heat and moisture. Lastly, by conditionally including the advective fluxes in the turbulence 
budget, the energy balance closure improved from 89% to 97% (r2 = 0.97, p<0.001) over 37 
days.  

The third chapter explored how water scarcity affects alfalfa’s ability to consistently provide 
high yields and serve as a robust carbon sink. Long-term eddy covariance data of energy, 
water, and carbon fluxes were used over the course of 7 years. In 2022, net ecosystem 
exchange (-175 g C m-2 y-1) and evaporation (722 mm y-1) suddenly declined, compared to the 
average value of net ecosystem exchange at -544 g C m-2 y-1 and evaporation at 861 mm y-1. 
This result showed that water stress greatly impacted carbon and water budgets during the 
active summer growing season in 2022. Specifically, limited water supply from record-low 
springtime precipitation and irrigation curtailment impeded crop growth, leading to higher 
stomatal closure and a consequent decrease in carbon sink strength and evaporation throughout 
this year.  

This thesis addressed key challenges in understanding the land-atmosphere interactions in 
alfalfa agriculture. The simple and cost-alternative sensors developed in Chapter 1 allow 
researchers to measure fluxes everywhere, all the time across key ecosystems. Missing fluxes 
quantified in Chapter 2 highlights the significance of advection in land-atmosphere 
interactions. Lastly, long-term flux budgets assessed in Chapter 3 underscores the vulnerability 
of agricultural systems.  
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Chapter 1 - Handily measuring sensible and latent heat exchanges at great bargain: a test 
of the variance-Bowen ratio approach1 

 

Abstract 

Eddy covariance has been the gold standard used to quantify on-farm crop water use and 
validate evapotranspiration and remote sensing models, but it comes with a high cost. 
Development of surface renewal allowed cheaper implementations, but it still requires complex 
data processing. Additionally, the thermocouple used in this method is vulnerable to breakage. 
With the depleting water resources in the western U.S., there needs to be a method that is cost-
effective and simple to quantify water use across wide range of crops. Here, we employed the 
variance-Bowen ratio approach at an alfalfa site to measure sensible and latent heat flux (λE) 
using 1) a sonic anemometer and 2) an air temperature and relative humidity sensor (T-RH). 
The variance-based sensible heat flux, using a sonic anemometer and a T-RH sensor, agreed 
strongly (slope = 0.98, R2 = 0.96, n = 3726) with eddy covariance. The modified-Bowen-based 
latent heat flux (λE!) also showed very good results (slope = 0.89, R2 = 0.91, n = 3773) with 
some uncertainty. We then assessed cases where λE! performed lesser based on heat advection 
measurements and remote sensing observations from ECOSTRESS. The problematic λE! was 
attributed as a product of the advection of heat and moisture from upwind fields because the 
assumed equal diffusion of heat and water no longer stands under advection. Overall, our results 
suggest that the variance-Bowen ratio is a robust, inexpensive, yet user-friendly approach to 
measure sensible and latent heat flux. Given its cheap price, this approach also has the potential 
for measuring horizontal heat advection and validating remote sensing models across many 
different crop types and ecosystems. Furthermore, the inclusion of advection measurement 
could be crucial in addressing certain remote sensing models (i.e. DisALEXI and PT-JPL) as 
they systematically omit any advection components.  
 
 
 

 

 

________________________________ 
1 This chapter is reprinted, with permission, from the original journal article: Wang, T., 
Verfaillie, J., Szutu, D., Baldocchi, D., 2023b. Handily measuring sensible and latent heat 
exchanges at a bargain: A test of the variance-Bowen ratio approach. Agricultural and Forest 
Meteorology 333, 109399. https://doi.org/10.1016/j.agrformet.2023.109399 
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1.1. Introduction 
California, which supports over $50 billion economic value in agriculture (CDFA, 2019), is 
facing novel challenges to manage its water demand due to the increased interannual variability 
in precipitation, more extreme droughts, changes in temperatures caused by climate change 
(Lund et al., 2018; Pathak et al., 2018). In our biosphere, where “everything flows, and nothing 
abides, everything gives way, and nothing stays fixed” (Heraclitus, ~500 BC), accurate 
estimation of evaporation remains to be a historical challenge for the hydrology and remote 
sensing communities (Baldocchi et al., 2019; Fisher et al., 2017).  
 
One of the ways to monitor on-farm water use is through eddy covariance (Alfieri et al., 2018), 
which uses sonic anemometers (Kaimal and Businger, 1963) and infrared gas analyzers (Auble 
and Meyers, 1992) to directly measure the trace gases and energy fluxes exchange between 
biosphere and atmosphere (Baldocchi, 2014; Baldocchi et al., 1988). More specifically for water 
use, eddy covariance measures the vertical wind velocity and water vapor fluctuations to 
estimate latent heat flux (Burba and Anderson, 2010). Since this latent heat flux density is 
representative of the ensemble exchanges of soil and vegetation, the term evaporation is used in 
this paper when referring to water loss measured by eddy covariance. Based on theory, eddy 
covariance assumes horizontal homogeneity and steady-state conditions, which neglects the 
effects of heat and moisture advection (Paw U et al., 2000), but it provides accurate and 
continuous estimates of heat and trace gas fluxes (Baldocchi, 2020). Yet this gold standard 
measurement comes at a cost on the order of $25,000 to $50,000 for sensors alone (Hill et al., 
2017), a price not everyone could afford, especially considering the additional cost of ancillary 
data (e.g. net radiation and ground heat flux).  
 
Recent development of surface renewal aimed to address this by specifically targeting the price 
tag issue (Snyder et al., 1996; Suvočarev et al., 2019). This development enabled the use of only 
fine-wire thermocouples to derive sensible and latent heat flux (Parry et al., 2019). It can 
provide desirable results similar to eddy covariance, but notably, the fine-wire thermocouple 
derived sensible heat flux here is often constrained and calibrated by a coefficient value to 
derive the actual sensible heat flux. This coefficient value is the regression line against the sonic 
anemometer measured sensible heat flux, and then the latent heat flux can be calculated as the 
residual of energy balance (Parry et al., 2019). 
 
As different sites experience varying phenology from management practices (e.g. planting, 
irrigation scheduling, and cultivars), the coefficient values can be site-specific, which in turn 
had been reported in literature (Shapland et al., 2014). To address the calibration necessity, two 
school of approaches emerged as to either employ the similarity theory with surface renewal 
analysis (Castellví, 2004), or compensate the frequency response of the fine-wire thermocouple 
(Shapland et al., 2014). Specifically, to avoid the traditional calibration against eddy covariance, 
Castellvi (2004) estimated calibration coefficient to derive sensible and latent heat flux 
independently, and this method has been proven possible over a rice field (Castellví et al., 2006) 
and a peach orchard (Suvočarev et al., 2014). However, this dependency of similarity theory 
adds another layer of complication for the data processing. Due to the need of a calibration-free 
procedure, Shapland et al. (2012a, 2012b) proposed a novel approach to represent the flux 
carrying turbulence without any calibrations under the hypothesis that the small-scale 
turbulence would be mixed within the larger scale coherent structures. Building upon this 
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approach, Shapland et al. (2014) used the lag domain to directly compensate the frequency 
response of thermocouple, and they found good results with reasonable errors within the 
uncertainty of micrometeorological measurements. Certainly, this approach resolves the 
calibration need of surface renewal, but not as user-friendly as this still requires in-depth 
knowledge on ramp characteristics of turbulence and frequency response of thermocouple 
(Shapland et al., 2014; Van Atta, 1977). 
 
Aside from the calibration, a typical surface renewal setup includes a net radiometer, a sonic 
anemometer, a fine-wire thermocouple, soil heat flux plates and soil temperature probes 
(McElrone et al., 2013; Parry et al., 2019). Specifically, fine-wire thermocouples have 
limitations due to the thermal inertia, radiation error (i.e. solar loading), and sensor vulnerability 
from breakage (Foken and Bange, 2021; McElrone et al., 2013). 
 
In short, the eddy covariance method offers a direct and accurate measurement of flux 
exchanges between the biosphere and atmosphere (Baldocchi, 2020), but it is very expensive. 
Surface renewal operates with a cheaper technique by using fine wire thermocouples (Shapland 
et al., 2013), but this technique neglects the moisture effect and requires detailed knowledge to 
derive fluxes independently (Castellví, 2004; Shapland et al., 2014). Evidentially, we seem to 
have arrived at a crossroad where we have to choose… or maybe standing in the path between 
the two methods, could there be an alternative measurement that is cost-effective, independent, 
but also user-friendly?  
 
Originally used in Wesely (1988) to estimate pollutant fluxes (e.g. ozone and sulfur dioxide), 
the variance and modified Bowen ratio technique offers potential to achieve the objectives for 
estimating sensible and latent heat flux. However, one important assumption to note is that the 
modified Bowen ratio still assumes that the source and sink of heat and water are identical 
(Lindberg et al., 2002; Meyers et al., 1996). In a homogeneous and evaporating surface, heat 
and water diffusions can be assumed uniform, where the source and sink of scalars are co-
located. Under this assumption, studies have shown that there is a strong correlation between 
the temperature and humidity fluctuations and the corresponding flux carrying eddies (Kustas et 
al., 1994; Stewart et al., 1994; Weaver, 1990; Wesely and Hicks, 1978). This enables us to 
estimate fluxes by sampling the variance, the flux-variance method (Tillman, 1972). Here 
specifically, the flux of heat (F&) or water (F') can be estimated from the standard deviation of 
temperature (σ&) or humidity (σ'), and a more detailed application of this approach is presented 
in section 2.2.  
 
Behind the novelty of the variance Bowen ratio approach is the obvious yet simple step of 
storing and collecting variance data, which most meteorological stations discard, but does this 
simplicity translate to efficiency? Inspired by the variance work for quantifying dry deposition 
using slow and noisy sensors (Wesely, 1988), and surface renewal that requires fast response 
data as well as higher order statistics (Shapland et al., 2014), our work seeks the middle ground 
to use a simple and cost-effective method that can be used for farmlands and provide broad 
ground truth data for networks, such as OpenET (Melton et al., 2021). In this study, we employ 
the variance Bowen ratio approach at an irrigated alfalfa site and compare the results with the 
eddy covariance data. Unlike previous studies, we also discussed the influence of horizontal 
sensible heat advection on this approach. This provides explicit testing on the use of this 
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approach to obtain sensible and latent heat flux, as well as highlighting the effects of advection 
on surface energy balance flux measurements in semi-arid environments.  

1.2. Method 
1.2.1. Site description and data collection 
The alfalfa site (Lat: 38.0992, Lon: -121.4993, AmeriFlux ID: US-Bi1) sits on the Bouldin 
Island, located in the Sacramento-San Joaquin River Delta. Historically, the Delta encompassed 
~1,400 km2 of wetland (Atwater et al., 1979; Cloern and Jassby, 2012) that has been converted 
to agricultural land over 150 years. The alfalfa site is irrigated with a ditch adjacent to the field, 
and the soil type at the site is a Ryde-Peltier complex with less than 10% of organic matter.  
 

Data was collected at the alfalfa site from Aug 5th to Nov 1st, 2021. On average, the prevailing 
wind is from the west-northwest region. At this site, the alfalfa goes through periodic cutting 
throughout the year and grazing in the winter months. During the study, the field went through 
two cuttings, shown by the Normalized Difference Vegetation Index (NDVI) values measured at 
the flux tower and observed by Sentinel-2 (Figure 1. 1).  
 
As mentioned before, different agricultural management could initiate different energy 
exchanges whether locally or regionally. With the help of the remote sensing data from Sentinel-
2, we also observed differences in field characteristics between our site and the upwind regions 
(Figure 1. 2A). Directly upwind (right side of the cyan line), the adjacent alfalfa fields went 
through different growing stages. Further upwind (left side of the cyan line), the fully grown 
corn fields (Figure 1. 2A: 2021-08-22) started harvesting gradually (Figure 1. 2A: 2021-09-06 
and 2021-09-11). Then, all the corn fields were fully harvested and left bare from 2021-09-16 
and onwards (Figure 1. 2A). 

 
Figure 1.  1. Field averaged NDVI observed by Sentinel-2. 
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At this site, eddy covariance (20 Hz) as well as meteorological data were collected, and the data 
can be downloaded on AmeriFlux (Site ID: US-Bi1, DOI: 
https://doi.org/10.17190/AMF/1480317). The sensors used in this study along with their 
information can be found in Table 1. 1.  

        

        

           

        

        
Figure 1.  2A. NDVI scenes (10 m) during the study period showing the dynamics of the vegetation 
status for by the alfalfa site (red) and its the upwind fields. The cyan colored line separates the upwind 
boundary with alfalfa fields on its right and corn fields on its left. All scenes were generated using 
Sentinel-2 (surface reflectance) on Google Earth Engine.  

https://doi.org/10.17190/AMF/1480317
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A 3D ultrasonic anemometer (WindMaster 1590, Gill Instruments Ltd) was used to measure 
horizontal (u), lateral (v), and vertical (w) wind components on x, y, and z directions, 
respectively. An open path infrared gas analyzer (LI-7500, Li-COR) was used to measure water 
vapor molar densities. For high frequency data, we applied a despiking algorithm to filter spikes 
in all wind components (u, v, w) and the speed of sound with a range 6 times the variance on a  
3-minute moving window (Detto et al., 2010, p. 2; Vickers and Mahrt, 1997). Then we 
performed coordinate rotation where any tilt errors are minimized (vertical axis is orthogonal to 
horizontal and lateral axis) and the mean vertical velocity is zero (Wilczak et al., 2001). To 
account for the physical separation distance between the sonic anemometer and the gas analyzer, 
we computed the time lag to correct for any delays between the two instruments. Additionally, 
during the sampling period, we removed any fast frequency data associated with rain events.  
 
Alongside of the eddy covariance sensors, meteorological data were collected at 0.1 Hz (once 
every 10 seconds). An air temperature and relative humidity sensor (HMP155, Vaisala) was 
deployed to measure air temperature and relative humidity. The HMP155 was housed inside of  
a fan-aspirated multi-plated shield to represent ambient air condition and prevent solar heating. 
The net radiation (RNET) was measured with a 4-way net radiometer including the incoming and 
outgoing components of the shortwave and longwave radiation.  
 
Three ground heat flux plates were buried at 2 cm to measure the heat flux at this depth (Gd). In 
conjunction, three pairs of soil moisture sensors (VWC) and thermocouples (Tsoil) were also 
buried at 2 cm to account for the heat storage between the plate and the surface (Gs) using the 
calorimetric method (Buchan, 2000; Sauer, 2002). Specifically, the VWC and Tsoil were used to 
obtain the volumetric heat capacity (Csoil) and time rate of change of the soil temperature 
(∂T()*+/ ∂t), respectively (Eq.1 a). Then the average of the three pairs (i.e. Gd and Gs) were 
computed to obtain the storage corrected ground heat flux (G) in Eq.1 b:  

Table 1. 1. A table showing the sensors used in this study as well as their location and corresponding 
data. The (+) sign indicates height above ground and (–) sign indicates depth below ground. 

Sensor name Height (+)  
or depth (-) 

Sampling 
frequency Corresponding data 

Sonic anemometer 
(WindMaster 1590) +3.9 m 20 Hz Sensible heat flux (H) 

Gas analyzer 
(LI-7500) +3.9 m 20 Hz Latent heat flux (𝜆𝐸) 

Net radiometer 
(NR-01) +2.7 m 0.1 Hz Net radiation (RNET) 

Temperature and 
Relative humidity 

(HMP155) 
+3.5 m 0.1 Hz Air temperature (T) and 

relative humidity (RH) 

Soil moisture 
(CS655) -0.02 m 0.1 Hz Soil moisture (VWC) 

Soil heat flux 
(HFP01) -0.02 m 0.1 Hz Ground heat flux at depth 

(Gd) 
Soil temperature 
(thermocouple) -0.02 m 0.1 Hz Soil temperature (Tsoil) 
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G( = 0.02	(m) ∗ C()*+(J	m,-	K,.) ∗ /&!"#$
/0

(K	s,.)  Eq.1 a 

G = G1 + G(	 Eq.1 b 

One aspect to note is that the soil measurements in our study are buried at a shallower depth 
compared to Fuchs and Tanner (1968), who recommend a depth between 5-10 cm. For a deeper 
depth, one must account for storage by knowing the soil temperature, soil moisture, and bulk 
density at multiple depths. While we do measure soil temperature across different depths, it is 
challenging to measure soil moisture and bulk density at various depths, especially for long term 
studies. Additionally, with the storage from the layer above, a deeper depth could be susceptible 
to heat flux divergence, which may lead to large degree of uncertainty (Fuchs and Tanner, 1968). 
As a result, the soil heat flux measurements were buried at a shallow depth of 2 cm to obtain the 
ground heat flux and heat storage.  
1.2.2. The variance Bowen ratio technique 
From Wesely (1988), there are three emerging variance approaches: 1) a simple standard 
deviation ratio approach (F& = F' ∙ σ&/σ'); 2) a correlation coefficient (R22) approach (F& =
R3&σ3σ& and F' = R3'σ3σ'), where the correlation coefficient is evaluated through 
atmospheric stability; 3) a normalized standard deviation approach, constrained by atmospheric 
stability and friction velocity. From these available options, the first approach requires a priori  
of one of the fluxes, and the last approach requires understanding and knowledge of stability and 
turbulent statistics, hence, hindering the user-friendly side of operational use.  
 
For the second approach, we can assume a similarity in turbulence exchange coefficients 
between the two quantities (i.e. R3& =	R3'), cancelling out the correlation coefficients. Then, 
we arrive to a formula, where the ratio of the two fluxes (i.e. F&/F') equals to the ratio of the 
two standard deviations (i.e. σ&/σ'). Under the assumption of equal diffusion in heat and water, 
this approach also represents the modified Bowen ratio approach discussed in Meyers et al. 
(1996). Once the Bowen ratio is solved (Eq. 3), the moisture correction in Eq. 2 can be 
accounted for, and the kinematic heat flux is derived as shown in Eq. 4 (Mauder and Foken, 
2011; Schotanus et al., 1983).  
 
As shown in Eq.2, The sonic kinematic heat flux (w4T(′) includes mixed information on 
kinematic heat flux (w4T4), moisture flux (w4q′), and crosswind flux (u4w4). Since crosswind 
corrections are applied internally to modern sonic anemometers, we can then remove the last 
term in Eq.2.  

w4T(′ = w4T4 + 0.51 ∙ T ∙ w4q′ − 2
Tq

c5
u4w4 Eq.2 

But w4T4 and w4q′are still unknown. While the former can be obtained easily with a 
temperature sensor, the latter can be obtained via Bowen ratio as: 

β = 	
H
λE =

Cp ∙ ρ ∙ w4T4

λ ∙ ρ ∙ w4q4
=
Cp
λ ∙

r3& ∙ σ3 ∙ σ&
r3' ∙ σ3 ∙ σ'

=
Cp
λ ∙

σ&
σ'

 Eq.3 
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where β is Bowen ratio, λE is latent heat flux, Cp is specific heat of air (J kg-1 K-1), ρ is the moist 
air density (kg m-3), λ is the latent heat of vaporization (J kg-1), w is the vertical wind velocity (m 
s-1), r is the correlation coefficient, σ is the standard deviation. Assuming a perfect correlation 
(i.e. equal diffusion) of heat and water (Katul et al., 1995), we cancel out terms into the last term 
in Eq.3. Then, with algebraic manipulation, we substitute the moisture flux with kinematic heat 

flux Iw4q4 = 67
8
∙ 3

%&%

!
J, and rewrite Eq.2 as: 

w4T′ =
w4T(′

1 + 	 0.51 ∙ Cp ∙ Tλ ∙ β

 Eq.4 

We used the last term of Eq.3 to obtain the Bowen ratio from the temperature and relative 
humidity sensor, where the standard deviation of T and q are needed. Since HMP155 outputs 
temperature and relative humidity, the standard deviation of T was computed directly. For the 
standard deviation of q, we converted relative humidity to q and then sampled the standard 
deviation using saturation vapor pressure and measured relative humidity.  

1.2.3. Deriving sensible heat flux and latent heat flux 
To minimize corrections needed on the variance-Bowen ratio approach, we only applied 
necessary correction, such as de-spiking and filtering of the rain data. From the HMP155, we 
sampled the mean air temperature and computed the actual vapor pressure and the density of 
moist air, ρ (kg m-3). Then we derived sensible heat flux using the moisture accounted kinematic 
heat flux from Eq.4 as:  

H9: = ρ ∙ C7 ∙ w4T4 Eq.5 

from this sensible heat flux using the variance-Bowen approach (HVB), we derived the latent heat 
flux (λE9:) via the residual of energy balance from net radiation (RNET), ground heat flux (G), 
and HVB: 

λE9: = R;<& − G − H9: Eq.6 

Alternatively, one could also employ the Bowen ratio to solve for λE (Fritschen, 1966) without 
the need of fast frequency data. With the goal to develop an independent and user-friendly 
measurement, we also included λE computed using the modified Bowen ratio as shown in Eq. 3. 
To re-elaborate, aside from the need of RNET and G, the modified Bowen ratio computed λE 
(λE!) only required data from the temperature and relative humidity sensor, which was sampled 
at 0.1 Hz: 

λE! =
R;<& − G
1 + β  Eq.7 

This computed λE! eliminates the need of having any profile measurements required by the 
traditional Bowen ratio setup. Hence, one can obtain this Bowen ratio by simply sampling the 
standard deviation of T and q (Eq.3) from the HMP155. Additionally, the Cp and λ (Eq. 3) can 
also be computed with the same sensor, making it possible to obtain the λE! without a sonic 
anemometer. Therefore, this could be a simple, yet far more affordable setup for ranchers. A 
script can be found in Appendix A for applying the variance Bowen ratio approach.  
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It is important to note that although there are advantages to this approach, the Bowen ratio 
method is not commonly used nowadays to estimate H and LE due to its assumption that the 
source and sink of heat and water is identical.  

1.3. Result 

1.3.1. Quality assurance of eddy covariance data 

Given the dynamics of the field characteristics, sensible (H) and latent heat flux (λE) from eddy 
covariance exhibited a wide range of values, cycling through growing season, cutting, and 
regrowth (Figure 1. 2B). On Aug 22nd, the recently mowed field (NDVI = 0.42) allowed more 
H to be transferred than λE. Through Sep 6th (NDVI = 0.76), as the vegetation started to 
develop, H began to decline while λE increased. At peak growing season on Sep 26th (NDVI = 
0.94), H directed downward while λE exceeded the net available energy. This anomaly might 
indicate that the surface extracted sensible heat energy from the boundary layer to drive more 
latent heat, and this dynamic will be explored more in Section 4.2. Considering the observed 
dynamics with the vegetation height, measurement height, sensor path-length, and sampling 
rate, cospectral filtering of w’T’ and w’q’ may be possible (i.e. covariance or flux loss). To 
evaluate this and ensure the quality of the fluxes, we computed and examined the mean 
cospectra via spectral analysis (Alfieri et al., 2022; Baldocchi and Meyers, 1988). In Figure 1. 
3, we normalized the cospectra of temperature and humidity by their total covariance (i.e. 
nSwT(f)/w'T', nSwQ(f)/w'q'). Then the normalized cospectra of each scalar was plotted against 
a non-dimensional frequency where the natural frequency (n) is multiplied by the height above 
the zero-displacement height (z-d) and then normalized by the wind speed (i.e. n(z-d)/U).  

 

Figure 1.  2B. Daily integrated sensible and latent heat flux from eddy covariance along with the net 
available energy (RNET – G) from DOY 217 to 305. The vertical lines indicate Sentinel-2 overpasses 
(~10:30 AM) and NDVI values shown in Figure 1. 2A. 
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The cospectra of vertical wind component and temperature (i.e. sensible heat flux) nearly 
matched with the ideal spectra from the Kansas experiment (Kaimal et al., 1972), indicating that 
the measured sensible heat flux was accurate (Figure 1. 3 – top). For the cospectra of moisture 

flux (Figure 1. 3 – bottom), there was noticeable cospectral loss in the inertial subrange, 
indicating an underestimation of the λE was present. This underestimation was in fact attributed 
to the sensor’s limitation due to factors including finite path-length and frequency response 
(Wolf and Laca, 2007). To address the attenuation of the fluxes, especially at the high frequency, 
a correction factor, taken as the ratio between the area under the curve of the measured and ideal 
cospectra, was applied. This procedure is also known as spectral correction with transfer function 
(Foken et al., 2012; Moore, 1986; Su et al., 2004). Because the ideal cospectra of moisture flux is 

 

 

Figure 1.  3. The 10:00 to 18:00 cospectra plots for the vertical velocity component and scalar of 
temperature (top) and moisture (bottom) from the zero-plane displacement height (d) to the 
measurement height (z). CF indicates the correction factor. The data on Sep 3rd was omitted due to 
memory card issue.  
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not well established, the ideal cospectra of sensible heat was used as the reference assuming a 
cospectral similarity between the heat and moisture fluxes (Massman, 2000). The transfer 
function was applied to both heat and moisture fluxes to spectrally correct them.  

1.3.2. Sensible heat flux  

Figure 1. 4 shows the linear regression between the sensible heat flux computed with the 
variance-Bowen ratio approach (HVB) and measured by eddy covariance (HEC). The slope 
between the two variable (n=3726) was not significantly different from than 1 (R2=0.96, 
p<0.001), indicating the very strong relationship. The root mean squared error (RMSE) was 11.5 
W m-2, further showing that the variance-Bowen ratio approach performed well in measuring 
sensible heat flux. Upon further inspection, one may notice few scattered outliers. For example, 
on Sep 23rd at 17:30, where the net available energy was already at -35.2 W m-2, the HEC was 
around -70 W m-2 while the HVB was still positive at around 60 W m-2. Although the exact cause 
was unknown, this highlighted that the sonic kinematic heat flux governed the sign of HVB as 
shown in Eq. 4 and 5. Hence, further data filtering (i.e. step change detection) on w4T(′ should  
be considered to address the sudden sign flip. Nonetheless, the variance-Bowen ratio displayed 
potential to be used as an independent measurement of H.  
 

 

Figure 1.  4. Comparison between sensible heat flux computed by the variance-Bowen ratio method 
compared and measured by the eddy covariance (n = 3726, p<0.001). HEC had spectral correction 
applied. The geometric mean regression (not shown) is: y=1.00x+5.89;   
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1.3.3. Latent heat flux 

Latent heat fluxes were computed following Eq. 6 and 7 using the energy balance residual 
(λE9:) and modified-Bowen-ratio (λE!). Linear regression of each derived half-hourly λE was 
plotted as a function of the net available energy to assess the performance (Figure 1. 5). On 
average, the λE9: performed very well (R2=0.94, p<0.001) compared to the spectrally corrected 
λE measured by eddy covariance (λE<6) with a 3% overestimation and an RMSE of 39.9 W m-2 

 

 
Figure 1.  5. (Top) Comparison between latent heat flux computed by the residual of energy balance 
vs. measured by the eddy covariance (n=3726, p<0.001). The geometric mean regression (not shown) 
is: y=1.07x-4.24; (Bottom) Comparison between latent heat flux computed by the modified-Bowen 
ratio vs. measured by the eddy covariance (n=3733, p<0.001). The geometric mean regression (not 
shown) is: y=0.94x-12.23. 
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(Figure 1. 5. Top). λE! underestimated λE<6 (R2=0.91, p<0.001), on average, by ~11% with an 
RMSE of 49.5 W m-2 (Figure 1. 5. Bottom). Based on Eq. 6 and 7, the net available energy 
fluxes (i.e. RNET – G) govern the computed λE, which can be seen in Figure 1. 5 as the pattern of 
λE followed the low to high transition of the net available energy. For λE9:, a visible hump was 
observed above the regression line, while a more tailored pattern was observed below the 
regression line. Interestingly, λE! exhibited a symmetrical pattern with a mix of overestimations 
and underestimations, but noticeably with a larger magnitude of underestimations. 

1.4. Discussion 
1.4.1. Spectral correction and energy balance closure 

By employing a spectral correction, we improved the energy balance closure greatly with the 
slope increased from 0.73 to 0.88 (R2=0.96, p<0.001), however, there was still a lack of closure 
(Figure 1. 6). One point to emphasize on is that based on the spectral analysis (Figure 1. 3), the 
forced closure method (Twine et al., 2000) should be considered inappropriate in our study as  
the sensible heat flux was measured accurately (see Figure 1. 3. Top). In our case, λE did need 
adjustment but specifically for mechanical reasons due to the known spectral loss instead of the 
ad hoc energy balance closure.  
 
In Figure 1. 6, the highlighted surplus (n=370, p<0.001) indicated periods when the turbulent 
energy exceeded the net available energy. In general, a system cannot consume more energy  
than the amount it was given. Previous literature had also identified and attributed this problem 
from advection, the horizontal transport of heat or moisture (Philip, 1959), which can enhance 

 
Figure 1.  6. Half hourly energy balance closure from the study period (n=4161, p<0.001). The black 
points indicate when the turbulent energy exceeded the net available energy (n=370, p<0.001), and the 
minimum threshold of the net available energy is 100 W m-2. The geometric mean regression (not 
shown) for the entire half hourly data is: y=0.90x+3.83. 
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evaporation to a degree exceeding the net available energy (Wang et al., 2021; Baldocchi et al., 
2016; Philip, 1987; Prueger et al., 1996; Tolk et al., 2006; Verma et al., 1978). Why is this 
normally assumed negligible quantity ubiquitous? And how does advection affect λE!?  

1.4.2. Advection and latent heat flux 
Warm and dry air flowing over an actively evaporating surface can further enhance the 
evaporation (Philip, 1987), via an oasis effect. Under non-advective conditions with large fetch, 
eddy covariance provides higher data quality as the neglected horizontal component is often 
compensated by the field homogeneity (Gash, 1986; Foken and Wichura, 1996). However, 
agriculture sites in the Central Valley of California have a spatiotemporal mosaic pattern with 
alternating dry and wet fields, which can induce higher water loss through the advection of 
sensible heat (Blad and Rosenberg, 1974; Philip, 1959; Rosenberg and Verma, 1978; Tolk et al., 
2006). In ways, the assumed homogeneous individual fields could construct a mosaic pattern 
with other fields, further encouraging the horizontal movement to be considered.  

Since sensible heat advection using the variance-Bowen ratio approach was also collected during 
the study period, we have included heat advection as a complementary data to illustrate its 
impact on λE. During the study period, heat advection was present, and the magnitude of 
advection started to increase after 12:00 local time. Simultaneously, all measured λE from 
different ways started to gain additional energy as they approached the net available energy, 
especially for λE9: and λE<6, indicating the enhanced evaporation (Figure 1. 7). The 
enhancement was further amplified after 15:00 when λE9: and λE<6 exceeded the net available 
energy when the magnitude of advection was greater than -35 W m-2. As hot and dry air began to 
be advected into the field, the crop surface started evaporating to prevent surface warming. This 
then creates an internal boundary layer, allowing more heat extraction from the layer above to 
enhance the local evaporation. Finally, this leads to a larger temperature gradient to induce more 
heat advection, creating a positive feedback. The process then came to an end as the sun started 
setting and the power of the evaporative cooling diminished. It is worth to also note that our case 

 
Figure 1.  7. Diel cycle of net available energy (solid black), spectrally corrected 𝜆𝐸 from eddy 
covariance (blue), 𝜆𝐸computed through energy balance residual with the variance-Bowen ratio 
approach (red), and 𝜆𝐸computed with modified Bowen ratio (green). Diel cycle of the sensible heat 
advection is on the secondary axis in pink.  
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may have had two different types of advection with one as the horizontal heat and the other as 
the vertical heat extraction (i.e. flux divergence) due to the internal boundary layer.   
 
Although λE9: demonstrated a very strong relationship (Figure 1. 4), in a diel cycle, it 
overestimated λE until 13:30. For λE!, it aligned well with λE<6 prior to noon, then it started to 
lag without experiencing much of the enhanced evaporation compared to λE9: and λE"#$%. But 
how come the modified-Bowen ratio approach failed to reflect the magnitude of the 
enhancement? In the following, we explored the dynamics among λE!, λE<6, and heat advection. 
Additionally, given that thermal infrared signals can reflect latent heat (Anderson et al., 2012), 
we also paired the in-situ measurements with ECOSTRESS to inferentially diagnose and verify 

 

 
Figure 1.  8. (left) half-hourly energy fluxes of 𝜆𝐸!(blue), 𝜆𝐸"#$%(orange), sensible heat advection 
(golden), and net available energy (black). The vertical dashed line marks the ECOSTRESS overpass; 
(right) ECOSTRESS LST scene on 2021/09/26 at 15:27 local time. This scene includes the alfalfa site 
(red cross), the corn site (black x), and the predominant wind direction (dashed black line). 
PhenoCam: https://phenocam.sr.unh.edu/webcam/browse/bouldinalfalfa/2021/09/26/ 
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the advection (i.e. heat and moisture). Specifically, we used the land surface temperature (LST) 
observations from ECOSTRESS at overpasses (Fisher et al., 2020). 

1.4.2.1. Sensible heat advection  

On Sep 26th, we observed a surplus of λE<6 exceeding the net available energy at 14:00. This 
also corresponded with the measured sensible heat advection, which reached around - 42.9 W m-

2 at the same time and increased (magnitude) afterwards (Figure 1. 8 – left). To clarify the 
direction, the negative sign means the energy was directed downwards, adding additional heat 
into the surface to enhance evaporation. On this day, the field-averaged NDVI value of 0.94 
(Sentinel-2) and the PhenoCam images (link in Figure 1. 8’s caption) indicated that the field had 
a high canopy density, serving as an oasis absorbing the heat energy advected from upwind 
fields. Leveraging with ECOSTRESS LST, we were able to further visualize the oasis effect 
from space (Figure 1. 8 - right). At 15:27, from the corn site (black x) to the alfalfa site (red 
cross), we observed a large temperature gradient extending from ~32 °C to ~23 °C. The LST 
observation could indicate the potential sensible heat advection, but it alone cannot prove the 
advection. In fact, the enhancement in λE<6 may also be a product of the vertical flux 
divergence. However, without flux measurements at multiple levels, it is challenging to confirm 
the underlying advection. Nonetheless, the LST observation here offers a unique way to provide 
insights for our flux measurements that the measured heat advection was present at the time and 
could have caused the enhancement in evaporation.  
 
Given that λE! was calculated via a forced closure technique (Eq. 7), one unanswered question  
is why did λE! fall behind of λE<6 on this day? Under advective conditions, especially for 
sensible heat advection, studies have shown that Bowen ratio technique performed poorly as a 
result that the assumed similarity between heat and water no longer stands (Blad and Rosenberg, 
1974; Gavilán and Berengena, 2006). Lang et al. (1983) found that the ratio of eddy transfer 
coefficient for heat and water decreased as the atmospheric stability increased under advection. 
In Warhaft (2000, 1976), the disunity of the coefficients was found under advected heat and 
moisture. Studies also showed that latent heat flux evolved with the downwind distance under 
advection, in which the surface resistance and available energies differed from the field  
boundary to the uniformed regions (McNaughton, 1976a, 1976b; McNaughton and Black, 1973). 
In our approach, we calculated the Bowen ratio from σ& and σ' (see Eq. 3), but under advection 
the assumed equal similarity breaks (Lang et al., 1983). Derived from Eq. 7, under heat 
advection, σ& would be greater than σ', resulting a larger Bowen ratio which lowered the λE!. 
As a result, λE! underestimated the enhanced evaporation as the sensible heat advection 
exacerbated. 
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1.4.2.2. Moisture advection 

Since only heat advection was measured in our study, can we use the relationship of 
 σ& and σ' to infer moisture (i.e. latent heat) advection as well? If moisture advection was 
present, σ& would be less than σ', resulting a smaller Bowen ratio that would increase the λE!. 
This hypothesis is valid on Oct 16th, where λE! surpassed λE<6 (Figure 1. 9 - left).  
 
Linking the in-situ measurement with ECOSTRESS LST (Figure 1. 9 - right), we saw a 
temperature gradient, where the entire region by the corn field (region A) had a high temperature 
beyond 38°C, region B had a cooler temperature (~29°C), and the alfalfa field was warm 
(~33°C). If we used the same concept as Figure 1. 8, we should have observed high sensible heat 
advection, however, our advection measurement suggested otherwise in Figure 1. 9. Looking at 
the upwind fields in region B, they had a relatively higher NDVI value of ~0.70 (Sentinel-2) and 
were cooler, inferring that these fields may have received heat advection to enhance 

 
Figure 1.  9. Same as Figure 1. 8 but for Oct 16th, 2021. The ECOSTRESS overpass was at 14:16.  
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evaporation. Then, the evaporating fields from region B may have supplemented cool and moist 
air into our alfalfa field. As a co-located process, this moisture advection may have muted the 
effect of the heat advection. However, due to that moisture advection was not measured in this 
study, we cannot confirm this hypothesis. Nonetheless, the LST observation still could be used  
to serve as a secondary insight that may be helpful to indirectly diagnose the field condition.  
This also highlights the need to also include measurement of moisture advection to capture the 
co-located processes in future experiments. 

Another unanswered question is why did neither λE exceed the net available energy as similar to 
what we saw in Figure 1. 8? Unfortunately, the PhenoCam had logging issues since Oct 8th, and 
we were not able to visually inspect the field condition. However, compared to the full canopy 
case presented in Figure 1. 8, here, the low NDVI of 0.53 (Sentinel-2) suggested less water 

 
Figure 1. 10. Same as Fig. 8 but for Aug 9th, 2021. The ECOSTRESS overpass was at 10:32. 
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would be evaporated in a developing field. Additionally, the available energy was already low in 
Fall with a max at ~300 W m-2, further indicating the low potential evaporation at the site.  
 
What happens in a more active growing season with sufficient energy supply? Noticeably on 
Aug 9th, even when heat advection was minimal throughout the day, λE<6 still exceeded the 
available energy while λE! was almost identical to the available energy after 15:00 (Figure 1. 10 
- left). At ECOSTRESS overpass (Figure 1. 10 - right), λE! was already ~50 W m-2 greater than 
λE<6. Thus, at least during this overpass, the relationship of σ& and σ' can be used to infer 
moisture advection. During this time, the upwind fields had some temperature differences where, 
along the transect from A to B, the temperature transitioned from cool (~31°C) to warm (~36°C) 
before reaching the alfalfa field (~33°C). Because moisture advection was not directly measured 
in this study, we are not sure of the exact cause. But, using the satellite LST observation as a 
start, the already cool and evaporating upwind fields might become even cooler as the available 
solar energy increased throughout the day. Then the additional moisture could be advected into 
the alfalfa site, resulting a surplus of λE. Furthermore, given the low measured heat advection 
during the day, we are inclined to suspect that moisture advection might have caused this 
surplus. One may ask why the heat from region B did not get advected into the field? It probably 
did, but the advected moisture from region A may have outweighed the heat, resulting more of a 
regional scale moisture advection.  

1.4.3. Other considerations 
1.4.3.1. Slow sampling rate of the modified-Bowen ratio technique 
 

 

 

Figure 1.  11. Comparison of the standard deviation of air temperature (top) and relative humidity 
(bottom) between resampled frequency (0.1, 1, and 10 Hz) and the native measurement frequency (20 
Hz). 
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As shown in Figure 1. 3, even with the fast frequency measurement at 20 Hz, there were 
underestimations of fluxes, especially for water. If we were sampling at 10 Hz, there may have 
been more unsensed fluxes. More importantly, should this concern the modified-Bowen ratio 
technique, which operated on a far slower frequency at 0.1 Hz? To test this, we resampled the 20 
Hz air temperature and water vapor molar density data from the infrared gas analyzer into slower 
frequencies at 10, 1, and 0.1 Hz. The air temperature was used to compute the standard deviation 
(Figure 1. 11, top), and the water vapor molar density was converted into relative humidity 
(Figure 1. 11, bottom). Compared to the 20 Hz data, the standard deviation of the air temperature 
for all the resampled data agreed strongly (Figure 1. 11, top). Similarly, all resampled relative 
humidity agreed very strongly with the 20 Hz data (Figure 1. 11, bottom). The strong agreement 
of variables between the slower frequency (i.e. 0.1, 1, and 10 Hz) and the high frequency (i.e. 20 
Hz) further proved that very low bias was presented with the 0.1 Hz modified-Bowen ratio 
technique in our study.  

1.4.3.2. Affordability and applications 

As writing this paper, heat and drought continued to scourge through California, and irrigate the 
right amount (i.e. precision agriculture) had never been so pressing. To tackle this, we could 
expand current sensor network and/or use satellite remote sensing models (i.e. OpenET Melton 
et al., 2021) to advise on-farm water management. Both approaches should be regarded as 
complementary because in-situ measurement provides validation, while satellite observation 
provides a broader view of the underlying issues. Currently, among the 574 registered 
AmeriFlux sites, there are only 66 continuously operating agricultural sites (10 in California). 
Based on our study, the variance-Bowen ratio system could be used to increase observation and 
validation.  

Compared to an eddy covariance setup, which can easily cost ~$36,165.48, the variance-Bowen 
ratio system is 60.5% cheaper at a cost of ~$21,908.04 (Table 1. 2). But this is still a steep price 
considering that other equipment is also needed. Plus, agricultural management involves many 
activities that could impact field sensors, ranging from sprinkler irrigation to tractor tilling, 

Table 1. 2. An illustration of cost and list of sensors required in eddy covariance (*) and variance-
Bowen ratio (†) system. The price was obtained from Campbell Scientific. Note that some sensors can 
be replaced with others (e.g. Gill Windmaster instead of CSAT3B). Additionally, this table does not 
include other configuration costs, including logger, sensor cable lengths, solar panel, power supply, 
enclosure, tripod, and crossarms. Note that a data logger is also needed for setup, and depending on the 
needs (e.g. sampling frequency and sensors), the logger could cost from $1,500 to 2,800. 

Measurement Sensor Quantity Price (per item) 

Soil moisture * †  CS650 2 $247.70 
Soil temperature * † TCAV 2 $331.20 

Soil heat flux * † HFP01 2 $746.88 
Net radiation * † CNR4 1 $9,500.00 

Temperature and relative humidity * † HMP155 1 $766.08 
Sonic anemometer * † CSAT3B 1 $8,990.40 

Sonic and gas analyzer *  IRGASON 1 $23,247.84 
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discing, or spraying. Thus, all these activities require a minimalist system, and it is necessary to 
further simplify the variance-Bowen ratio approach. One option is to build the net radiometer 
and heat flux plates in house. The net radiometer could be constructed using polystyrene foam 
and type T thermocouple (Da Ros Carvalho et al., 2021) and the soil heat flux plates could be 
replaced with Peltier chips (Weaver and Campbell, 1985). Together, this would bring down the 
cost for these two sensors to less than $100. Alternatively, to eliminate the needs of net 
radiometer and ground heat flux measurements, a modeling scheme of the net available energy 
should be considered in the future to cut down the cost to ~$9,756.48 (Table 1. 2. CSAT3B and 
HMP155). For example, procedures from Mallick et al. (2015) could be implemented to replace 
the net available energy component, but the temporal resolution would need to be daily.  
Lastly, if a site experiences no advection, one could even remove the sonic anemometer and cut 
down the price to ~$766.08 with only a HMP155 to obtain the latent heat flux. 
 
Aside from expanding the variance-Bowen ratio approach, its performance should also be tested 
across different crop types and ecosystems to assess its sensitivity and flexibility. Nevertheless, 
with the cost-effectiveness of this approach, we also presented opportunities for measuring 
advection, especially for heat. However, advection is a co-located process, where a site 
experiencing heat advection would also experience moisture advection as shown in Section 4.2. 
However, moisture advection remains to be a less researched area that requires attention in  
future studies.  
 
Lastly, as nowadays, satellite-based irrigation is becoming more available through remote 
sensing models (Anderson et al., 2011; Fisher et al., 2008), for instance, the Disaggregated 
Atmosphere-Land Exchange Inverse flux (DisALEXI) and the Priestly-Taylor Jet Propulsion 
Laboratory (PT-JPL). Validation remains to be a demanding, yet necessary step for satellite-
based models. To ensure the accuracy of these models under advective conditions, further 
research should be done in terms of how advection affect DisALEXI and PT-JPL as well as how 
to account for advection using remote sensing observations.  
 
Together, we can better understand how spatial arrangement of land segments (i.e. 
spatiotemporal heterogeneity) may initiate a certain advection as well as how, consequentially, it 
would impact the local surface energy balance (i.e. sensible and latent heat flux). 

1.4.4. Limitations 
Although the following points are outside of the scope of this paper, they deserve to be noted as 
they challenge the robustness of the variance Bowen ratio approach: 

1) Ideally, this approach should be employed over a broad range of crop surfaces to test  
how different canopy covers (i.e. canopy height/structure, crop types, and spatial 
heterogeneity) affect the performance of the variance Bowen ratio approach.   

2) In parallel with the previous point, the variance Bowen ratio approach should also be 
scrutinized for its sensitivity under different atmospheric conditions, including varying 
atmospheric stabilities.  

3) As shown in Section 4.2, the quality of the variance Bowen ratio approach degrades 
under advective conditions. But this degradation is often reported in eddy covariance 
measurements as well. Hence, caution needs to be taken under advective conditions, and 
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the effect of advection on our approach and eddy covariance measurement should be an 
area to be further researched.  

4) Lastly, we compared the results of the variance Bowen ratio approach against eddy 
covariance measurement, which experienced spectral loss. Although the eddy covariance 
measurement had similar cospectra of heat flux compared to the Kaimal cospectra 
(Figure 1. 3 – Top), one should be mindful that the Kansas experiment was conducted 
over a very flat terrain with a limited amount of sample size, therefore adding more 
uncertainty for our truth measurement. Clearly, our study site experienced advection even 
with large fetch, further highlighting the need of revisiting the spectral variance theory. 

1.5. Conclusion 

In this chapter, we investigated the problem of measuring sensible and latent heat fluxes in-situ. 
Of particular interest, micrometeorological measurement such as eddy covariance is highly 
technical and expensive. In this study, we employed the variance-Bowen ratio approach to 
measure sensible and latent heat fluxes at an alfalfa site to address this problem.  
 
The sensible heat flux from this approach demonstrated strong agreement compared to eddy 
covariance. We also computed latent heat flux with the modified-Bowen ratio (λE!), which 
yielded good results overall. Excluding the net radiometer and ground heat flux measurements, 
λE! only relies on an air temperature/relative humidity sensor, highlighting its potential 
simplicity and affordability. Alternatively, radiation modeling could also be considered to  
further reduce the cost of the whole system.  
 
Overall, the variance-Bowen ratio approach has potential to be a simple and cost-effective 
alternative to obtain reliable sensible and latent heat flux. However, this approach still has 
limitations as mentioned in Section 4.4, and the robustness of this needs to be further 
investigated. Namely, this approach should be tested over a wide range of crop surfaces under 
different atmospheric conditions. Additionally, further research should investigate the effect of 
advection on the variance Bowen ratio approach given that the assumed equal diffusion of heat 
of water from Bowen ratio breaks under advective conditions.   
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Chapter 2 - How advection affects the surface energy balance and its closure at an irrigated 
alfalfa field2 

 

Abstract 

Orbiting around the non-closure problem in eddy covariance, a new generation of high-
resolution thermal imagery has revealed that advection may be more common than previously 
expected. To investigate this, we conducted an extensive study over an irrigated alfalfa field that 
experienced both heat and moisture advection. Over the course of five analysis periods (37 days 
total), multiple tower arrays and profile measurements were deployed to measure the horizontal 
advection and vertical heat flux divergence. Latent heat flux (λE) measured at the anchor tower 
showed an enhancement due to both local and non-local processes. Locally, as a result of the 
upwind λE, advection humidified the atmosphere and increased stomatal opening, enhancing the 
downwind λE. Simultaneously, with lowered atmospheric demand, λE was suppressed 
downwind. Our results suggest that stomatal regulation played a dominant role in the 
enhancement, but not by itself. Spectral analysis revealed that low frequency (i.e., large) eddies 
contributed high heat and moisture via advection. In combination with thermal remote sensing 
observations from ECOSTRESS and Landsat 8/9, we found that these large eddies were 
generated over the upwind surface, and they were independent of the local boundary layer 
conditions. Consequently, spatiotemporal heterogeneity in land-surface conditions induced large 
eddies, which further enhanced λE through non-local transport of heat and moisture. Lastly, by 
conditionally including the advective fluxes, the energy balance closure improved from 89% to 
97% (r2 = 0.97, p<0.001) over the five analysis periods. Results from this improved energy 
balance closure offer additional validation dataset for remote sensing evapotranspiration (ET) 
models other than forcing closure with Bowen-ratio. Furthermore, our findings provide insights 
for algorithms aimed at enhancing remote sensing ET products. These algorithms often treat 
pixels as isolated columns, overlooking the lateral effects of heat and moisture.  

 

 

 

 

 

________________________________ 
2 This chapter is reprinted, with permission, from the submitted article: Wang, T., Alfieri, J., 
Mallick, K., Arias-Ortiz, A., Anderson, M., Fisher, J., Girotto, M., Szutu, D., Verfaillie, J., 
Baldocchi, D., 2023a. How advection affects the surface energy balance and its closure at an 
irrigated alfalfa field.  
(In review: Agricultural and Forest Meteorology)   
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2.1. Introduction 
“If you do not have any shadows, you are not in the light” ---- Lady Gaga 

The surface energy balance reigns supreme as the queen for meteorology and climate science as 
it governs the energy and trace gas exchanges between the biosphere and the atmosphere. 
However, in the land of AmeriFlux and FLUXNET, the energy balance closure problem persists 
for in-situ observations such as eddy covariance (Wilson et al., 2002; Fisher et al., 2021; Stoy et 
al., 2013; Leuning et al., 2012). In addition, the knowledge gap on how advection modifies the 
bio-atmospheric interaction remains. As a commonly overlooked quantity in eddy covariance, 
advection has cast a long-lasting shadow in the kingdom of surface energy balance ever since the 
1960s (Philip, 1959), impeding accurate representations of energy and trace gas fluxes in Earth 
system. The eddy covariance method provides a direct measurement of the flux density of mass 
and energy at the measurement height (Baldocchi, 2020). With the constant flux layer theory 
(Kaimal and Finnigan, 1994), one can assume this flux density represents the underlying 
ecosystem, but only if there is no storage and no advection. If there is advection, a flux 
divergence will occur, invalidating the similarity theory. Under this situation, the flux density 
associated with the biosphere is a function of the integration of the flux density passing through 
horizontal and vertical directions.  

 
Figure 2.  1. An illustration of how fluxes vary downwind over dry-to-wet transition based 
on previous literature. Panel A represents Philip (1959); Panel B represents Rao et al. (1974) 
and Brakke et al. (1978); Panel C represents McAneney et al. (1994), Brunet et al. (1994), 
Baldocchi and Rao (1995), and Zermeño-Gonzalez and Hipps (1997). Evaporation is 
referred to as latent heat flux here. 
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On this quest of the advective enigma, many have laid the foundational work to prove the 
existence and importance of advection. Early work theorized advection in an analytical fashion, 
where the spatial heterogeneity can modify mass, energy, and momentum fluxes (Philip, 1959). 
As a result, the horizontal advection can effectively alter the local rate of evaporation and  
surface energy balance (Lang, 1973; Lang et al., 1974; Verma et al., 1978; Philip, 1987; Prueger 
et al., 1996; Baldocchi et al., 2016). By the early theory (Figure 2.  1, Panel A), the hot and dry 
air advected to an actively transpiring field would induce an “infinitely” increasing evaporation 
rate across the horizontal plane (Philip, 1959). Clearly, this assumes that the biosphere would 
unconditionally evaporate, which can only be achieved with a consistently downward sensible 
heat flux throughout the field. Albeit the incorrect assumption, this emphasized the knowledge 
gap, which led to the development of studies and analytical models. Unfortunately, the 
assumption of constant stomatal resistance from these follow-on studies incorrectly predicted 
that the evaporation would be high at the dry-to-wet transition (Figure 2.  1, Panel B), followed 
by a smooth decrease as the downwind distance increases (Rao et al., 1974; Brakke et al., 1978). 
One other limitation of the early generation advection studies is that they relied on K-theory to 
make measurements, which infer fluxes from the mean quantities of the vertical profiles 
(Raupach and Thom, 1981; Philip, 1987; McNaughton, 1976a). Specifically, this application is 
hindered by the assumed equality between the eddy transfer coefficients for sensible heat (KH) 
and water (KW). Under advective conditions, the counter-gradient of the vertical profile would 
result in a difference in KH and KW, hence invalidating the technique (McNaughton, 1976b; 
Warhaft, 1976). Additionally, non-local large eddies, which are independent of the local 
conditions, can cause errors in computed KH and KW, further biasing the resulting fluxes 
 (Lang et al., 1983).  
Nonetheless, it was these early field studies that allowed researchers to challenge the paradigm 
and consider the system function as an integrated continuum. When linking the biosphere with 
the atmosphere, a feedback mechanism occurs under advection, where the atmospheric demand 
(i.e., vapor pressure deficit) diminishes with increasing fetch. Consequently, with the lower 
atmospheric demand, the evaporation rate is suppressed despite the stomatal opening (Brunet et 
al., 1994; Itier et al., 1994; McAneney et al., 1994). This also coincides with the field experiment 
done by (Baldocchi and Rao, 1995), and their eddy covariance measurement showed that heat 
advection did not increase the evaporation rate substantially at the field edge as a negative 
feedback was linked to heat advection. Specifically, with heat advection, plants upwind started to 
conserve water with higher stomatal closure, hence, reducing the evaporation rate. Further 
downwind where the fetch-to-height ratio exceeded 75, evaporation rate did not increase due to 
the lower atmospheric demand. This was because as the downwind distance increased, the water 
vapor in the air also increased horizontally due to upwind evaporation. With a higher amount of 
water vapor, the atmosphere was more humidified (i.e., less atmospheric demand), hence 
resulting in an invariant evaporation rate further downwind (Figure 2.  1, Panel C). Zermeño-
Gonzalez and Hipps (1997) also found similar results where spectral analysis showed that the 
spatial variation of scalars with downwind distance is governed not only by the local boundary 
layer conditions, but also by the upwind conditions. The large contribution of fluxes in the low 
frequency range showed that these upwind conditions produced larger eddies, effectively 
modifying the local surface energy balance. 
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In the early 2000s, eddy covariance started to become the gold standard for quantifying energy 
and trace gas fluxes (Baldocchi et al., 2001). The establishment of flux networks, such as 
FLUXNET and AmeriFlux have provided valuable datasets for validating remote sensing models 
(Volk et al., 2023). However, the chaotic nature of the atmospheric flow sourced from surface 
heterogeneity makes the underlying assumption of eddy covariance less appropriate for certain 
landscapes (Foken and Wichura, 1996). Despite the early momentum, research on advection and 
its effect on evaporation received less attention than anticipated. Instead, campaigns were 
initiated with an exclusive focus on carbon advection in forests and undulating or mountainous 
terrains (Aubinet et al., 2010; Feigenwinter et al., 2008). Of particular relevance, Moderow et al. 
(2021) found that horizontal advective fluxes of heat and water were present even under well-
mixed conditions. In their study, advective fluxes were governed by the complex terrain (i.e., 
local slope) while the inclusion of these neglected fluxes only improved the energy balance 
closure at one of the three tower sites by 7%, which underlined that advection can be highly site 
specific. Oncley et al. (2007) initiated Energy Balance Experiment (EBEX-2000) with the goal  
to close the surface energy balance in a flood irrigated cotton field. However, their findings 
showed an imbalance that remained unsolved even by considering advective fluxes as these were 
too small to close the energy budget. Yet, it is important to note that the large-scale synoptic flow 
from the nearby foothills near their site may have induced non-local effects that contributed to 
the energy imbalance. Indeed, wavelet analysis from Gao et al. (2016) revealed that large eddies 
altered the turbulence structure and affected the scalar distribution. It is also worth noting that 
their cotton site was patch irrigated from north to south, hence introducing intra-field variability 
in soil moisture and temperature. This could also lead to the flux footprints seeing mixed dry and 
wet conditions, further affecting the surface energy balance.  

Orbiting around the non-closure problem, these previous studies investigated whether advection 
could improve the energy balance closure. In reality, advection is highly site specific as are other 
variables that could result in an energy imbalance (Novick et al., 2014), and there is no definitive 
answer to the energy balance closure problem. Kochendorfer and Paw U (2011) carried out 
expansive eddy covariance measurements to investigate the effects of the advection on surface 
energy balance. They showed that horizontal advection can be ignored for a moderate distance 
downwind of transitions, while the vertical advection term close to the field edge was non-
negligible. Close to the field edge, the inclusion of advective terms greatly improved the closure. 
However, further downwind, the inclusion of advective terms only had small effects on the 
closure. From a lake-to-land transition, Higgins et al. (2013) used Raman Lidar and showed that 
the horizontal moisture advection was too small to explain the lack of closure. However, they 
used an analytic approach and proposed a solution to identify the location where advection 
would be prevalent. With these short-term studies, an additional question arises as to whether 
advection happens continuously. From a sea-to-land transition, Rey-Sánchez et al. (2017) found 
a much larger magnitude of moisture advection. In addition to the apparently strong sea-land 
moisture gradient, advection was also related to seasonality, in which June-August was higher 
than April-May due to differences in meteorological conditions at their study site. Harder et al. 
(2017) examined the role of heat and moisture advection on snowmelt, and they found that both 
of the advective fluxes contributed to the net available energy, acting as an additional source for 
snowmelt. This highlights that for certain sites, advective fluxes should indeed be considered in 
field measurements and modeling, as they are essential for better representing fluxes in 
spatiotemporally dynamic surfaces.  
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Leveraging large eddy simulation with eddy covariance measurements, studies have shown that 
land surface heterogeneity can lead to secondary circulation (i.e., low-frequency large eddies), 
where large and persistent horizontal and vertical advection can bias eddy covariance 
measurements and result in a non-closure (Eder et al., 2015; Kenny et al., 2017). Morrison et al. 
(2021) investigated the heat transport in a dry-lake-bed desert site with surface temperature 
heterogeneity using experimental data from an array of flux towers within a 400 m by 400 m 
grid. They found that the magnitudes of horizontal heat advection and vertical heat flux 
divergence were large during the convective afternoon periods. By using a conceptual model, 
their results showed that over 80% of the horizontal advection was due to the intra-field 
variability in temperature. Combined with temperature variation and wind speed, advection 
provided an additional source of heat transport, which essentially biases the accuracy of the 
simplified surface energy balance equation we commonly use to assess closure (Morrison et al., 
2021). Zhou et al. (2023) investigated the contribution of horizontal and vertical advective fluxes 
on energy imbalance by using a large eddy simulation over an idealized surface with alternating 
dry and wet heterogeneity. In their study, horizontal advection was large under heterogeneous 
transition (e.g. dry to wet to dry), and it was a key contributor to the lack of energy balance 
closure. Evidently, understanding the mechanism and occurrence behind advection remains 
challenging, but this knowledge gap could help us better understand bio-atmospheric 
interactions. Previous studies have largely focused on understanding advection with a sharp 
transition, commonly from a hot/dry to a cool/wet surface. However, agricultural lands, 
especially in the semi-arid California, embody different on-farm practices, creating a unique 
spatiotemporal mosaic of vegetated and bare surfaces (as shown in Figure 2.  2 for our study 
site). This makes us wonder: should the heat and moisture advection be considered as a co-
located process that happens simultaneously?  

In this study, we deployed experiments and collected advection data in an alfalfa field in 2021 
(heat advection) and 2022 (heat and moisture advection). The alfalfa went through periodic 
cuttings, and the upwind fields were covered with seasonal crops (mainly corn) that underwent 
different on-farm regimes ranging from planting/harvest dates, irrigation to growing cycle. This 
unique spatiotemporal heterogeneity initiated by different on-farm practices allowed our field 
site to interact with various upwind conditions. By leveraging high-resolution multispectral and 
thermal satellite imagery, we detected different cases of advection aside from the classic dry-to-
wet transition. With an array of meteorological and eddy covariance flux measurements, both 
horizontal and vertical components were used to measure the horizontal advection of heat and 
water as well as the vertical heat flux divergence. Through this deployment, we collected data 
over five study periods and captured diverse energy fluxes under unique sets of advective cases. 
The overarching goal of the study is to quantify the magnitude of horizontal advective fluxes to 
better understand the exchanges of water and heat fluxes in the bio-atmospheric continuum. By 
improving the understanding of how advection affects the surface energy balance (i.e., water and 
heat budgets), this study provides insights for upscaling algorithms that can improve remote 
sensing products, which tend to use siloed pixel to compute energy and scalar exchanges in a 
column, rather than considering the important role of lateral fluxes of heat and water.  
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2.2. Methods 

2.2.1. Site description 
The site (Lat: 38.0992, Lon: -121.4993) sits in the Sacramento-San Joaquin Delta of California 
with an operational AmeriFlux tower since 2016 (US-Bi1, Rey-Sanchez et al., 2022). A  
perennial alfalfa crop is grown at this site, and the crop is sub-surface irrigated by a nearby ditch. 
The soil type is a Ryde-Peltier complex with 50% Ryde, 35% Peltier, 5% Rindge, 4% Valdez,  
3% Scribner, and 3% Venice (https://casoilresource.lawr.ucdavis.edu/gmap/). The topography is 
flat with the main tower (US-Bi1) measuring fluxes with a fetch-to-height ratio of ~115, making 
it ideal for eddy covariance measurements. Advection data were collected from Aug 5th to Nov 
4th, 2021, and Apr 25th to Oct 31st, 2022. To clarify, we only collected heat advection data in 
2021, while both heat and moisture advection data were collected in 2022. Throughout the data 
collection periods in both years, our site experienced periodic cutting, while the upwind fields 
also went through different on-farm management. Most upwind sites (left side of cyan line in 
Figure 2.  2) were fallow in the spring and planted with corn during the summer growing season. 
Together, the spatiotemporally heterogeneous upwind fields provided opportunity to inspect 
horizontal and vertical flux exchanges.  

Using Sentinel-2, we visualized different conditions of our field site and nearby sites in 2022 via 
the Normalized Difference Vegetation Index (NDVI) as shown in Figure 2.  2. The red box in 
Figure 2.  2 indicates our field site while the cyan line separates the upwind regions. We refer to 
the right side of this cyan line as the direct upwind region and the left side as the further upwind 
region. In 2022, from the start of data collection to June 3rd, only direct upwind fields were 
cultivated, and the further upwind fields remained to be bare (Figure 2.  2c). After around June 
8th, further upwind fields were planted and remained growing until September (Figure 2.  2d & 
e). In this study, we also included data from 2021, a visualization of the field condition in this 
year is in Figure 2.  2a and b, and more details can be found in Wang et al. (2023). Given the 
various site characteristics over the entire study interval, we have identified 5 specific growing 
periods investigated in this study in Table 2. 1. below. The classification of the site  
characteristics in Table 2. 1. was determined from optical (Sentinel-2) and thermal infrared 
observations (Landsat 8/9).  

          

  

  

https://casoilresource.lawr.ucdavis.edu/gmap/
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Figure 2.  2. Sentinel-2 NDVI (left) and Landsat 8/9 land surface temperature (right) 
showing the site characteristics of the alfalfa site (red box) and its upwind fields. Upwind 
regions are further divided by the cyan line. Right side of this line is the direct upwind 
fields and left side of this line is the further upwind (corn) fields. The pink arrow indicates 
the predominant wind direction.  
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Table 2. 1. Five different cases examined in this study with NDVI conditions for the study 
site, direct upwind, and further upwind. 

In the selected periods (Table 2. 1.), most of the wind came from within W to WNW region 
(Figure 2.  3). This is preferrable along with our experiment setup (Sect. 2.2), and we further 
filtered the wind direction to align with our advection measurements (Sect. 2.4).  
 

 
Figure 2.  3. Windroses showing the distributions of wind speed and direction during the 
analysis period for case 1 and 2 in 2021 (left) and case 3, 4, and 5 in 2022 (right). 

Case  Site characteristics  Analysis period 

NDVI 

Alfalfa 
site 

Direct 
upwind 

Further 
upwind 

1 Semi-homogeneous 2021-08-11 to 
2021-08-16 

0.66 0.59 0.62 

2  Hot/dry to very cool/wet 2021-09-07 to 
2021-09-13 

0.90 0.73 0.20 

3  Hot/dry to cool/wet 2022-05-18 to 
2022-05-25 

0.56 0.59 0.11 

4  Mixed heterogeneity 2022-06-20 to 
2022-06-28 

0.40 0.34 0.37 

5  Cool/wet to hot/dry 2022-07-16 to 
2022-07-23 

0.29 0.34 0.59 
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2.2.2. Experiment setup  

 

Figure 2.  4. An illustration of the sensor diagram for 2022 study. A detailed description is 
provided in Sect. 2.2. 

For the study period in 2022, two additional towers were deployed upwind of the main tower to 
measure heat and moisture advection as well as vertical heat flux divergence (Figure 2.  4). The 
first tower was deployed ~35 m away from the field edge to measure the fluxes by the edge of 
the field, hereafter denoted as the edgy tower. The second tower was deployed ~180 m away 
from the edgy tower (or 215 m from the field edge), measuring the fluxes near the middle of the 
field. This second tower is denoted as the bouncer tower. The third tower was the anchor tower, 
measuring the fluxes across the field given its large fetch. The anchor tower, hereafter denoted as 
the main tower (US-Bi1, Rey-Sanchez et al., 2022), was ~260 m downwind of the bouncer tower 
(or 475 m from the field edge). Together, the triple tower transect was established along the  
mean wind direction at ~292 deg. This setup allowed us to collect not only the horizontal 
advective fluxes, but also the vertical heat flux divergence. In this setup, we directly measured 
sensible and latent heat fluxes at 3.96 m. To estimate the sensible heat flux (H) at other heights, 
we used the variance-Bowen ratio approach following Wang et al. (2023). A detailed description 
of the sensor arrays used in this study can be found in Table 2. 2.  

Compared to the experiment in 2022, only one additional tower, the bouncer tower, was 
deployed in the upwind in 2021 to measure fluxes near the middle of the field. This tower was in 
the same location as the bouncer tower in 2022. In contrast to the 2022 study, there were several 
differences in the 2021 deployment:  

1. At both levels of the bouncer tower (2.42 m and 3.96 m) and the lower level of the main 
tower (2.42 m) in 2021, we used the variance-Bowen ratio approach to solve for H. 

2. There was no water flux measurement made at the bouncer tower in 2021. The latent heat 
flux was indirectly resolved through the energy balance residual as needed.  
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3. No measurements were made at 6 m height at the main tower in 2021.  
4. The bouncer tower had no net radiometer and soil sensors in 2021.  

The sensors used in the 2021 experiment have been marked with (⤉) in Table 2. 2.  

Table 2. 2. Sensors used in the 2022 data collection as well as their location and 
corresponding data. The symbol (⤉) indicates sensors used in both 2021 and 2022.  

Measurement Instrument 
Sampling regime, height (+), or depth (-) 

Main tower Bouncer tower Edgy tower 

Turbulence  WindMaster 
1590  

20Hz, +3.96 m ⤉ 20Hz, +3.96 m ⤉ 20Hz, +3.96 m 

20Hz, +2.42 m ⤉ 20Hz, +2.42 m ⤉ 20Hz, +2.42 m 

20Hz, +6.00 m  

H2O/CO2 LI-7500  20Hz, +3.96 m ⤉ 20Hz, +3.96 m 20Hz, +3.96 m 

Temperature 
and humidity 

HMP155A or 
HygroVue 

20Hz, +3.96 m ⤉ 20Hz, +3.96 m ⤉ 20Hz, +3.96 m 

20Hz, +2.42 m ⤉ 20Hz, +2.42 m ⤉ 20Hz, +2.42 m 

20Hz, +6.00 m  

Net radiation NR01 or  
NR-LITE 0.1Hz, +2.70 m 0.1Hz, +3.34 m 0.1Hz, +3.34 m 

Soil heat flux  HFP01 or 
Peltiers 0.1Hz, -0.02 m 0.1Hz, -0.10 m 0.1Hz, -0.10 m 

Soil moisture CS 655 or 
ML3  0.1Hz, -0.02 m 0.1Hz, -0.10 m 0.1Hz, -0.10 m 

Soil 
temperature 

Type T 
Thermocouple 0.1Hz, -0.02 m 0.1Hz, -0.10 m 0.1Hz, -0.10 m 

2.2.3. Data processing 
Measuring advection presents theoretical difficulties as well as technical challenges. 
Additionally, measuring and sensing small differences vertically and horizontally across a 
distance can be challenging. As a result, we conducted a sensor intercomparison before or after 
each field campaign to inspect and minimize the potential errors that could occur during the data 
collection period (Appendix H). For both years, a linear regression model was used to assess the 
performance of sonic anemometers and temperature/relative humidity sensors compared to a 
reference sensor. For 2021, the mean statistics were computed for mean horizontal wind 
(slope=0.99; r2>0.99), air temperature (slope=0.99; r2>0.99), and relative humidity (slope=1.00; 
r2>0.99). For 2022, mean horizontal wind (slope=0.99; r2≥0.99), air temperature (slope=0.99; 
r2≥0.99), and relative humidity (slope=1.00; r2>0.99). Additional assessment on sonic kinematic 
heat flux and standard deviation of vertical wind speed was also conducted and more detail can 
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be found in Appendix H. Prior to calculating the vertical heat flux divergence and based on the 
intercomparison results, we used the sonic anemometer at the 3.96 m height as the reference 
sensor and assessed sonic kinematic heat flux measured at 2.42 m and/or 6.00 m. Since vertical 
heat flux divergence was used to assess the advective balance shown in Eq. 3a, we calibrated 
these kinematic heat fluxes accordingly to account for the deviations (Appendix H). 

Routine data QA/QC was conducted on eddy covariance measurements used in this study, 
including: 1) despiking algorithm to filter spikes in sonic anemometer data; 2) 2D coordinate 
rotation to minimize tilt error and force mean vertical velocity to zero (Kaimal and Finnigan, 
1994); 3) forced time-lag to account for physical separation between the sonic anemometer and 
gas analyzer; and 4) spectral analysis and correction to account for high-frequency loss. 
Additionally, storage-corrected soil heat flux and photosynthetic energy storage were computed 
(Meyers and Hollinger, 2004; Wang et al., 2023). For profile points below and above the main 
measurement height (3.96 m), we used the variance-Bowen ratio technique, which samples the 
Bowen ratio with the standard deviation of air temperature and specific humidity, to compute 
sensible heat fluxes at those levels (Suppl. 2). For detailed description of data processing, soil 
heat storage correction, and the application of the variance-Bowen ratio technique, please see 
Sect. 2 in Wang et al. (2023). Lastly, we followed Pennypacker and Baldocchi (2016) to compute 
the aerodynamic canopy height. Canopy heights used in this study can be found in Figure B1.  

2.2.4. Horizontal advection terms 
The two-dimensional conservation budget, with Reynolds decomposition and averaging, can be 
expressed with local storage (term I), horizontal scalar advection (term II), vertical scalar 
advection (term III), horizontal flux divergence (term IV), and vertical flux divergence (term V): 

SM(x, y, z, t) =
∂cM
∂t + uM

∂cM
∂x + wR

∂cM
∂z +

∂u4c4MMMMM
∂x +

∂w4c4MMMMMM
∂z  Eq.1 

                                                   I          II         III        IV          V             
where SM is the source/sink rate, cM is the mean scalar concentration, uM and wR	 is the horizontal, 
vertical wind speed, respectively. Overbars denote the half-hourly averaging, and primes denote 
fluctuations from the average. Assuming the storage (term I), vertical advection (term III), as 
well as the horizontal flux divergence (term IV) to be negligible, the turbulence budgets for 
sensible heat flux (H) and latent heat flux (λE) can be expressed with term II and V: 

H = S ρ ∙ C7 ∙ uM ∙
∂TR
∂x

=>

?
	dz	 + S ρ ∙ C7 ∙

∂w4T′MMMMMM

∂z

=>

?
	dz Eq. 2a 

λE = S ρ ∙ λ ∙ uM ∙
∂qM
∂x

=>

?
	dz + S ρ ∙ λ ∙

∂w4q′MMMMMM

∂z

=>

?
	dz Eq. 2b 

where ρ (kg m−3) is the density of air, Cp (J kg−1 K−1) is the specific heat capacity of air, λ (J 
kg−1) is the latent heat of vaporization, T is the air temperature (K), and q is the specific humidity 
(kg kg-1). To represent the profile depth, a logarithmic wind profile was used for integration. 
Specifically, we determined the zero-plane displacement height (0.67 x canopy height) and 
roughness length (0.15 x canopy height) using the aerodynamic canopy height (Stull, 1988; Arya, 
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2001; Pennypacker and Baldocchi, 2016). To calculate the horizontal scalar gradient (i.e., in T 
and q), we followed the approach in Kochendorfer and Paw U (2011) and fitted half-hourly 
measurements on a pre-defined curve with all the towers. One distinction is that we used the 
same power function (y=axb+c) in their study for q gradient, however, for T gradient, the curve 
fitted better over a 2nd degree polynomial function (y=ax2+bx+c). Nevertheless, these functions 
were then evaluated with the distance downwind from the field edge (e.g. 475 m for the main 
tower) to obtain ∂TR/ ∂x and ∂qM/ ∂x. Lastly, data were excluded when the wind directions came 
from more than 20° (+/- 10°) of the predominant wind direction of 292°. 

Under the same assumption for Eq. 1, if the horizontal and turbulent flows are steady (i.e. 
constant source/sink), Eq. 2a and 2b can be rearranged so that the advective flux of heat and 
moisture is balanced by the turbulent flux divergence as shown in Eq. 3a and 3b (Finnigan, 1999; 
Baldocchi et al., 2000): 

This balance allows one to estimate the horizontal advection using vertical flux divergence, and 
we assessed this advective balance for heat flux. To obtain the vertical heat flux divergence from 
measurement height to the canopy, we first used the existing measurements at 2.42m to derive H 
using the variance-Bowen ratio technique. Then, we linearly extrapolate the H to the 
aerodynamic canopy height (Zveg). Note that for this derivation, we calibrated the kinematic heat 
flux at 2.42m to the one at 3.96m based on the intercomparison (Appendix H). With the linear 
assumption of the flux divergence, similar to Higgins et al. (2013), we used Eq. 3a and estimated 
the total heat advection with vertical heat flux divergence in Eq. 4: 

2.3. Results and discussion 
2.3.1. Spectral analysis 
At our site, the surface characteristics changed throughout the study period due to different on-
farm practices (Figure 2.  2). The dynamic nature of vegetation height (Figure B1) and varying, 
local and non-local, field conditions (Figure 2.  2 and Table 2. 1.) necessitate an inspection of 
covariances of heat and moisture fluxes. Specifically, the measured variances or covariances is 
the integral of power spectral density or co-spectral density, respectively. By using Fourier 
transform, the power- and co-spectral densities can be decomposed and described as a function 
of the contributing frequencies. This entails that the flux contribution of the measured fluxes can 
be inspected with its corresponding eddy sizes. As a result, we computed the mean spectral and 
co-spectral densities via spectral analysis and assessed the measured energy fluxes (Wolf and 
Laca, 2007). In Figure 2.  5, we normalized the cospectra of scalars by their total covariance (i.e., 
nSwT(f)/w’T’ and nSwQ(f)/w’q’). This is plotted against a dimensionless frequency (f), where 

uM
∂TR
∂x = 	−

∂w4T′MMMMMM

∂z 	 Eq. 3a 

uM
∂qM
∂x = 	−

∂w4q′MMMMMM

∂z  Eq. 3b 

Σheat	advection ≈ −S ρ ∙ C7 ∙
∂w4T′MMMMMM

∂z

=&

='()
	dz ≈ −ρ ∙ C7 ∙ (w4T4MMMMMM|=& −w4T4MMMMMM|='()) Eq. 4 
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natural frequency (n) is multiplied by the height above the zero-displacement height (z-d) and 
normalized by the horizontal wind speed as, f=n(z-d)/u.  

 
Figure 2.  5. Normalized co-spectra of vertical velocity with temperature, T (left) and 
moisture, Q (right) at the main tower for Case 1 (orange), Case 2 (purple), Case 3 (red), 
Case 4 (blue) and Case 5 (green) in semi-log scale prior to spectral correction. For each 
case, the half-hourly data are averaged over the case duration between 1000 to 1800 hours. 

The cospectra of vertical velocity with temperature (Figure 2.  5 left) and with moisture (Figure 
2.  5 right) exhibited different behaviors over the five cases. A summary of the spectral peak and 
the associated eddy size for each case can be found in Table 2. 3. For both cospectra, mid-sized 
eddies dominated the contributions of heat and water fluxes for Case 1 and 2, while large-sized 
eddies were responsible of the higher contributions of heat and water fluxes for Case 4 and 5. For 
Case 3, a mix of large to mid-sized eddies resulted in a higher contribution of heat and water 
fluxes at low to mid frequencies. A detailed discussion linking the cospectral behavior and 
energy fluxes for each case is provided in Sect. 3.2. 

Both cospectra of heat and water fluxes were also assessed against the idealized Kaimal 
cospectra of heat (Figure C1). Compared to the cospectra of heat flux, there was large spectral 
loss for the spectra of water flux, especially in the inertial subrange. This high frequency 
attenuation was corrected by using a transfer function, and it was applied to both heat and water 
fluxes (Alfieri et al., 2012; Baldocchi et al., 2016, 1981; Prueger et al., 1996; Rao et al., 1974; 
Rosenberg, 1969; Rosenberg and Verma, 1978; Wang et al., 2021). To clarify, since the ideal 
spectra for water flux is not well established, we used the ideal cospectra of heat flux to apply the 
spectral correction. 

Table 2. 3. Non-dimensional frequency of spectral peak and the associated eddy size for 
cospectra of heat and water fluxes shown in Figure 2.  5.  

Case  
Cospectra of heat flux Cospectra of water flux 

Peak frequency Eddy size Peak frequency Eddy size 

1 0.11 to 0.4  Mid 0.11 to 0.4  Mid 
2  0.11 to 0.4  Mid 0.11 to 0.4  Mid 
3  0.045 to 0.2 Large to mid 0.09 to 0.4  Large to mid 
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4  0.05  Large 0.06  Large 
5  0.04  Large 0.04  Large 

2.3.2. Energy and advective fluxes  

2.3.2.1. Heat extraction from the atmosphere and enhanced λE 
In Case 1 (semi-homogeneous condition, Table 2. 1.), there was a distinct transition from upwind 
corn fields (cool) to direct upwind fields (warm) to the alfalfa site (cool). Although the NDVI of 
0.59 for the direct upwind fields was not too low, Landsat 8 land surface temperature (LST) 
showed that these fields were ~5-10 °C warmer, indicating the drier and warmer upwind 
conditions (Figure 2.  2a). Interestingly, these small dry/warm upwind patches still resulted in 
enhancement in latent heat flux (λE), which exceeded the net available energy after 13:00. This 
enhancement likely took place when the sensible heat flux (H) started to direct progressively 
downward (i.e., towards negative) at 11:00. Throughout the diel cycle, the heat advection (Uᐧ∇T) 
increased gradually, and it reached the maximum of ~60 W m-2 at 14:30 (Figure 2.  6A). But 
what caused the large enhancement in λE under this semi-homogeneous condition? The small 
dry/warm upwind patches may have produced larger convective eddies to be advected downwind 
to our field, where relatively large eddies in the mid-frequency resulted in high contribution of 
heat and water fluxes at this location (Figure 2.  5 orange line & Table 2. 3.). In addition, 
temperature profile (Figure D1) showed the presence of an internal boundary layer where air 
temperature was higher due to heat advection while the aerodynamic temperature was lower due 
to evaporative cooling, further explaining the persistently negative H and enhanced λE (Figure 2.  
6A). 
In Case 2 (hot/dry to very cool/wet transition, Table 2. 1.), we examined the classic oasis-like 
system. With a large patch of hot and dry fields in the further upwind region (Figure 2.  2b), H 
was consistently small and directed downward (i.e., negative) after 11:30 due to the development 
of the internal boundary layer (Figure D1) from Uᐧ∇T. Subsequently, λE was enhanced and 
exceeded the net available energy after 13:30 (Figure 2.  6B). By combining remote sensing 
observations (Figure 2.  2b) with spectral analysis (Table 2. 3.), the further upwind bare fields 
likely produced relatively larger eddies via convection, and these eddies were then advected 
downwind and warmed the downwind atmosphere. As a result, the evaporating surface extracted 
H from the warmer and drier atmosphere above, resulting in an enhanced λE. 
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A. Case 1      B. Case 2 

      
C. Case 3      D. Case 4 

      
E. Case 5 

 
Figure 2.  6. Diel mean of the net available energy, AE (black); sensible heat flux, H (red); 
latent heat flux, λE (blue); horizontal heat advection, Uᐧ∇T, (pink); horizontal moisture 
advection, Uᐧ∇Q (green); and vertical heat flux divergence ∇ᐧF. (orange). 

 
Compared to Case 2 in 2021, Case 3 (hot/dry to cool/wet transition, Table 2. 1.) had a similar 
condition, where the site NDVI in this case (0.56) was lower than the one in Case 2 (0.90). The 
magnitude of H was small (max ~60 W m-2 at 11:00), and it declined and became negative (i.e., 
downward) starting from 14:30. λE was already enhanced as H started to decline after 11:00, and 
the enhancement exceeded the net available energy when H became negative at 15:00 (Figure 2.  
6C). As shown with the thermal remote sensing image (Figure 2.  2c) and spectral analysis (Table 
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2. 3.), processes from larger eddy structures were present, and we examined the effect of these 
large eddies in the following section (Sect. 3.2.2). Cases 4 and 5 are also discussed in Sec 3.2.2 
below. 

From semi-homogeneous to classic oasis (Case 1-3), our results are consistent with previous 
studies that horizontal heat advection can enhance λE via the heat extraction from the 
atmosphere above (Rosenberg, 1969; Rao et al., 1974; Rosenberg and Verma, 1978; Baldocchi et 
al., 1981; Prueger et al., 1996; Alfieri et al., 2012; Baldocchi et al., 2016; Wang et al., 2021). We 
found that large to mid-sized eddies, advected from the upwind region, allowed the heat 
extraction by creating the warmer atmosphere aloft the cool surface. In particular, there was a 
positive feedback at play. As the day progressed, λE became progressively higher (i.e., surface 
became progressively cooler). Eventually, the surface was cooler while the atmosphere was 
warmer due to the heat advection from the larger eddies (Table 2. 3. and Figure D1). At this 
point, the surface extracted H from the atmosphere above, providing additional energy to 
enhance λE in addition to the net radiation. This process did not stop until sunset, when the net 
available energy became null (Figure 2.  6A, B, & C).  

2.3.2.2. Spatial heterogeneity and large eddies  
In the Theory of Forms, Plato spoke of the world in physical and non-physical forms, but words 
of philosophy are difficult to grasp. Lady Gaga always encourages one to feel the depth of life, 
be proud, and shine in their own way. Similarly, surface energy balance is a complex system that 
suffers from the constraints of binary opposition should we consider a process to be one or the 
other. Compared to Cases 1 and 2 in 2021, Cases 3-5 in 2022 had more erratic see-saw pattern in 
λE despite the overall smooth net radiation (Figure 2.  6). Given the complexity of our site, we 
have to consider other processes that operate at a greater spatial scale. Following Li and Bou-
Zeid (2011) and (Zermeño-Gonzalez and Hipps, 1997), the correlation coefficient of the 
momentum flux (Ruw) was computed across the three measured heights at the main tower. These 
Ruw at different levels suggested the presence of the large eddies, which correspond to the erratic 
pattern seen in λE (Figure E1).  

As discussed in the previous section, in Case 3 the alfalfa field extracted H from the warmer 
atmosphere above and enhanced λE (Figure 2.  6C). The temperature profile (Figure D1) showed 
that the surface was cooler than the atmosphere, especially from 1430 to 1900 hours, allowing 
heat extraction due to the growing internal boundary layer. At the same time, larger eddies likely 
exacerbated the heat extraction by bringing more warm air downward. The higher contributions 
of heat and water fluxes at the low frequencies (Figure 2.  5 red line & Table 2. 3.) suggested the 
effect of these large eddies. Power spectra of temperature and specific humidity also peaked at 
low frequency, further supporting the non-local effect of remote sources from the upwind regions 
(Figure 2.  7). Specifically, the hot and dry fields in the further upwind (Figure 2.  2c) produced 
large convective eddies that were advected downwind to our alfalfa field. These eddies might 
have also carried some moisture from both direct upwind fields and within the alfalfa field, 
yielding the higher moisture contribution at the low frequency range (Figure 2.  7). The presence 
of the non-local large convective eddies was also supported by the higher Ruw (i.e., Ruw < -0.25), 
especially at the higher measurement height of 6.00 m (Figure E1). Subsequently, the transport 
of these convective eddies created the temperature inversion from 1430 to 1900 hours (Figure 
D1). As a result, the downdraft of these large warm eddies likely penetrated the IBL, allowing 
more heat to be extracted and to reach the surface. Together, the temperature inversion, created 
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by the ongoing evaporative cooling and the large eddies, further explained the downward H and 
enhanced λE. 

 
Figure 2.  7. Power spectra of air temperature, T, (left) and specific humidity, Q, (right) 
normalized by the variance of air temperature and specific humidity, respectively. For each 
case, the half-hourly data are averaged over the case duration between 1000 to 1800 hours. 
In power spectra of T, low frequency spectral peaks are at ~0.002 (case 3) and ~0.03 (case 
4 & 5). In power spectra of Q, low frequency spectral peaks are at ~0.008 (case 3 & 4) and 
~0.003 (case 5).   

In a mixed heterogeneity (Table 2. 1., Case 4), despite the lower NDVI in this period, H still 
became negative after 16:00 (Figure 2.  6D). While the temperature profile only explained the 
negative H after 17:00, it is noticeable that the profile had already started shifting from 1500 to 
1630 hours (Figure D1). This might be due to the ongoing surface cooling from advection as λE 
had already exceeded the net available energy ~15:00, which explained the delay of sign 
changing for H. The cospectra of heat and water fluxes (Figure 2.  5 blue line) showed higher 
contributions at the low frequencies, indicating that larger eddies were responsible for the scalar 
transport as a result of the alternating patches of the hot/dry and cool/wet upwind fields. This 
large-scale process is further supported by low frequency contributions in the power spectra of 
air temperature and specific humidity (Figure 2.  7). As a result, these larger eddies may have 
resulted in the modification in the surface energy balance (Figure 2.  6D). 

For a cool/wet to hot/dry transition (Table 2. 1., Case 5), the further upwind corn fields have 
reached peak growing season, providing additional moisture to be advected to the dry alfalfa site 
with low canopy density (NDVI=0.29). During the day, the warmer surface from 0900 to 1630 
hours explained the positive H (Figure D1). However, the averaged Bowen ratio throughout the 
day was low (~0.68). Why would a hot and dry site still have a moderate amount of λE shown in 
Figure 2.  6E? From spectral analysis, higher contributions of heat and water fluxes at low 
frequencies indicated the transport of heat and moisture via large eddies (Figure 2.  5 & 7 green 
line). Interestingly, the power spectra of moisture peaked at an extremely low frequency (f = 
~0.003) before cascading. The large eddies, produced through convection from the bare 
rectangular field (Figure 2.  2e), likely advected not only heat into our field, but also moisture-
packed air parcels from further upwind irrigating and evaporating surfaces. Since these larger 
eddies are independent of the local internal boundary layer, they caused updrafts that allowed the 
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cool and moist air to be transferred near the surface (Butterworth et al., 2021). These 
combinations resulted in the higher and non-local λE observed in this case.  

Despite the site characteristics, our results showed that larger eddies modified the surface energy 
balance and enhanced λE in all examined cases. Driven by the horizontal advection due to spatial 
heterogeneity of land surface conditions, the larger eddies transported additional heat and/or 
moisture from upwind regions. In cases with actively growing alfalfa (Case 1-4), the cool 
evaporating surface developed an IBL. Meanwhile the warmer air aloft, due to larger and drier 
eddies advected from the upwind, resulted in an extraction of H and enhance λE. In the case of a 
drier field, the non-local large eddies carried a substantial amount of moisture and some heat into 
the system, resulting in the higher-than-expected λE as observed in Case 5. Given the existence 
of the larger eddies, one aspect that requires further investigation is whether there was some non-
zero vertical velocity at these times too. This is important as the potential vertical advection 
could also play a role in modifying the turbulent budget and subsequently, the surface energy 
balance. Lastly, even with explicit measurements like ours, there may be unaccounted energy  
and scalar fluxes (e.g. mesoscale processes or shift in wind direction). To better understand the 
system and boundary conditions explicitly, large eddy simulations would be beneficial to assess 
the study domain and minimal measurement points (Chu et al., 2021). 

2.3.3. Does advection balance the vertical variation of heat flux? 

 

Figure 2.  8. Advective balance in 2021 and 2022. The advective balance (blue) is the sum 
of the horizontal heat advection (pink, Uᐧ∇T) and vertical heat flux divergence (orange, ∇ᐧF) 
from canopy height to 3.96 m. 

If we understand the surface energy balance better through the lens of advection, why not deploy 
more long-term horizontal measurements? This is certainly important, but as shown in Figure 2.  
1 & 3, advection is as much of a scientific knowledge gap as a methodological challenge. 
Transect setup commonly requires the measurement of advective fluxes to be coming from a 
certain range of the wind direction, hence neglecting some advective fluxes that may be 
important. Following Eq. 3, we tested the idea of estimating advective fluxes with vertical flux 
divergence with a specific focus on the sensible heat budget (Eq. 3a) at the main tower. By 
comparing the balance between horizontal heat advection and vertical heat flux divergence, the 
diel advective balance was 18.8 W m-2 averaged over Case 1-2 and -1.77 W m-2 averaged over 
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Case 3-5 (Figure 2.  8). This seemingly perfect result is inconclusive. Specifically, despite the 
small differences in average, the half-hourly differences between the two components were large 
(Figure 2.  8 blue lines). Aside from the errors associated with how we computed the vertical  
flux divergence (e.g., linear extrapolation to canopy), it is also important to consider the 
assumptions we made during the analysis. For instance, our measurement height at 3.96 m could 
have been considerably smaller than the horizontal scale, potentially leading to a negligible 
horizontal flux divergence compared to its vertical counterpart (Finnigan, 1999). However, 
spectral analysis and thermal remote sensing observations indicated the presence of the large 
eddies, suggesting that vertical advection may not be negligible. Nonetheless, the findings from 
our study offer valuable insights for future implementations. To address the challenges  
associated with the vertical flux divergence computation, it might be beneficial to conduct an 
idealized assessment using different profiles above and below the canopy. Furthermore, large 
eddy simulation may be required to investigate the non-local effects.  

2.3.4. Does λE evolve spatially under advection? 
Up to this point, we have evaluated the fluxes at the main tower based on our transect 
measurements. In reality, energy and scalar fluxes are measured to represent the source/sink 
within a region of interest, usually less than several kilometers (Brunsell et al., 2011). However, 
what the flux towers “see” are not independent of the upwind area, and the upwind conditions 
can profoundly impact the local processes, especially for heterogeneous landscapes. On one 
hand, the processes sourced from heterogeneity can affect boundary layer dynamics and energy 
partitioning (McNaughton and Spriggs, 1986). Yet, it is challenging to quantify the effects with 
transect measurements. To address this, we used high-resolution satellite observations (e.g., 
thermal infrared) and combined them with latent heat fluxes measured at all three towers to gain 
a better understanding at a larger spatial scale, without sacrificing resolution at the temporal 
scale. 

2.3.4.1. Wet to dry transition (Case 5) 

In the cool/wet to hot/dry scenario (Table 2. 1., Case 5), ECOSTRESS LST showed a gradient 
alternating from cool/wet to hot/dry to cool/wet and then to the hot/dry alfalfa field (Figure 2.  
9A). Previous advection field studies suggested that λE would undergo small or invariant 
changes with increasing downwind distance (McAneney et al., 1994; Baldocchi and Rao 1995; 
Zermeño-Gonzalez and Hipps, 1997). These findings validated the feedback interaction between 
atmospheric demand and stomatal regulations, which govern the invariant λE downwind. In 
Figure 2.  9A, our results showed that the λE was the highest near the field edge and decreased as 
the downwind distance increased. This finding contradicted findings in Baldocchi and Rao 
(1995) and Zermeño-Gonzalez and Hipps (1997), which reported an increasing λE near the field 
edge and an invariant λE with increasing downwind distance. There are two possible reasons for 
the different findings. First, at the surface discontinuity, the horizontal advective fluxes interacted 
with the surface, allowing the development of an internal boundary layer (Gash, 1986). As a 
result, fluxes at the edgy tower adjusted rapidly to the new equilibrium, hence, a higher λE. For 
the bouncer location, the advective processes were likely more blended with the underlying 
surface, resulting in a more uniform boundary layer condition. However, it is also possible that 
our “local” measurement near the field edge measured flux contributions from the upwind region 
(Baldocchi et al., 2022). This is confirmed by the averaged flux footprint at the edgy tower on 
this day, where the tower captured λE from the direct upwind field (Figure F1). Although the λE 
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was still decreasing from the bouncer to the main tower, the change was small (~6%), agreeing 
with findings from Baldocchi and Rao (1995) and Zermeño-Gonzalez and Hipps (1997). In this 
period, there were small and moderate, but consistent, Uᐧ∇T and Uᐧ∇Q, respectively. Our results 
were consistent with the field studies that the stomatal regulation is not constant with increasing 
downwind distance (Zermeño-Gonzalez and Hipps, 1997). Specifically, in Figure 2.  9A, the 
surface conductance decreased with increasing downwind distance, and it remained nearly 
constant from bouncer to main tower. Note that although the higher LST may indicate the field as 
bare and dry (Figure 2.  9A left), there was sparse alfalfa growing at this time. Given the higher 
RNET at the main tower and an increasing H across towers, the alfalfa likely closed their 
stomates (i.e., lower surface conductance) and turned excess energy into H rather than into λE 
(Figure 2.  9A right). Omega factor in Figure G1 further confirmed this as both downwind towers 
showed stronger coupling strength, indicating the strong underlying stomatal regulation.  

2.3.4.2. Mixed heterogeneity (Case 4) 
Under a mixture of heterogeneity (Case 4) with different upwind conditions, ECOSTRESS LST 
showed a spatial gradient from upwind fields to the alfalfa field. Noticeably, the alfalfa field also 
exhibited noticeable intra-field variability in LST (Figure 2.  9B). Compared to the previous case, 
the overall λE trend in case 4 was still decreasing, except there was a small increase from 
bouncer to the main tower (~6%). Additionally, the magnitude of λE was higher due to the  
higher canopy density in this period. Similar to the previous case, the high λE near the field edge 
was due to the effect of flux footprint (Figure F1) as well as the adjustment to the boundary layer 
conditions. The RNET at the main tower was still the highest, ~5% higher than RNET at the 
bouncer tower. At the same time, there was an inverse pattern with H and λE across towers. As 
shown with the omega factor, the lower or suppressed λE at the bouncer tower was likely due to 
a more humidified atmosphere from Uᐧ∇Q, while the higher or enhanced λE at the main tower 
was more affected by the additional energy from the large eddies (Figure F1). Our finding of this 
downwind λE variation agrees with processes from McAneney et al. (1994) that there were two 
competing processes between stomatal regulations and atmospheric conditions. On one hand the 
stomatal opening would infer a higher λE, but on the other hand, the humid atmosphere with less 
demand would suppress λE. Overall, it seems that the stomatal regulation might have dominated 
the processes slightly more, which caused the slightly higher λE at the main tower.  

A. Case 5 

               



 

 
43 

 B. Case 4 

                 
C. Case 3 

           
Figure 2. 9. Land surface temperature (LST) observations and the evolution of energy 
fluxes with respect to horizontal distance (x) for case 5 (A, top row), case 4 (B, middle 
row), and case 3 (C, bottom row). LST data are from ECOSTRESS 2022-07-23 16:55 
(Panel A); ECOSTRESS 2022-06-21 12:16 (Panel B); and Landsat 9 2022-05-19 10:45 
(Panel C). For LST observations, the black box is the field boundary, the black line is the 
primary wind direction, the red star is the main tower, the blue diamond is the bouncer 
tower, and the black triangle is the edgy tower. For the flux evolution, the blue circle 
represents the evolution of λE(x) normalized by RNET(x), the green circle represents the 
evolution of surface conductance (gsfc), the red circle represents the evolution of H(x) 
normalized by RNET(x), and the black circle represents the variation of RNET(x) 
normalized by the RNET at the main tower. The error bars are plotted as one standard 
deviation. Surface conductance is derived by inverting the Penman-Monteith equation. 
Flux evolution is averaged between: (Panel A) 0900 to 1700 hours on 2022-07-23; (Panel 
B) 0800 to 1600 hours on 2022-06-21; and (Panel C) 0800 to 1600 hours on 2022-05-19. 
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2.3.4.3. Oasis effect (Case 3) 
In an oasis-like system (Case 3), LST from Landsat 9 showed a generally decreasing LST 
gradient (Figure 2.  9C). Similar to the previous cases, λE at the edgy tower represented fluxes 
from the direct upwind field (Figure F1). However, λE at the main tower was ~17% higher than 
λE at the bouncer tower, even surpassing λE at the edgy tower. What caused the high λE at the 
further downwind location? During this time, the variation in H was too small to affect the 
varying λE. However, it seemed that λE was suppressed at the bouncer tower. Following 
McAneney et al. (1994), it is possible that the competing process was still at play since both 
Uᐧ∇T and Uᐧ∇Q were present at this time. Specifically, as shown in Figure G1, the bouncer tower 
is moderately decoupled with both stomatal regulation and available energy at play. Given that 
plants can humidify and affect the boundary layer growth (Cui and Chui, 2019), this location 
likely was adjusting to the new boundary layer conditions due to upwind evaporation. As a 
result, λE was suppressed with a humidified atmosphere due to advected moisture from upwind. 
For the main tower, a strong decoupling was observed, indicating that the non-local large eddies 
likely provided additional energy even to the further downwind location. As these large warm 
eddies advected along the mean wind direction into the cooler downwind fields, they penetrated 
the existing IBL, provided additional energy, and enhanced λE. 

From these cases, with the help from thermal remote sensing, we confirmed the underlying 
processes, especially for the potential source of advection and large eddies. Through the 
interactions between advection and surface energy balance, there was a tipping scale between the 
two processes. On one hand, advection modified the atmosphere by adding additional moisture 
or heat to suppress or enhance the λE, respectively. On the other hand, the subsequent effect on 
humidity affected the surface (e.g. stomatal regulation), further affecting the λE. In parallel, 
spatiotemporal heterogeneity can affect the λE through non-local large eddies. However, when 
does one process become dominating or when do the two processes become compensated require 
distinctions in future studies. Specifically, the modification of boundary layer conditions sourced 
from heterogeneity should be further studied in the future. In our cases, we leveraged thermal 
remote sensing observation to visualize the potential source of the advection. However, being 
able to approximate or even pinpoint the effective source of the advective fluxes remains a 
challenge that needs to be tackled.  

2.3.5. The infamous energy balance closure 
From the five cases, we grouped the data by year and assessed the energy balance closure under 
advective conditions. The 2021 group included 13 days of half-hourly data and the 2022 group 
included 23 days of half-hourly data. By applying spectral correction, accounting for soil heat 
storage (Gs) and the photosynthetic energy storage (Sp) the energy balance closure improved by 
15% (2021) and 11% (2022). However, there was still around 10-12% of underestimation in the 
turbulent fluxes (Table 2. 4.).  
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Table 2. 4. Changes in energy balance closure by accounting for various components in 2021 
and 2022. The base case shows the raw data without any corrections. Gs is soil heat storage 
and Sp is photosynthetic energy storage. Each stage builds on the previous stage with a new 
component added. For example, stage 3 includes soil heat storage on top of the base case and 
spectral correction. Note that 2021 only has heat advection while 2022 has both heat and 
moisture advection.  

Stage 
2021 2022 

Linear regression Changes Linear regression Changes 

1. Base case y=0.73x+6.74 
(r2=0.98, n=624) / y=0.79x+13.9 

(r2=0.96, n=1104) / 

2. With 
spectral 
correction 

y=0.83x+10.2 
(r2=0.96, n=624) + 10% y=0.84x+17.8 

(r2=0.95, n=1104) + 5% 

3. With Gs  y=0.85x+6.39 
(r2=0.97, n=624) + 2% y=0.88x+11.2 

(r2=0.96, n=1104) + 4% 

4. With Sp y=0.88x+7.89 
(r2=0.97, n=624) + 3% y=0.90x+12.7 

(r2=0.96, n=1104) + 2% 

5. With 
advection 

y=0.94x+10.4 
(r2=0.97, n=595) + 6% y=1.00x+17.1 

(r2=0.96, n=1072) + 10% 

By including all horizontal advective fluxes when the net radiation is greater than 75 W m-2, the 
closure was further improved, but there were substantial amounts of hysteresis being introduced 
(data not shown). Note that only heat advection was included for 2021, while both heat and 
moisture advection were included for 2022. So, the question is should all measured advective 
fluxes be included? One economic wisdom that may be beneficial to apply to our unique bio-
atmospheric interactions (i.e., transections) is the law of supply and demand. If someone missed 
buying a Lady Gaga concert ticket, they may be willing to pay more. However, this comes with 
conditionality as many have to consider incomes and other factors, triggering the law of 
diminishing returns. An ecosystem behaves similarly to a competitive market, where the energy 
supplied is also demanded commensurately. As the net available energy (net radiation minus 
ground heat flux) and additional energy (advection) increase, the demand from the atmosphere 
increases and the biosphere supplies in the form of turbulent fluxes. But the biosphere can only 
respond to a certain degree before it diminishes to prevent system failure. One response to the 
additional energy is to keep up by continuing the stomatal conductance (i.e., higher λE). The 
other response is to reduce stomatal conductance (i.e., lower λE) and turn the excess energy into 
sensible heat. The precise balance and timing of this trade-off remains unknown, and further 
research on how plants respond under different advective conditions has yet to gain momentum.  

In our cases (Figure 2.  6), the system response might have already been reached when λE 
exceeded the net available energy. In other words, the biosphere stopped giving unwillingly 
despite the large amount of advective fluxes being supplemented simultaneously. With respect to 
the supply and demand relationship, instead of incorporating all the advective fluxes, we only 
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included them when: 1) the net radiation is greater than 75 W m-2 and 2) the sum of spectrally 
corrected H and λE were less than the net available energy. The inclusion of heat advection 
improved the energy balance closure by 6% (2021) while the inclusion of heat and moisture 
advection improved the energy balance closure by 10% (2022). Specifically, the inclusion of 
advective fluxes did not introduce much hysteresis or modify the general pattern of the 
regression while still improving the closure (Figure 2.  10). As shown here, advective fluxes 
played a key role in improving the energy balance closure. However, the improvement of closure 
was also achieved through other considerations, including spectral correction and accounting for 
Gs and Sp (Table 2. 4.).  

 
Figure 2.  10. Energy balance closure with spectral correction, soil heat (Gs), 
photosynthetic energy storage (Sp), and advective fluxes of heat and/or moisture (Uᐧ∇T and 
Uᐧ∇Q) for 2021 (A) and 2022 (B). The geometric mean regressions are y = 0.96x+8.35 
(2021) and y = 1.03x+13.68 (2022). 

2.3.5.1. A prelude for future energy balance problem solution 
So, are we finally solving this energy balance problem after decades? Not quite, but we are 
getting closer. Complex and varying biometeorological controls across ecosystems can 
contribute to the lack of energy balance closure (Hulley et al., 2017). In reality, there is no silver 
bullet for achieving the energy balance closure. Each site is unique and requires a specific 
tailoring for addressing the energy imbalance (e.g. spectral filtering, non-local transport, complex 
terrain, etc). For our site, advection of heat and moisture certainly played an important role. But 
as late Dr. Leuning had emphasized the importance of ‘know thy site’, and slowly but surely, we 
started to understand that the seemingly small or negligible effects (e.g. Gs and Sp) are just as 
detrimental and can cumulatively lead to energy imbalance (Table 2. 4.). Researchers should also 
‘know thy instruments’ as each may have different corrections and one must be mindful of 
certain corrections a sensor needs. For example, modern sonic anemometers, such as the ones in 
this study, commonly include crosswind correction while older generations do not.  

It is important to note that although advection is shown to be a large source of energy flux at our 
site, it may not be as important for other sites. Given the increased access to high-resolution 
satellite remote sensing observations from multispectral (e.g. Sentinel-2 and Landsat) to thermal 
infrared (ECOSTRESS and Landsat), one should take advantage of what spatial coverage could 
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offer to disentangle the site-specific elements that may lead to the energy imbalance sourced 
from complex terrain and spatiotemporal heterogeneity (Hulley et al., 2017). Furthermore, 
measurements of net radiation and ground heat flux should be scrutinized, especially given the 
visible intra-field heterogeneity shown in Figure 2.  9. As eddy covariance “sees” fluxes within 
an extended region (i.e., flux footprint), consideration must be taken in terms of how 
representative are the measurements from the net radiometer and ground heat flux sensors placed 
by the tower. A gold standard measurement like eddy covariance still embodies flaws (e.g. 
spectral loss), however, we acknowledge that the spectral model (Kaimal et al., 1972) used here 
may not be perfect given the unique field configuration with varying atmospheric stability and 
field-to-field interactions. New spectral correction models such as (Gu et al., 2007) may provide 
valuable insights to account for signal attenuation in eddy covariance measurements. Lastly, 
biomass heat storage should also be considered, especially for tall and woody canopy (Gu et al., 
2007).  

2. 4. Conclusion 
In this chapter, we investigated the role of spatiotemporal heterogeneity in surface energy 
balance using eddy covariance measurements. Specifically, differences in on-farm management 
have potential in modifying local boundary layer conditions due to horizontal scalar gradients 
(e.g., air temperature and water vapor concentration). To address this, we examined the effect of 
horizontal heat and moisture advection on surface energy balance at an alfalfa site over five 
study periods.  

Despite the large fetch at this site, spatiotemporal heterogeneity induced advection and enhanced 
λE. By integrating spectral analysis with thermal remote sensing observations, we found the 
enhancement of λE was a product of both local and non-local effects. An internal boundary layer 
was developed locally due to a cooler surface from evaporative cooling and a warmer 
atmosphere aloft from advection. As a result of this the temperature inversion, heat extraction 
from aloft enhanced λE. Independently, upwind bare surfaces generated large eddies from 
convection that penetrated the internal boundary layer, intensified the heat extraction, and further 
enhanced λE. In our case, neither advection nor the small components should be assumed 
negligible. Energy balance closure was greatly improved by including the advective fluxes in 
addition to photosynthetic energy storage, soil heat storage, and spectral loss. Our results provide 
validations for remote sensing evapotranspiration models by incorporating assumed negligible 
components (i.e., storage terms) instead of preserving conservation with the traditional Bowen-
ratio forced closure. Lastly, with a better understanding of advection and its complications, we 
provide insights for a new algorithm, which can help improve these remote sensing models that 
commonly treat pixels as an isolated columns rather than also considering the non-negligible 
effects of the lateral transport of heat and moisture.  

  



 

 
48 

Chapter 3 - Water scarcity in semi-arid California compromises perennial alfalfa’s high 
yield and carbon sink potential3 

Abstract 

Alfalfa (Medicago sativa L.) a C3 and nitrogen fixing crop, offers high crop yield and carbon 

sink potential due to its perennial nature. As a prolific water user, its ability to thrive in warmer 

climates, such as semi-arid regions like California, is further enhanced with ample solar energy 

and irrigation. However, escalating challenges posed by water scarcity cast a shadow over 

alfalfa’s ability to consistently provide high yields and serve as a robust carbon sink. In this 

study, long-term eddy covariance measurement, spanning from 2017 to 2023, was used to 

investigate the interannual energy, water, and carbon dynamics across various environmental 

conditions at an irrigated alfalfa site in California. Over 7 years, the average net ecosystem 

exchange was -544 g C m-2 y-1 accompanied by an average evaporation of 861 mm y-1. In 2022, 

the net ecosystem exchange (-175 g C m-2 y-1) and evaporation (722 mm y-1) were markedly 

lower than other years. Notably, a significant reduction in photosynthesis occurred in 2022, while 

ecosystem respiration remained comparable across all years. In 2022, the significantly low 

evaporative fraction indicated that water stress during active summer growing seasons led to the 

overall low carbon and water budgets. Due to record low springtime precipitation, irrigation 

curtailment and limited water supply impeded crop growth, and likely also impacted crop yield. 

As the alfalfa continued to grow with a gradually declining biomass density, the insufficient soil 

water availability resulted in a higher crop stomatal closure. As a result, solar energy was used 

for sensible heat transfer rather than evaporation and carbon uptake processes. With depleting 

water resources, the dilemma of whether cultivation of water-demanding alfalfa should continue 

in these dry and drought prone regions (e.g., Imperial Valley, CA) remains largely unexplored.  

 

 

 

________________________________ 
3 This chapter is reprinted, with permission, from the submitted article: Wang, T., Mallick, K., 
Verfaillie, J., Szutu, D., Baldocchi, D. Water scarcity in semi-arid California compromises 
perennial alfalfa’s high yield and carbon sink potential. 
(In review: Agricultural Water Management)  
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3.1. Introduction 

Alfalfa (Medicago sativa L.), a C3 nitrogen-fixing crop, is commonly grown in California 
(Lorenzo et al., 2020). This crop has advantages over other crops as it is perennial (i.e., long 
growing seasons), generating revenue from the multiple cuttings. These advantages are further 
amplified in a warmer climate, where plentiful solar energy and irrigation allow higher crop 
yield. Additionally, alfalfa can serve as a robust carbon sink through plant photosynthesis and 
provide climate change mitigation with its perennial system (Anthony et al., 2023; Ryu et al., 
2019). However, at the heart of alfalfa’s high yield and carbon sink potential lie the cost of water 
resources, which is a scarce commodity in warmer but often drier climates that depend on 
irrigation. So, is it still reasonable to harness alfalfa’s high yield at the cost of greater water 
consumption? The significance of this question becomes particularly heightened in semi-arid 
regions such as California, where alfalfa agriculture has extensive acreage across the state 
(Putnam et al., 2000). The key issue of growing alfalfa is the heavy reliance on water resources, 
a commodity California frequently lacks, to achieve high crop yields under the perennial system.  
 
To meet the growing demand of population and agricultural/dairy productions, more water is 
often used than is available (Famiglietti, 2014). In the past decade, California has experienced 
frequent and long-lasting droughts, leading to large fluctuations in water availability across years 
(Faunt et al., 2016). As a result, significantly lower surface water was available for irrigation 
(Liu et al., 2022). During periods of limited surface water, California farmers turned to 
groundwater to support ongoing irrigation (Scanlon et al., 2012). However, the increasing 
frequency and severity of droughts in California have also increased reliance on groundwater 
(Stewart et al., 2020). Thus, unstainable groundwater pumping has resulted in declining 
groundwater levels across California, leading to land subsidence in areas like the San Joaquin 
Valley (Carlson et al., 2020; Famiglietti, 2014). With less surface water, an increasing 
groundwater reliance, and subsiding land (Famiglietti, 2014), the cost of growing alfalfa in  
desert like environment perhaps ripples. However, the problem of alfalfa cultivations unfolds 
into a more complex matter…  
 
Under future climate, frequent and severe droughts and less water supply are expected (Stewart 
et al., 2020). However, alfalfa is one of the top grown crops in California, supporting the state’s 
ever-expanding dairy industry (Putnam et al., 2007). In 2023 alone, alfalfa (hay and hay/haylage) 
generated over $1.6 billion in production value, and supported over 40 billions lbs. of dairy 
production (USDA/NASS, 2023). Alfalfa’s capability to sequester atmospheric carbon raises the 
question of whether the climate mitigation potential outweighs the great water consumption. To 
answer this, in-situ micrometeorological measurement from eddy covariance can provide direct 
assessment of how alfalfa responds to various environment factors over the long term. In 
particular, this technique offers detailed and continuous measurements over a large sampling 
area, allowing insights on biosphere-atmosphere interactions through exchanges of energy, water 
(i.e., evaporation), and carbon fluxes (i.e., net ecosystem exchange) (Odum, 1969). Specifically, 
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net ecosystem exchange (NEE) comprises gross primary productivity (GPP) and ecosystem 
respiration (Reco), where GPP represents carbon assimilation via plant photosynthesis and the 
Reco represents the autotrophic and heterotrophic respiration from roots, soil, and litter 
(Baldocchi, 2020; Campioli et al., 2016). Such measurement is ideal to assess water use 
efficiency and photosynthetic activity of alfalfa agriculture as eddy covariance can link energy, 
water, and carbon fluxes with a broad range of environmental variables, including light source 
(Medlyn et al., 2011), temperature (Farquhar et al., 1980), precipitation (Weltzin et al., 2003), 
soil water availability (Novick et al., 2016), and plant physiology (Peñuelas and Filella, 2001), 
all of which have shown to affect carbon and water budgets (Baldocchi, 2020). Studies using 
direct eddy covariance measurements have showed the carbon budgets of alfalfa agriculture. 
Gilmanov et al. (2014) analyzed 5-site years of NEE and found that alfalfa was a strong carbon 
sink, sequestering on average around 980 g CO2 m-2 per year. Menefee et al. (2022) showed that 
alfalfa, although a C3 legume crop, had similar net carbon uptake compared to productive C4 
maize crop. The large carbon uptake is not surprising, as long growing seasons allow the 
perennial alfalfa to sequester a comparable amount of carbon with C4 corn, and more carbon 
than other C3 crops.  
 
The carbon sinking potential of alfalfa is evident, but this depends on many conditions to sustain 
a healthy perennial system. Amiro et al. (2017) showed that short-term alfalfa-grass mixture 
resulted in a near neutral carbon uptake, where the decline of carbon uptake rate was attributed to 
the enhanced Reco after harvesting. As a result, large amounts of previously stored carbon in 
alfalfa/grass roots decomposed, yielding a near neutral carbon uptake due to respiration. In a 
rainfed alfalfa site, Wagle et al., (2019a) showed that the amount and timing of the rainfall 
regulated carbon uptake. During winter months, cold temperature and low solar radiation also 
were shown to inhibit carbon uptake rates, resulting in a carbon neutral or a small carbon source 
in the field. Although their results showed large carbon uptake of alfalfa at an annual scale, 
Wagle et al. (2019b) also showed the tight link between forage production and water use 
efficiency. In particular, at seasonal scale, higher forage production was associated with both 
higher carbon uptake and water loss (Wagle et al., 2019b). This underscores the complex and 
intricate relationship with alfalfa forage production, carbon fluxes, and water fluxes.  
 
At the early stage of atmospheric research, Baldocchi et al. (1981a, 1981b) used the flux-gradient 
method to study carbon and water flux dynamics and found that carbon uptake rates were higher 
during active growth. The peak uptake occurred in spring and early summer due to optimal 
environmental conditions, including net radiation, turbulent mixing, and air temperature. On a 
daily scale, the crop’s water use efficiency peaked in the morning and declined sharply by 
midday due to sensible heat advection, indicating the presence of stomatal regulation (Baldocchi 
et al., 1981a, 1981b). As sensible heat advection provided additional energy, evaporation rate for 
the well-watered alfalfa was greatly enhanced (Brakke et al., 1978; Rosenberg, 1969; Wang et 
al., 2023b). Under this advective condition, alfalfa seemed to have higher stomatal opening, 
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enabling evaporative cooling even during hot periods (Baldocchi et al., 1981a, 1981b). However, 
this can only be sustained with ample soil moisture, as one study has also shown that the 
presence of water stress under advective conditions led to higher stomatal closure and a 
suppressed evaporation (Wang et al., 2023a).  
 
Behind alfalfa’s high yield and carbon sink potential is at the apparent cost of water resources to 
sustain the perennial status. To our best knowledge, research regarding how long-term carbon 
and water fluxes vary in agricultural settings remain scarce. In this study, we leveraged long-
term eddy covariance measurement, spanning from 2017 to 2023, at an irrigated alfalfa site in 
semi-arid California. At this natural laboratory, with fluctuating leaf area index due to periodic 
cuttings, extensive micrometeorological measurement enabled a comprehensive view of the 
energy, water, and carbon dynamics across various environmental conditions. This provides 
direct assessment of complications regarding growing water demanding alfalfa in semi-arid and 
drought prone regions. Furthermore, lessons learned here are also relevant for desert areas in the 
Imperial Valley of California, Arizona, and Idaho where much alfalfa is grown.  

3.2. Method 

3.2.1. Study Area  

The study area is located in the Sacramento-San Joaquin River Delta (Lat: 38.0992, Lon: 
−121.4993), where a ~1400 km2 historical wetland has been converted to agricultural land over 
the past 150 years (Atwater et al., 1979; Cloern and Jassby, 2012). At this site, a perennial alfalfa 
crop was grown, with periodic cuttings throughout the year and sheep grazing in the winter 
months (Figure 3. 1). The alfalfa (Medicago sativa, L) is a C3, perennial, nitrogen-fixing dicot, 
and water intensive legume crop with deep taproots.  More details about the crop can be found in 
Alfalfa Agronomy Monographs (Fick et al., 1988; Sheaffer et al., 1988; Teuber and Brick, 1988). 
The study site has a Mediterranean climate (Köppen-Geiger climate classification: Csa) with a 
hot and dry summer and a cool and wet winter. In this climate, there are around 6 cuttings each 
year (Figure 3. 1). The air temperature in this region ranged from -3.9 ˚C to 42.8 ˚C from 2017 to 
2023. In 2020 and 2022, ~3 days had high air temperature exceeding 40 ˚C. Precipitation usually 
happened towards the end of the year and last until the end of March in the following year. The 
annual total precipitation ranged from 175.9 to 446.9 mm. At our study site, the alfalfa crop was 
mainly sub-surface irrigated by an irrigation ditch adjacent to the field, and the applied irrigation 
water were not available to us. Sporadically, flash-flood was also used to irrigate the crop during 
the growing season. The site sits on degraded peatland soil with a Ryde-Peltier complex soil 
(50% Ryde, 35% Peltier, 5% Rindge, 4% Valdez, 3% Scribner, and 3% Venice based on the 
USDA-NCSS soil survey data at https://casoilresource.lawr.ucdavis.edu/gmap/).  

  

https://casoilresource.lawr.ucdavis.edu/gmap/
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Figure 3. 1. Midday normalized difference vegetation index (NDVI) measured by Apogee 
SR-411 (red band: 650 nm and near infrared band: 810nm). The oscillating NDVI values 
from April to November each year indicate the periodic cuttings. Bad data prior to June 5th, 
2017, were removed. 

3.2.2. Eddy Covariance and Meteorological Measurements 

Long-term eddy covariance and meteorological data were collected since 2016-08-13 with an 
eddy covariance flux tower, and we used data from 2017-01-01 to 2023-12-31 in this study. The 
flux tower is registered on AmeriFlux (Site ID: US-Bi1, Lat: 38.0992, Lon: −121.4993) and data 
can be accessed online (DOI: https://doi.org/10.17190/AMF/1480317). With the flat topography 
at the site and a predominant wind from the west to northwest, measurements were done on a 
scaffolding tower located ~475 m downwind of the field edge, allowing the idealization of eddy 
covariance measurements. A suite of the sensors used in this study can be found in Table I1. 
Eddy covariance data were collected to measure exchanges of energy, water, and carbon fluxes 
(Wang et al., 2023b). Specifically, a 3D ultrasonic anemometer (WindMaster 1590, Gill 
Instruments Ltd) was used to measure three orthogonal wind components (i.e., horizontal, lateral, 
and vertical) and the speed of sound. Alongside of the anemometer, an open path infrared gas 
analyzer (LI-7500, Li-COR) was used to measure water and CO2 concentrations. All 20Hz data 
were filtered for spikes first. Then, a 2D coordinate rotation was performed to account for tilt 
errors and force the mean lateral and vertical components to zero (Kaimal and Businger, 1963). 
Additionally, time lag was computed to address the physical separation between the sonic 
anemometer and the gas analyzer. Afterwards, we computed half-hourly fluxes with the 
covariance of vertical wind speed and scalar (i.e., water and CO2 concentration). Then, the 

https://doi.org/10.17190/AMF/1480317
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Webb-Pearman-Leuning correction was applied to water and CO2 fluxes to account for 
fluctuations in air density (Webb et al., 1980). Lastly, a friction velocity (u*) filter was used to 
account for underestimation in NEE during low turbulence period. Here, we used a site-specific 
range to filter out fluxes with u* values less than 0.08 m s-1 and greater than 1.2 m s-1. Alongside 
of eddy covariance data, half-hourly meteorological data were collected, including net radiation 
(NR-01, Hukseflux), aspirated and shielded temperature and relative humidity (HMP155, 
Vaisala), soil moisture (CS655, Campbell Scientific), and precipitation (TE525MM, Texas 
Electronics).  

3.2.3. Gap-filling with artificial neural network  

To assess the annual carbon and water budgets, missing data need to be gap-filled. Here, we used 
the artificial neural network (ANN) following Mofatt et al.(Moffat et al., 2007) to gap-fill heat 
(i.e., sensible heat flux, H), water (i.e., latent heat flux, λE), and carbon (i.e., net ecosystem 
exchange, NEE) fluxes. Explanatory variables for gap-filling were chosen for daytime and 
nighttime, including air temperature (TA), net radiation (RNET), photosynthetic active radiation 
(PAR), vapor pressure deficit (VPD), soil moisture (VWC), friction velocity (u*), seasonality 
(sine and cosine function of day of year), and days between cutting events (day_since_mow). 
Corresponding explanatory variables for each flux can be found in Table 3. 1. These explanatory 
variables were then divided into 15 clusters with k-means clustering, where data were sampled 
for 20 extractions of the training, testing, and validation. Lastly, each ANN structure was 
initialized for 10 times to avoid local minima. Compared to the measured fluxes, the ANN gap-
filled fluxes yielded good results for H (y = 0.94x+0.55, R2 = 0.93), λE (y = 0.97x+1.90, R2 = 
0.97), and NEE (y = 0.95x-0.07, R2 = 0.93).  

Table 3. 1. Explanatory variables for gap-filling sensible heat flux, latent heat flux, and 
carbon flux. The last column indicates the percentage of the gaps filled from 2017 to 2022. 

 Explanatory variable Percentage of 
filled data Daytime Nighttime 

Sensible heat 
flux 
(n=105168) 

TA, RNET, VPD, u*, 
day_since_mow,  

VWC at 2cm, seasonality 

TA, day_since_mow, 
VWC at 2cm 28.8% 

Latent heat 
flux 
(n=105168) 

TA, RNET, VPD, u*, 
day_since_mow,  

VWC at 2cm, seasonality 

TA, day_since_mow, 
VWC at 2cm 40.0% 

Carbon flux 
(n=105168) 

TA, PAR, VPD, u*, 
day_since_mow,  

VWC at 20cm, seasonality 

TA, u*, day_since_mow, 
VWC at 20cm, seasonality 43.1% 
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3.2.4. NEE partitioning 

NEE data were partitioned into GPP and Reco with ANN following Moffat et al.(Moffat et al., 
2007). Nighttime measurements were used to estimate daytime Reco based on explanatory 
variables, including TA, PAR, VWC at 2cm, u*, day_since_mow, and seasonality. All data were 
divided into 8 clusters with 20 extractions for training, testing, and validation and 10 
initializations. Similar to the popular partitioning method from (Reichstein et al., 2005), our 
ANN partitioning approach assumes similar behavior between nighttime and daytime Reco, 
which would lead to systematic biases. For example, due to radiative cooling at nighttime, a 
stable boundary layer can be formed, inducing entrainment jets, and creating nighttime Reco 
pulses that would not exist in daytime Reco. Nevertheless, by using multiple variables, this 
approach allows good representation of our alfalfa site that went through many growth, 
senescence, and harvest cycles. Partitioned NEE from the ANN approach were used in the 
analysis as its partitioned nighttime Reco compared well with measured nighttime Reco 
(y=0.63x+2.02, R2 = 0.63).  

3.2.5. Irrigation Curtailment and surface water allocation 

In the study region, the water resource is critical for agricultural production. However, with 
limited water resources, the available water is distributed based on appropriative water rights 
(e.g., pre- and post-1914). Our study site, which is in the Reclamation District #756, has post-
1914 appropriative water rights (Hanemann, 2014). This means that it is subject to water use 
regulations and priorities set by the State Water Resources Control Board (SWRCB), including 
irrigation curtailment under droughts. With anomalous data in 2022 that corresponded with 
ongoing drought, we accessed reclamation records on water delivery information from SWRCB 
regarding irrigation curtailment (https://www.waterboards.ca.gov/drought/delta/#tableau) and 
surface water allocation from the State Water Project (https://water.ca.gov/Programs/State-
Water-Project/Management/SWP-Water-Contractors). Data regarding curtailment orders, 
available from August to October 2021 and May to October 2022, and water allocation from 
State Water Project can be found in Table 3. 2.   

https://www.waterboards.ca.gov/drought/delta/#tableau
https://water/
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Table 3. 2. Irrigation curtailment statues and State Water Project water allocation from 2017 
to 2023.  

Year Irrigation curtailment  
(Reclamation District #756)  

Water allocation  
(across state) 

2017 Not available 85% 

2018 Not available 35% 

2019 Not available 75% 

2020 Not available 20% 

2021 August 20th and 27th 5% 

2022 July 6th, 12th, 19th and 26th 

August 2nd, 9th, 16th, and 23rd 5% 

2023 Not available 100% 

 
3.3. Results and Discussion 

3.3.1. Annual ecosystem carbon budget and surface energy balance 

Located in the Sacramento-San Joaquin Delta, the alfalfa field is perennial with growing seasons 
predominantly from April to October each year. With the Mediterranean climate, the sunny and 
rainless summer growing seasons allowed the irrigated alfalfa to thrive in this area, and there 
were around 6 cutting cycles each year (Figure 3. 1).  

Table 3. 3.  Annual sum of carbon, evaporation (converted from latent heat flux measured by 
eddy covariance), sensible heat flux, and net radiation from 2017 to 2022.  

 2017 2018 2019 2020 2021 2022 2023 

NEE 
(g C m-2 y-1) -541 -546 -775 -764 -522 -175 -486 

Evaporation 
(mm) 864 862 928 881 933 722 839 

Sensible 
heat 
(MJ m-2) 

399 484 240 377 366 964 688 
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Net 
radiation 
(MJ m-2) 

3.25x103 3.27x103 3.37x103 3.27x103 3.35x103 3.32x103 3.41x103 

The total annual carbon fluxes ranged from -175 to -775 g C m-2 y-1 with a mean of -544 g C m-2 
y-1. Although the alfalfa field remained a carbon sink across the 7 years, carbon sink strength 
(i.e., NEE) in 2022 was noticeably weaker than other years (Table 3. 3.). This decline of NEE in 
2022 was attributed to the sharp decline of gross primary productivity (GPP) as the ecosystem 
respiration (Reco) was comparable across years (Figure J1). Following the decline of NEE, 
evaporation in 2022 was the lowest, around 140 mm lower than the mean total evaporation of 
861 mm (Table 3. 3.). Figure 3. 2 shows the relationship between gross primary productivity 
(GPP) and evaporation from April 1st to October 31st. Throughout this period, high GPP 
coincided with high evaporation, especially when NDVI was high from May to September. From 
all years, as evaporation increased, so did GPP, indicating the influence of water availability on 
ecosystem productivity. The magnitude of this was particularly stronger at higher NDVI, 
demonstrating that biomass density and vegetation health affected GPP and evaporation (Figure 
3. 2, top). Disregarding 2017, high GPP and evaporation were observed from May to September 
as a result of the higher net radiation, sufficient soil water availability, and higher NDVI (Figure 
3. 2, bottom). However, data in 2022 were different. Specifically, more points were clustered at 
low GPP and low evaporation with NDVI generally less than 0.5. Compared to other years, in 
2022, high GPP and evaporation were only observed in April and May, highlighting the coupling 
between carbon and water fluxes and potential water stress. 
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Figure 3. 2. (top) scatter plots of gross primary productivity (GPP) vs. water vapor fluxes 
as a function of NDVI. Data are shown as daily daytime (10:00 to 18:00) sum from April 
1st to October 31st. (bottom) same as the top panel, except the z-axes are as month of year 
(MOY).  Note that in 2017, bad NDVI data prior to June 5th were removed, hence the 
sample size was smaller for this year. 

3.3.2. Interannual variability in environmental factors 
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Figure 3. 3. Monthly hydrometeorological variables, including air temperature (top panel), 
vapor pressure deficit, VPD (middle panel), and evaporative fraction (bottom panel) over 
the course of 7 years. All data are shown as monthly mean averaged from daily daytime 
mean from 10:00 to 18:00 local time. 

Across the 7 years, air temperature (TA), vapor pressure deficit (VPD), and evaporative fraction 
(EF, calculated with latent heat flux divided by its equilibrium part) were assessed (Figure 3. 3). 
It is worth re-elaborating that alfalfa has deep taproots, allowing the crop to access water deep 
down under the Delta Islands. While it is difficult to measure the root weighted soil moisture, EF 
via eddy covariance serves as an direct indicator to assess how soil moisture deficit or 
physiological stress may limit stomatal regulation, transpiration, and photosynthetic activity 
(Gentine et al., 2011). Monthly mean daytime TA and VPD were comparable across years. 
During the summer growing season of 2022, TA and VPD were slightly higher compared to 
other years in June, August, and September. While higher TA and VPD may suggest a higher 
evaporation rate at an irrigated alfalfa field, EF data suggested otherwise. Noticeably, after June, 
EF in 2022 declined rapidly with a monthly mean daytime EF ranging from 0.44-0.56 from July 
to November, compared to other years where EF were ~0.66 and above. The overall lower EF 
indicated either a decrease in soil moisture or an increase in net radiation (Lhomme and Elguero, 
1999). With comparable net radiation values across years (Table 3. 3.), it was likely that the 
alfalfa was experiencing water stress, reflected through the overall lower EF (Figure 3. 3).  

3.3.3. Interannual variability in ecosystem fluxes  

 
Figure 3. 4. Scatterplots of daily daytime (10:00 to 18:00) sum of gross primary productivity 
(GPP) normalized by photosynthetic active radiation (PAR) in micromole of CO2 per 
micromole of photon vs. evaporative fraction (EF). Z-axis shows the daily daytime sum of 
PAR (colorbar). 

The significantly deviated EF in 2022 might be a result of the possible water stress, however, do 
other ecosystem fluxes indicate water stress as well? In terms of ecosystem respiration, we did 
not see any significant variations from year to year, and the reduction of NEE in 2022 was 
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mainly contributed to the lower photosynthesis (Figure J1). In Figure 3. 4, we normalized 
photosynthesis (i.e., GPP) by photosynthetic active radiation and compared it with evaporative 
fraction (EF) as a function of the incoming PAR. From 2017 to 2021 and in 2023, a strong 
positive relationship was exhibited between the two variables, indicating an efficient use of light 
for photosynthesis and evaporation. Similar to Figure 3. 2, this showed the strong coupling 
between carbon and water fluxes, likely due to well-watered condition. However, data in 2022 
did not follow a similar pattern, as there was a higher density of points clustered in the region 
where photosynthesis and EF were low. This low EF is indicative of higher stomatal closure due 
to soil water deficit, and we inspected stomatal regulation with canopy omega coefficient (Wc), 
computed via Eq. 1:  

                            	λE = Wc ∙ λE@A + (1 −Wc) ∙ λEBCD                                           Eq. 1 

where λE@A is the equilibrium evaporation, and λEBCD is the imposed evaporation. λE@A is 
dependent on radiation control while λEBCD is proportional to stomatal conductance. As a result, 
a high Wc value indicates a strong energy control, and a lower value indicates a strong stomatal 
control. A detailed description on Wc can be found in (Jarvis and McNaughton, 1986). In 2022, 
despite the lower biomass density (Figure 3. 1), the low Wc indicated the stronger stomatal 
regulation compared to other years (Figure 3. 5). In a well-irrigated alfalfa, we would expect a 
higher potential evaporation rate due to ample water availability (Eichelmann et al., 2018), 
consequently leading to a higher Wc attributed to energy control. However, with a broad 
spectrum of Wc values spanning 7 years, Wc for 2022 stood out with a consistently low value at 
~0.37 (Figure 3. 5), indicating the higher stomatal closure due to water stress. Additionally, this 
lower Wc and canopy density also affected sensible heat transfer, in which reduced evaporation 
led to large differences in sensible heat flux (Table 3. 3.). In particular, the alfalfa experienced 
higher stomatal closure, which in turn reduced EF, decreased evaporative cooling, and resulted  
in a larger temperature gradient (Appendix K). Consequently, this larger temperature gradients, 
induced by higher stomatal closure, created favorable conditions for sensible heat transfer, where 
more available energy was partitioned into sensible heat flux. This further reduced evaporation 
and carbon uptake rates (Table 3. 3.). With detailed information between GPP and EF, results 
presented here can also be used to assess GPP with satellite remote sensing, especially for 
models that already incorporate EF (e.g., Fisher et al., 2020).  



 

 
60 

3.3.4. Springtime precipitation and irrigation curtailment influenced carbon sink strength 

 
Figure 3. 5. Probability density function of omega coefficient (symbol) from 2017 to 
2023. All data were filtered in between the 5th quantile to the 95th quantile. 

As shown, changes of NEE, EF, and sensible heat transfer in 2022 were attributed to stronger 
stomatal regulation (Figure 3. 5). However, behind the complex mechanisms of biosphere-
atmosphere interactions linger the question: what led to the stronger stomatal regulation? 
Needless to say that to sequester a lot of carbon bears the simultaneous consequences of losing 
water through evaporation, and neither can be achieved without enough soil water availability 
(Cowan and Farquhar, 1977; Tanner and Sinclair, 1983). The perennial alfalfa requires large 
amount of irrigation water, to inspect the potential water stress, we used a pedotransfer function 
(Appendix D) and estimated the soil water potential (-ΨS) at 20 cm (Figure L1). Generally, -ΨS 
increased from April, indicating the increasingly drying soil. Compared to other years, -ΨS in 
2020 and 2022 stood out with values exceeding 0.1 MPa starting from mid-May. After April 
2022, -ΨS continuously increased at a faster rate before reaching its maximum in October, 
suggesting the relatively dry soil was caused by ongoing water stress. It is important to note that 
with alfalfa’s deep taproot, -ΨS at 20 cm may not be representative of the entire water flow. 
However, when combining with EF data, -ΨS at this depth further supported expectation of the 
crop water stress. In 2022, the low EF, from higher stomatal closure, indicated crop water stress, 
which might have been induced by reduction in precipitation and irrigation, reflected in the 
higher -ΨS (Figure L1).  
 
For most years, ample precipitation happened towards the end of the year and in early spring, 
except from 2020 to 2022, where statewide (Figure M1) and site level (Figure M2) precipitation 
showed less frequent springtime precipitation due to ongoing drought (DeFlorio et al., 2024). In 
the tug-of-war between water scarcity and agricultural production, the low precipitation in 
drought periods led to a reduced surface water allocation to the farmers by the State Water 
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Project (Table 3. 2.). Compared to other years, 2021 and 2022 had significantly lower surface 
water allocation delivery (Table 3. 2.), limiting water available for irrigation. Additionally, 
curtailment orders were imposed in late August 2021, and from July 6th to August 23rd, 2022 
(Table 3), further restricting irrigation. Due to curtailment, less surface water was available for 
irrigation, leading farmers to pump more groundwater, which in turn resulted a sharp decline in 
groundwater storage in San Joaquin basins in 2021 (Liu et al., 2022). Although their study did 
not report groundwater storage in 2022, it is likely that the declining trend was present given the 
low water allocation (Table 3. 2.) and precipitation (Figure M1 & 2) in this year. The withdrawal 
of groundwater at the beginning of the drought years in 2020 and 2021 might have supported 
ongoing irrigation, explaining the normal amount of NEE and evaporation in these years (Table 
3. 3.). In 2022, irrigation curtailment and declining groundwater storage since 2020 likely limited 
groundwater supplies, hence leading to a reduction in irrigation water supply. However, it is 
unknown whether the Sustainable Groundwater Management Act (SGMA) imposed regulations 
to prevent overdrafts. Nonetheless, albeit the lack of irrigation information at the field, water use 
data from state agency along with EF data clearly showed the pronounced crop water stress in 
2022 (Figure 3. 3), explaining the overall reduced carbon sink strength (Table 3. 3.).  
 
Compared to the monthly sum of NEE from 2017 to 2021, NEE in 2022 and 2023 were 
noticeably different (Figure 3. 6 – left). In 2022, the field was mostly a carbon sink, except for 
July, August, September, November, and December. The field switched back to a carbon sink 
again in October with the incoming precipitation (Figure M1 & 2). Additionally, from April to 
September in 2022, the monthly sum of NEE ranged from ~20-186% higher than the same 
months from 2017 to 2021 (Figure 3. 6 – right). In 2022, the declining carbon sink strength also 
coincided with the simultaneously declining EF (Figure 3. 3), attributed to summertime irrigation 
curtailment, which in turn forced the stomata (Figure 3. 5) to close and inhibited photosynthesis 
(Table 3. 3.). Prior to July, lower springtime precipitation inhibited photosynthesis while the 
proceeding curtailment orders further inhibited photosynthesis via limited irrigation, resulting in 
an increasingly larger differences in NEE. Crop age may have contributed to low NEE in 2022 as 
alfalfa growth typically declines after the 5th year (Hu et al., 2020). Yet, NEE in 2023 did not 
exhibit a further declining trend likely due to the ample water supplies (Table 3. 2.  and Figure 
M1). In this year, the carbon sinking strength was comparable to that from 2017 to 2021, 
especially during the peak growing season from May, and July to September. Unlike 2022, the 
field in 2023 was a moderate carbon source from January to March due to the lower canopy 
density succeeded from the previous year (Figure 3. 1).  
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Figure 3. 6. Left – monthly sum of Net Ecosystem Exchange (NEE) from 2017 to 2021 
(black), in 2022 (red), and in 2023 (blue); right – percentage differences of NEE in 2022 
(red) and 2023 (blue) compared to NEE from 2017 to 2021 (black line at zero). Data in Jan, 
Feb, Nov, and Dec were removed for percentage calculation. 

Although our study site was not rainfed, reduced springtime precipitation led to less water 
available for irrigation, which in turn greatly affected the carbon sink strength and evaporation 
throughout 2022. The irrigation curtailment and limited water supply in the active growing 
season notably affected the crop growth (Figure 3. 1), and likely impacting the crop yield as 
well. In this year, the significantly reduced EF (as shown in Figure 3. 3) and higher stomatal 
closure (as shown in Figure 3. 5) indicated crop water stress, which contributed to the noticeable 
decrease in carbon sink strength and evaporation (Table 3. 3.).  

3.3.5. Future directions 

The challenge of water management amid climate change is pressing. Our results showed that 
growing alfalfa might be less effective for sequestering carbon under limited water resources. 
While cultivating alfalfa in California is driven by its high yield potential, largely due to the 
Mediterranean climate, which allows many cuttings each year, this high yield comes at the cost 
of substantial water use. Our findings demonstrated that the carbon sink potential did not hold up 
as a result of water scarcity, which likely also affected the anticipated high yield. So, even 
though alfalfa is deep rooted and can have access to water deep under the land surface, these data 
show that the crop was not able to compensate by accessing this water source in a sufficient 
manner to maintain high productivity. 
 
Although our analysis is limited at site-level, we expect long term climate variability also affects 
other regions. Similar analysis can also be done whether using eddy covariance or remote 
sensing data to better understand how the carbon and water budgets are changing regionally and 
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globally. As the 5th largest economy in the world, the fate California’s agriculture is intricately 
tied to the uncertain future climate.  
Questions arise as how to share and allocate water efficiently, especially in times of prolonged 
drought when less surface water is available, and groundwater becomes the primary source for 
irrigation. The reality is that water may not be available each year, and the groundwater certainly 
cannot be pumped infinitely. Despite efforts of groundwater regulation from SGMA, the ongoing 
depletion of groundwater storage and uncertainty in future climate pose important questions 
regarding the continued allocation of water for alfalfa cultivation in California. For example, one 
lingering question is the crop water use of alfalfa agriculture in arid regions like Imperial Valley, 
as highlighted previously (Baldocchi et al., 2019). In such arid climates, conditions may be even 
worse compared to our study region. In oasis-like environments, where green irrigated fields are 
surrounded by desert, sensible heat advection can often induce even higher evaporation rates, 
prompting further questions regarding the justification for cultivating the already water-
demanding alfalfa in these desert-like regions. 
 
While alfalfa agriculture can sequester carbon at the field level, it is important to recognize that 
the harvested dry matter is also consumed and then respired back to the atmosphere elsewhere. 
Specifically, as alfalfa is commonly used for dairy and other livestock productions (Wang et al., 
2016), methane emission stemming from animal consumption may potentially outweigh the 
carbon sequestered in agricultural fields, resulting in a net increase in carbon emissions at a 
broader scale (Johnson and Johnson, 1995). While our study did not include life cycle analyses, 
since it is beyond the scope of our research, it highlights a knowledge gap that warrants further 
investigation. In particular, the interconnection between crop growth and animal consumption 
should be considered in future study to better understand the net carbon balance.  

3.4. Conclusion 

Long term carbon and water budgets remain largely unknown for alfalfa agriculture in 
California. In this chapter, we investigated this problem using long term eddy covariance 
measurements at an irrigated alfalfa site in the Sacramento-San Joaquin River Delta region.  
 
Due to its perennial nature, alfalfa’s yield and carbon sink potentials are promising, especially in 
warmer climates such as semi-arid California with ample solar energy and irrigation. However, 
increasing water scarcity casts a shadow over alfalfa’s ability to consistently provide high yields 
and serve as a robust carbon sink. In this study, we analyzed 7 years of eddy covariance data, 
from 2017 to 2023, and examined interannual variability in energy, water, and carbon fluxes at 
an irrigated alfalfa site in California. In 2022, net ecosystem exchange (-175 g C m-2 y-1) and 
evaporation (722 mm y-1) were significantly lower compared to other years. By linking 
ecosystem functions with hydrological changes, our results revealed that, due to low springtime 
precipitation, irrigation curtailment and limited water supply strongly affected the carbon and 
water budgets during the active summer growing season in 2022. Specifically, water stress in this 
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year, supported by the significantly low evaporative fraction, impeded crop growth and resulted 
in a reduced carbon sink strength and evaporation. With declining canopy density and higher 
stomatal closure, a large amount of energy was used for sensible heat transfer (964 MJ m-2) as 
opposed to for carbon uptakes and evaporation in 2022. In a fast-changing climate with limiting 
water resources, how to share and allocate water efficiently in California’s agriculture remain to 
be an important question. This is heightened especially in times of prolonged drought when less 
surface water is available, and groundwater becomes the primary source for irrigation. 
Furthermore, whether cultivating water intensive alfalfa should continue in these dry and  
drought prone regions remains to be largely unexplored.  
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Appendices  

Appendix A: Variance-Bowen ratio algorithm 
Matlab code used to calculate sensible heat flux and latent heat flux using the variance Bowen 
ratio approach. The annotations are displaying in dark grey italic texts for clarity.  
 
1. Computing the statistics for air temperature 
% Preconfigure the data size 
nres = 8640; % the amount of 0.1 Hz data per day 
nf = day_end - day_start + 1; % the number of files  
pre_grouped = nf*nres; % total 0.1 Hz data 
vial = 180; % half-hourly data: 0.1 (scan/s) * 60 (s) * 30 (min) = 180 (scans per 30 min) 
ratio = pre_grouped/vial; % the amount of 30-min data blocks 
  
% Reshaped temperature measurement into 30 min averaging blocks 
% TA is the 0.1 Hz air temperature 
TA_res = reshape(TA,vial,ratio);  
 
% Compute the half-hourly standard deviation of TA 
sigma_T = std(TA_res); 
sigma_T = transpose(sigma_T); 
 
% Mean air temperature for each half-hourly data 
mean_T = nanmean(TA_res); 
mean_T = transpose(mean_T); 
 
2. Computing the statistics for relative humidity 
 
% Compute the saturation vapor pressure using Clausius-Clapeyron equation  
esat=611.2*exp(17.67.*(TA)./(TA+273.16-29.65)); % (Pascal) 
  
r = 18.02 / 28.97; % mixing ratio: molar mass of water over air 
P = 101324.6; % standard atmospheric pressure at steam point (Pascal) 
  
% Actual vapor pressure (Pascal) 
% RH is the 0.1 Hz air temperature 
ea = (RH./100).*(esat); 
  
% Saturation humidity (uniteless) 
q_sat = (r.*esat)./P; 
  
% Specific humidity (uniteless) 
q= q_sat.*RH.*0.01; 
  
% Reshape the ea and q into 30 min averaging blocks 
q_res = reshape(q,vial,ratio); 
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ea_res = reshape(ea,vial,ratio); 
  
% Compute the half-hourly standard deviation of specific humidity 
sigma_q = std(q_res); 
sigma_q = transpose(sigma_q);  
% Compute the mean actual vapor pressure  
mean_ea = mean(ea_res); 
mean_ea = transpose(mean_ea); 
 
3. Compute air density and specific heat of moist air 
R = 8.3144; % universal gas constant (J mol-1 K-1) 
Rd = 286.9; % dry air gas constant (J kg-1 K-1) 
Rv = 461.5; % vapor gas constant (J kg-1 K-1) 
Ma = 28.97/1000; % molar mass of dry air (kg mol-1) 
Mv = 18/1000; % molar mass of water vapor (kg/mol) 
Cpa = 1004.67; % specific heat of dry air (J Kg-1 K-1) 
  
% Virtual temperature in Kelvin 
Tv = (mean_T +273.15).*(1+0.38.*(mean_ea ./P)); 
  
% Air density (dry, vapor, and moist) in kg/m3 
rhoD = (P-mean_ea)./(Rd.* (mean_T+273.15)); % dry air density 
rhoV = mean_ea ./ (Rv.*(mean_T+273.15)); % vapor air density 
rho = (P .* Ma)./(R.*Tv); % moist air density 
% Moist air specific heat 
qs = rhoV./ rho; % specific humidity 
Cp = Cpa*(1+0.84*qs); % J kg-1 K-1  
 
% Latent heat of vaporization (J/kg) 
Lvap = (2.501-0.00237*mean_T)*1E6;  
 
% Bowen ratio using the variance technique 
B = (Cp./ Lvap).*(sigma_T./sigma_q); 
  
% Use Bowen ratio to compute kinematic heat flux (wt) from sonic kinematic heat flux (wts) 
wt_vb = wts./(1+((0.51.*Cp.*mean_T)./(Lvap.*B))); % Eq. 4 
 
4. Compute sensible heat flux (H) using the variance-Bowen ratio (Eq. 5) 
H_vb = Cp .* rho .* wt_vb;  
 
5. Compute latent heat flux (LE) using the variance-Bowen ratio (Eq. 7) 
 
% RNET is the net radiation 
% G_corr is the heat storage corrected ground heat flux 
LE_vb = (RNET-G_corr)./ (1 + B);  
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Appendix B: Aerodynamic canopy height 

 

Figure B1. Aerodynamic canopy height throughout the analysis period. 

 

Appendix C: Normalized cospectra of heat and water fluxes 

 

Figure C1. Normalized co-spectra of vertical velocity, W, with temperature, T (left) and 
moisture, Q (right) at the main tower for Case 1 (orange), Case 2 (purple), Case 3 (red), 
Case 4 (blue), Case 5 (green), and idealized Kaimal cospectra of heat (black) in log-log 
scale prior to spectral correction. For each case, the half-hourly data are averaged over the 
case duration between 1000 to 1800 hours. 
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Appendix D: Temperature profile 

 

Figure D1. Temperature profile in 2021(Case 1 & 2) and 2022 (Case 3, 4, & 5). The lowest 
height of the temperature represents aerodynamic temperature, derived with a gradient-
resistance method. The height of the aerodynamic temperature is estimated through the 
mean aerodynamic vegetation height. All other heights, 2.42 m, 3.96 m, and/or 6.00 m, 
represent air temperature. 

Appendix E: Correlation coefficient of momentum fluxes 

 

Figure E1. Correlation coefficient of momentum fluxes (Ruw) at 2.42 m, 3.96 m, and 6.00 m 
in 2022. 
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Appendix F: Footprint climatology at Edgy tower 

 

Figure F1. 80% and 90% daily footprint at the Edgy tower in 2022. Basemap credit: Maxar 
Technologies. 
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Appendix G: Omega factor at Bouncer and Main towers 

The omega factor was used as a coupling strength between the land and the atmosphere. A lower 
omega value indicates a stronger coupling with stomatal control. A higher omega value indicates 
a stronger decoupling with energy control (McNaughton and Jarvis, 1991). Left side is bouncer 
tower, and right side is main tower. 

Case 5 

       
Case 4 

           
Case 3 

       
Figure G1. Scatter plot of latent heat flux normalized by it equilibrium part (y-axis) and surface 
conductance (x-axis). The filled color indicates the coupling strength based on omega factor (z-
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axis). Case 5 includes data from 2022-07-16 00:00 to 2022-07-23 23:30; Case 4 includes data 
from 2022-06-20 00:00 to 2022-06-28 23:30; Case 3 includes data from 2022-05-18 00:00 to 
2022-05-25 23:30. 

 

Appendix H: Intercomparison of sensors 

To minimize potential errors from different sensors and ensure data quality, we conducted side-
by-side intercomparisons as shown in Figure S1. It is important to acknowledge that each sensor 
may be different and behind our careful intercomparison still lies the question: which sensor is 
the truth sensor? Given that the reference sensor may be the biased one, or the different logistics 
one may take to conduct intercomparison, this document serves as an acknowledgement of the 
potential uncertainty in our measurements. Nevertheless, we used best judgement and calibrated 
the biased sensor accordingly.  

     
Figure H1. Examples of the side-by-side intercomparison for temperature and relative 
humidity sensors used in 2021 (left) and sonic anemometers used in 2022 (right). 

 

A. Intercomparison in 2021 

Sonic anemometers 

All sonic anemometers were tested and compared against each other prior to the 2021 field 
campaign (Table S1) from 2021-07-16 18:00 to 2021-07-19 07:30. From the intercomparison, 
measured mean horizontal wind speed (uM) and sonic kinematic heat flux (w4T(′) from different 
sensors agreed with the reference sensor measurement with r2>0.99 and differences within 10%. 
In terms of the standard deviation of the vertical wind speed (σ3), sensors from 2.42 m height of 
both bouncer and main towers compared well with the reference sensor. However, σ3	at 3.96 m 
height of the bouncer tower was systematically high by ~40%. No calibrations were applied to uM 
since the measurements from other sensors agreed well with the reference sensor. However, for 
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w4T(′ at 2.42 m height of the bouncer tower, a calibration was applied to ensure a better 
representation of the vertical flux divergence calculation. Specifically, w4T(′ from 2.42 m height 
of the bouncer tower was reduced by 5% based on the regression shown in Table S1.  

Table H1. Intercomparison of sonic anemometers used in 2021 campaign. uM is the mean 
horizontal wind speed, w4T(′ is the sonic kinematic heat flux, and σ3 is the standard 
deviation of the vertical wind speed. The dark grey fill indicates out of spec. 

 uM (n=124) w4T(′ (n=124) σ3 (n=124) 

 Regression r2 Regression r2 Regression r2 

Bouncer 
3.96 m 0.97 >0.99 1.07 >0.99 1.42 >0.99 

Bouncer 
2.42 m 1.06 >0.99 1.01 >0.99 1.08 >0.99 

Main 
3.96 m Reference sensor 

Main 
2.42 m 0.94 >0.99 0.95 >0.99 0.98 >0.99 

 

Temperature and relative humidity sensors 

After the campaign in 2021, all temperature and relative humidity sensors were mounted on the 
main tower for side-by-side intercomparison (Figure S1, left) from 2021-11-05 15:00 to 2021-
12-14 13:00. Some of these sensors were swapped during the campaign (Main 2.42 m, Bouncer 
2.42 m, and Bouncer 3.96 m). We also included these sensors, before and after the swap, in the 
intercomparison (Table S2). From the intercomparison, all sensors were within spec, and no 
calibrations were applied to these measured variables.  

Table H2. Intercomparison of temperature and relative humidity sensors used in 2021 
campaign. TR is averaged air temperature, and RH is relative humidity. Deployment dates 
reflect when the sensors were deployed in the field.  

 Deployment 
dates 

TR (n=1681) RH (n=1681) 

Regression r2 Regression r2 

Main  
3.96 m 

2021-07-20 to 
2021-11-05 Reference sensor 
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Main  
2.42 m 

2021-07-28 to 
2021-09-03 

0.95 >0.99 0.98 >0.99 

2021-09-03 to 
2021-11-05 1.00 1.00 1.00 1.00 

Bouncer  
3.96 m 

2021-09-03 to 
2021-11-05 

1.01 >0.99 0.99 1.00 

2021-07-28 to 
2021-09-03 

1.00 >0.99 1.05 >0.99 

Bouncer  
2.42 m 

2021-09-03 to 
2021-11-05 

0.99 >0.99 1.00 >0.99 

2021-07-28 to 
2021-09-03 

BAD SENSOR, DATA OMITTED 

B. Intercomparison in 2022 

Sonic anemometers 

After the campaign, sonic anemometers and temperature/relative humidity sensors were mounted 
at the 3.96 m level of the main tower for intercomparison (Figure S1, right) from 2022-11-02 
14:00 to 2022-11-30 14:30. For this intercomparison, we used the newest sonic anemometer 
(Bouncer 2.42 m) as the reference sensor. For uM, all sensors compared very well with the 
reference sensor with systematic differences within 5% and r2	≥	0.99, and no calibrations were 
applied to uM. For w4T(′, measurements at edgy (2.42 m), bouncer (3.96 m), and main (3.96 m and 
6.00 m) all had underestimations for 15-19% but with good R2 values. Given that sensors at the 
3.96-m-height were used to investigate the flux evolution across towers (i.e., Fig. 9 in the paper), 
calibration was applied to w4T(′ at 3.96 m height of the bouncer and main tower. w4T(′ at this 
height of the bouncer tower was increased by 19% while w4T(′ at this height of the main tower 
was increased by 16% based on the regression shown in Table S3.  

In term of vertical flux divergence, we did additional analysis for w4T(′, comparing the sonic 
anemometers at the main tower with the 3.96 m one as the reference sensor. The sonic 
anemometer at 2.42 m height underestimated w4T(′ by 18% (r2 = 0.93) while the one at 6.00 m 
height underestimated w4T(′ by 15% (r2 = 0.89). As a result, w4T(′ from 2.42 m height was 
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increased by 18% while w4T(′ from 6.00 m height was increased by 15% to account for the 
systematic differences.  

Table H3. Intercomparison sonic anemometers used in 2022 campaign. uM is the mean 
horizontal wind speed, w4T(′ is the sonic kinematic heat flux, and σ3 is the standard 
deviation of the vertical wind speed. The dark grey fill indicates out of spec.  

 uM (n=1345) w4T(′ (n=1345) Sigma w (n=1345) 

 Regression r2 Regression r2 Regression r2 

Edgy 
3.96 m 1.01 0.99 1.02 0.97 1.20 1.00 

Edgy 
2.42 m 0.97 1.00 1.15 0.98 0.94 0.88 

Bouncer 
3.96 m 0.99 1.00 1.19 0.99 1.20 0.99 

Bouncer 
2.42 m Reference sensor 

Main 
2.42 m 0.98 0.99 0.94 0.93 1.14 0.98 

Main 

3.96 m 
0.96 0.99 1.16 0.94 0.95 0.97 

Main 

6.00 m 
1.00 0.99 1.18 0.96 1.15 0.97 

 

 

 

Temperature and relative humidity sensors 

After the campaign in 2022, all temperature and relative humidity sensors were mounted on the 
main tower for side-by-side intercomparison from 2022-11-02 15:00 to 2022-11-30 14:00. From 
the intercomparison, all sensors were within spec, except for the relative humidity measurement 
at 3.96 m height of the Bouncer tower. No calibrations were applied to these measured 
variables. To elaborate, we did not calibrate the out of spec RH measurement here since it would 
not change any of the results presented in this paper. Both sensible and latent heat fluxes were 
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measured with eddy covariance instead of the variance-Bowen ratio technique. Additionally, for 
moisture advection, we derived specific humidity from the infrared gas analyzer instead of using 
the out of spec measurement. 

Table H4. Intercomparison of temperature and relative humidity sensors used in 2022 
campaign. TR is averaged air temperature, and RH is relative humidity. The dark grey fill 
indicates out of spec.  

 TR (n=1343) RH (n=1343) 

 Regression r2 Regression r2 

Main 3.96 m Reference sensor 

Main 2.42 m 0.99 0.99 1.00 >0.99 

Main 6.00 m 0.99 0.99 0.99 >0.99 

Edgy 2.42 m 1.01 >0.99 0.96 >0.99 

Edgy 3.96 m 0.99 >0.99 1.03 >0.99 

Bouncer 2.42 
m 0.99 0.99 0.97 >0.99 

Bouncer 3.96 
m 0.97 0.99 1.04 >0.99 
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Appendix I: Deployed sensors   

Table I1. Sensors used in this study as well as their location and corresponding data. The (+) 
sign indicates height above ground and (–) sign indicates depth below ground. 

Sensor  Height (+) or 
depth (-) 

Sampling 
frequency Corresponding data 

Sonic anemometer 
(WindMaster 1590) +3.9 m 20 Hz Sensible heat flux  

Gas analyzer 
(LI-7500) +3.9 m 20 Hz Carbon and water fluxes 

Net radiometer 
(NR-01) +2.7 m 0.1 Hz Net radiation 

Temperature and 
Relative humidity 
(HMP155) 

+3.5 m 0.1 Hz Air temperature and 
relative humidity 

Soil moisture 
(CS655) 

- 0.02 m 
- 0.20 m 0.1 Hz Soil moisture 

Tipping bucket 
(TE525MM) +3.5 m 0.1 Hz Precipitation 
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Appendix J: Cumulative gross primary productivity and ecosystem respiration 

 
Figure J1. Cumulative gross primary productivity (GPP) and ecosystem respiration (Reco) 
for each year from 2017 to 2023. The sharp decline in carbon uptake rates and steady 
respiration in 2022 motivated this study. Compared to other years, GPP accumulated very 
slowly after July in 2022. 
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Appendix K: Distribution of temperature gradient 

 
Figure K1.  Scatterplots of daily daytime (10:00 to 18:00) sum of gross primary productivity 
(GPP) normalized by photosynthetic active radiation (PAR) in micromole of CO2 per 
micromole of photon vs. evaporative fraction (EF) as a function of temperature gradient 
(colorbar) between aerodynamic temperature (Taero) and air temperature (TA). 

 

 
Figure K2. Histograms showing the interannual variability in temperature gradient shown 
as daily averages during daytime from 10:00 to 18:00 local time. ~50% of the days in 2022 
had temperature gradients larger than 4 ºC, compared to 2017 (~32%), 2018 (~32%), 2019 
(~24%), 2020 (~23%), 2021 (~29%), and 2023 (35%). The larger temperature gradient in 
2022 enhanced sensible heat transfer from the biosphere to the atmosphere, yielding an 
overall high sensible heat flux in this year (Table 4). 
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Appendix L: Soil water potential from pedotransfer function 

To inspect whether the alfalfa was under water stress, we used a pedostransfer function to 
compute the soil water potential -ΨS. Field samplings were conducted at the nearby site (Site ID: 
US-Bi2, Lat: 38.1991, Lon: −121.5351, DOI: https://doi.org/10.17190/AMF/1419513) to obtain 
the Van Gunutchen parameters. Although the soil texture between US-Bi1 (study site) and US-
Bi2 (nearby site) are different, the main goal of this is to see if there were any significant 
differences in the magnitude and pattern of soil water potential. To calculate -ΨS, soil water 
retention curves (SWRC) were measured with HyProp and WP4C (METER Group, Inc. USA) to 
best represent the wet and dry ends of the SWRC, respectively. For saturated soil, water in 
HyProp was allowed to slowly evaporate while measuring soil tensions and mass. Unsaturated 
soils were removed from HyProp container, and two subsamples were selected. These 
subsamples were then transferred to WP4C sampling containers, where they were measured 
repeatedly until soil reached -15 MPa. Data from these measurements were compiled to form 
SWRC spanning entire spectrum of soil moisture condition. The Van Gunutchen parameters, 
including saturated soil moisture (0.6086926 cm3 cm-3), relative soil moisture (-0.4958455 cm3 
cm-3), alpha (573.5568 1/cm), and n (1.099796), were then used to calculate -ΨS at the alfalfa site 
(Figure L1).   

 
Figure L1. Time-series showing the interannual variability in soil water potential (-ΨS) at 
20cm (orange).  
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Appendix M: Statewide and site level precipitation from 2017 to 2023 

 

Figure M1. Cumulative statewide precipitation from 2017 to 2023. We used data from 
UCSB Rainfall Estimates from Rain Gauge and Satellite Observations (CHIRPS) on Google 
Earth Engine. Note that alternative statewide data can also be accessed from NOAA 
National Centers for Environmental information 
(https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/statewide/time-
series/4/pcp/ytd/0/2017-2023). 

 

Figure M2. Cumulative precipitation at the alfalfa site from 2017 to 2023. 




