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A b s t r a c t  
 

Stomatal conductance is an important factor which controls carbon and water exchange. 
By changing stomatal width, a canopy simultaneously controls both the carbon dioxide supply and 
water loss during transpiration. Stomatal conductance is a parameter of photosynthesis and can help 
to estimate canopy growth and development in ecosystems. Therefore, it is a necessary component of 
transpiration models. The aim of this study was to validate a stomatal conductance model using radi-
ometric measurements of energy balance parameters for vegetated surfaces: vegetated surface temper-
ature, sensible and latent heat flux. Considering atmospheric surface layer stability, the crop was 
assumed to be a «big-leaf», with stomatal conductance influenced by environmental factors. External 
conditions not only control stomata width, but also directly affect the transpiration processes. We 
have tested the stomatal conductance model by J.M. Blonquist et al. (2009) based on radiometric 
canopy temperature and energy balance components such as latent and sensible heat fluxes. The 
applicability of the model for estimating stomatal conductance using automated ground-based meas-
urements and remote sensing was first shown. Observations were carried out at two locations with 
forage herbs (60°56N, 30°2527E and 60°516N, 30°2432E) at Bugry in the Leningradskaya Prov-
ince (on May 15 and 31, 2016, respectively). Model inputs, such as air temperature and humidity, 
atmospheric pressure, wind speed, radiometric temperature and net radiation of vegetated surface 
were measured with automatic mobile field agrometeorological equipment AMFAE (Agrophysical 
Research Institute), with measurements taken every 90 seconds. Ground observations were carried 
out simultaneously with LandSat-8 satellite data surveys. LandSat-8 is an American Earth observa-
tion satellite, it contains two instruments: OLI (Operational Land Imager) has 5 visible bands and 4 
near infrared bands, TIRS (Thermal InfraRed Sensor) has 2 longwave infrared bands. LandSat-8 
data is freely available on the US Geological Survey. Atmospheric correction of satellite imagery 
was made using the 6S (Second simulation of the satellite signal in the solar spectrum) open 
source model with publicly available data of aerosol optical depth at 550 nm provided by the 
MODIS system and the global digital elevation model ASTER GDEM (data is freely available on 
the US Geological Survey). Components of the energy balance including net radiation, soil heat 
flux, sensible and latent heat flux were calculated with the SEBAL (Surface Energy Balance Algo-
rithm for Land) model by W.G.M. Bastiaanssen (1998) using the ground observation meteorologi-
cal data from AMFAE. Obtained maps of net radiation and sensible and latent heat fluxes were 
used to estimate the spatial distribution of stomatal conductance over the forage herbs. For sto-
matal conductance calculations the LandSat-8 data for pixel values representing dense vegetation 
(NDVI > 0.7) were used. As a result of the study, maps of forage herbs stomatal conductance 
were obtained depending on the canopy temperature and the components of the energy balance 
with a stratification of the atmosphere boundary layer. 

 

Keywords: stomatal conductance, stomatal resistance, transpiration, energy balance equa-
tion, vegetation surface temperature, LandSat-8, automatic mobile field agrometeorological equip-
ment — AMFAE 

 

Plants can change an aperture of stomatal pores quickly to optimize en-
vironmentally dependent water loss (transpiration) and CO2 absorption through 
stomata. The stomatal conductance varies under the influence of numerous fac-
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tors. The transpiration rate is regulated by the stomatal conductance that may be 
simulated for a leaf or a crop canopy. The state-of-the-art physiological equip-
ment (diffusion porometers, gas analyzers) [1] enables to measure the transpira-
tion and stomatal conductance on a leaf surface. However, it is impossible to 
estimate the values under study by direct measurements.  

As an alternative, models reflecting the stomatal conductance depend-
ence on environmental factors were proposed. Input data here is meteorological 
and actinometric measurements, and aerodynamic parameters of the underlying 
surface. Mathematical description of the stomatal conductance has been widely 
used in recent decades. The review of G. Damour et al. [1] considers 35 similar 
models. Some models are the most popular in current studies [2-4].  

Quantification of Н2О and СО2 flows in a biogeocenosis under the in-
fluence of climatic factors requires both experimental and model-based research 
methods to be developed. Simulation approaches is a main mechanism for 
studying the energy and mass exchange and taking into account the spatial het-
erogeneity and biological peculiarities of plant development during the growing 
season [5, 6]. A great number of approaches were elaborated to describe flows of 
Н2О and СО2 in the soil—vegetation—surface air system. It was shown that 
stomatal resistance for water vapor and СО2 diffusion depends on a large num-
ber of parameters which describe a plant habitat (e.g. solar radiation, air temper-
ature, surface air conditions, wind velocity, СО2 concentration, air humidity and 
soil moisture deficit, etc.) and status [7-11]. 

Stomatal regulation of diffusion resistance may be considered as a cyber-
netic system with different feedbacks [7]. One of them is activated when СО2 
partial pressure in intercellular spaces changed; the other one provides a rapid 
reaction of a stomatal apparatus to relative air humidity fluctuations. Both feed-
backs are manifested within a few minutes and control the stomatal conductance 
at optimal water conditions.  

There are several information levels in simulating the water and carbon 
exchange of plants. The first three levels do not take into account the stomatal 
regulation, and in this the mass exchange is calculated based on the water poten-
tial of soil or determined based on data on water potential of a leaf, solar radia-
tion and other environmental factors. At the fourth level, special models capable 
of simulating the stomatal apparatus reaction to fluctuating environmental fac-
tors are used. By analogy with the Ohm’s law, it has been proposed to use re-
sistance (rs) instead of stomatal conductance (gs) (7). In the model described by 
G.S. Campbell et al. (12), the stomatal conductance, heat and water fluxes 
above the vegetated surface are measured in molar units. The stomatal conduct-
ance to resistance relationship is nonlinear and depends on air temperature and 
atmospheric pressure [13]. Stomatal resistance (rs, s•m1) is expressed through 
stomatal conductance (gs) and molecular air density (ρmol, mole•m2•s1) as 
follows: 

sg
mol

sr


  . (1) 

The molecular air density depends on the atmospheric pressure (P) and 
ambient air temperature (T) [12]: 

T
15,273

3,101
P6.44mol   . (2) 

Water vapor fluxes near the vegetated surface by means of turbulent and 
molecular exchanges. A water vapor flow from a stomatal cavity is defined by the 
molecular diffusion and, in accordance with the Fick’s law, is proportional to 
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the local gradient of water vapor density. 
In this study, we for the first time have shown the use of a stomatal 

conductance calculation model [13] based on satellite data on the surface tem-
perature distribution and visible and near infrared reflectance in conjunction 
with parameters obtained in simultaneous ground truth measurements using the 
predeveloped automatic mobile field agrometeorological equipment (AMFAE) 
[5]. As a result, thematic maps of the stomatal conductance spatial distribution 
on the fields studied have been compiled. In addition, the stomatal conduct-
ance at a single point was calculated based on the AMFAE measurements. 

The aim of the study was to test techniques for automatic monitoring of 
stomatal conductance and its spatial distribution based on spaceborne remote 
sensing data combined with ground-based meteorological measurements with the 
use of mathematical simulation.   

Technique. The stomatal conductance was calculated for forage herbs 
grown on the fields near Bugry village (Leningrad Region, 60°56N, 30°2527E) 
as of May 15, 2016 and May 31, 2016. 

To estimate the stomatal conductance, the model of J.M. Blonquist et 
al. [13] was selected. It includes automatic ground-based vegetation temperature 
measurements by infrared thermometers in conjunction with the calculation of 
radiation balance and components of heat balance. The equation of heat balance 
above the vegetated surface is as follows: 

nAсEсНnсR    , (3]) 

where Rnc is the radiation balance above the vegetated surface, W•m2; Hc and 
λEc are sensible and latent heat fluxes, respectively, W•m2; An is carbon dioxide 
flow, W•m2. The carbon dioxide flow in the heat balance is generally ignored 
(except for cases when its determination constitutes the aim of a study).  

Remote sensing data was obtained from American LandSat-8 (freely 
available on U.S. Geological Survey Site: https://www.usgs.gov/). The satellite is 
equipped with special instruments: OLI (Operational Land Imager) takes visible 
(5 channels) and near infrared (4 channels) images, TIRS (Thermal InfraRed 
Sensor) takes far infrared (thermal) images (2 channels) (14).  

The brightness temperature (satellite images) was converted into the 
true one using an algorithm [15] based on the comparison of data obtained 
from two LandSat-8 heat channels and ground surface classification by un-
derlying surface types.  

Information about the spatial distribution of radiation balance, total evap-
oration and turbulent heat flux taking into account the surface air stratification 
was obtained with the SEBAL (Surface Energy Balance Algorithm for Land) mod-
el [16, 17] based on the heat balance equation and visible, near infrared (IR) and 
thermal data of satellite sensing.  

Atmospheric correction of the visible and near IR satellite imagery was 
made using the 6S open source model (Second simulation of the satellite signal in 
the solar spectrum) [18-20] that described the electromagnetic radiation transmis-
sion through the atmosphere. The atmospheric condition parameters required for 
the calculations (aerosol optical thickness of the atmosphere at  = 550 nm) are 
freely provided in the MODIS system [21] and the global digital elevation model 
ASTER GDEM [22] allowing for extracting local data (U.S. Geological Survey).  

Additional ground-based measurements of the wind velocity at a single 
point (required for the SEBAL model), as well as the air temperature and humidi-
ty, atmospheric pressure (required to insert in the spatial stomatal conductance 
distribution model) [13] were made simultaneously with satellite observations using 
the automatic mobile field agrometeorological equipment (AMFAE) (designed at 
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Agrophysical Research Institute) [5] fitted with air temperature HEL-705-U-1-12-
C2, relative air humidity HIH-4602-C and atmospheric pressure MPX4115AP 
sensors (Honeywell International, Inc., USA), as well as wind velocity sensor 
Windgeschwindigkeitssensor (Hydrometeorologische Instrumente und Messanla-
gen, Germany) (with meteorological ground truth measurements taken every 90 
seconds).  

Being a ground-based meteorological station for ground truth meas-
urements, the AMFAE was also used as an independent instrument for auto-
matic monitoring of the stomatal conductance and components of the heat 
balance at a single point. The AMFAE has an infrared temperature sensor 
Optris CT LT (Optris GmbH, Germany) and balance meter Peleng SF-08 
(OAO Peleng, Republic of Belarus) to determine the vegetated surface temper-
ature and radiation balance based on which the stomatal conductance at a sin-
gle point was calculated.  

The stomatal conductance gs was calculated by the formula of J.M. Blon-
quist et al. [13]: 

)]()[()(

)]()[(

aTcTpCHgARPeeVg
aTcTpCHgARPVg

sg
nncAsc

nnc







 , 
 

(4) 

where Тс is radiometric temperature of the vegetated surface, °C; Та is air tem-
perature, °C; Ср is specific heat capacity at constant pressure, J•kg-1•К-1; λ is 
latent heat of vaporization, MJ•kg-1; esc is water-vapor saturation pressure at 
the vegetation temperature Tc, kPa; ea is partial water vapor pressure, kPa; P 
is atmospheric pressure, kPa; gH is heat conductivity in the surface air, 
mole•m2•s1; gV is water vapor conductivity in the surface air, mole•m2•s1. 

The heat conductivity (gH) in the surface air where flows were not affect-
ed by molecular viscosity were calculated taking into account the underlying sur-
face roughness [5]. The lower and upper levels of the layer depend on roughness 
parameters for a flux of momentum (zm), heat flux (zh) and water vapor flux (zv) 
over the displacement layer (d) [23]: 

  
])[ln(])[ln(

2

hhzdTazmmzduz

kmolu
Hg 


  . (5) 

The roughness parameters may be defined as d = 0.65hc, zm = 0.123hc, 
zh 0.1zm, zv ≈ zh; zu and zTa are levels of air velocity and temperature measure-
ments, respectively; hc is canopy height; k is Karman constant; u is wind current 
velocity at the level of zu; Ψm, Ψh are universal functions for the flux of momen-
tum and heat flux [23-25].  

The water vapor conductivity in the canopy layer gV is calculated similar-
ly to gH by formula (5) using the corresponding parameters.  

 Results. The stomatal conductance gs values obtained in the first deter-
mination (on May 15) based on the model [13] using the automatic mobile field 
agrometeorological equipment (AMFAE) when measuring the vegetated surface 
temperature and radiation balance at a single point generally were lower than 
those obtained in the second determination (on May 31) (Fig. 1).  

The observed result can be explained by that, on May 31, the vegetated 
surface temperature under similar meteorological conditions was lower than the 
air temperature, there was an oasis effect, and the turbulent heat flux was di-
rected towards the vegetated surface. When measuring on May 15, the surface 
temperature exceeded the air temperature and, therefore, the radiation balance 
reflected not only transpiration and photosynthesis, but also the turbulent heat 
flux from the vegetated surface.  
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Fig. 1. Estimates of stomatal 
conductance (gs) in forage herbs 
calculated by the model of 
J.M. Blonquist et al. [13] based 
on agrometeorological measure-
ments: 1 and 2 — registration of 
meteorological data on May 15 
(60°56N, 30°2527E) and May 
31 (60°516N, 30°2432E) (Bug-
ry village, Leningrad Oblast, 
2016). The measurements were 
made using the automatic mo-
bile field agrometeorological 
equipment (AMFAE) [5].  

 

Having processed the remote sensing and ground truth monitoring data 
after the atmospheric correction of LandSat-8 satellite imagery using the 6S 
model [18-20], we have obtained the visible (5 channels) and near IR (4 chan-
nels) reflectance values which were used to calculate the radiation and aerody-
namic characteristics of vegetation by the SEBAL model. Then, we have calcu-
lated the true surface temperature using the algorithm proposed by C. Du et al. 
[15] in order to insert it in the formula for calculating the stomatal conductance 
by the model applied [13]. 

The satellite image classification by types of the underlying surface, 
NDVI (Normalized Difference Vegetation Index), and ground-based measure-
ments of wind velocity made it possible to calculate the spatial distribution of 
roughness parameters for the heat and momentum fluxes which were required 
for the turbulent heat flux estimation. To assess the spatial distribution of the 
stomatal conductance, the thematic maps have been compiled for all the heat 
balance components calculated by the SEBAL model taking into account 
ground-based meteorological measurements using the AMFAE system. 

 

А B 

 
Fig. 2. Spatial distribution of the stomatal conductance (gs) in forage herbs when estimating by the 
model of J.M. Blonquist et al. [13] in conjunction with the SEBAL model [17] and LandSat-8 
(USA) images [14]: A and B — on May 15 and May 31, 2016, respectively; upper line — bar-
graph of conductance values, lower line — pixel characteristics of images (Bugry village, Lenin-
grad Oblast, 2016). A flag designates the place of ground-based registration of data by the auto-
matic mobile field agrometeorological equipment (AMFAE) [5] (May 15 — 60°56N, 
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30°2527E; May 31 — 60°516N, 30°2432E). Scale is 1 km. 

As a result, based on the satellite data (the satellite transit time is about 
1204) and results of ground-based measurements, thematic maps and bargraphs 
of the stomatal conductance gs have been constructed (Fig. 2). On average, the 
stomatal conductance values (like in determining at a single point) on May 15 
were lower than those on May 31. In the high stomatal conductance areas, gs 
values were approximately twice as much as those in the low stomatal con-
ductance areas.  

Thus, it was shown that the tested model could be applied for the auto-
matic monitoring of spatial distribution of the stomatal conductance in plants 
using data of radiometric measurement of the vegetated surface temperature, 
model calculation of components of the underlying surface heat balance ob-
tained by the remote sensing in conjunction with simultaneous ground-based 
measurements of air temperature and humidity, atmospheric pressure and wind 
current velocity. To improve the stomatal conductance accuracy, the highly sen-
sitive measurement of the true temperature of the canopy taking into account its 
radiation capacity is required, and the use of the high-precision atmospheric 
correction of the satellite channels is also necessary to obtain true ground pa-
rameters not affected by atmosphere. 
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