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ABSTRACT 

Grimmond, C.S.B., Isard, S.A. and Belding, M.J., 1992. Development and evaluation of continuously 
weighing mini-lysimeters. Agric. For. Meteorol., 62: 205-218. 

Micrometeorological methods for measuring evapotranspiration are based on the assumption that the 
water vapor flux is constant with respect to height within the first few meters above the ground, and 
consequently are not applicable where an area is not extensively homogeneous. An increasing emphasis on 
energy and water flux studies in heterogeneous terrain (e.g. urban and hilly environments) has created a 
need to develop alternative approaches to quantify the latent heat flux. Lysimetry is an established 
alternative that permits the direct measurement of evapotranspiration from the ground surface and thus 
can provide accurate point estimates of the latent heat flux in heterogeneous environments. To date, the 
continuously weighing lysimeters that have been developed and extensively tested are large (surface area 
generally greater than 2 m 2), stationary and expensive to construct and maintain. These instruments are 
also inappropriate for most geographic studies of energy and water budgets in heterogeneous environments 
because knowledge of the spatial variability of evapotranspiration and quantification of the horizontal 
transport of moisture and heat require multiple, simultaneous flux determinations. This research tests two 
continuously weighing, portable mini-lysimeters ( < 0.2 m 2) designed for practical application in heteroge- 
neous environments. The performance of the lysimeters are compared with evaporative flux measurements 
obtained using eddy correlation instrumentation from an extensive homogeneous surface. The soil 
moisture status of the monolith and the stomatal resistance of the plants within the lysimeter are compared 
with simultaneous measurements from the surrounding grass field. The results show that the evaporative 
flux, soil moisture and stomatal resistance measurements from both lysimeters compare favorably with 
measurements that are representative of their surroundings. 

INTRODUCTION 

Methods for measuring the evaporative flux using micrometeorological 
techniques are well developed for extensive, horizontal surfaces with uniform 
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surface cover and small roughness (e.g. Haugen, 1973; Brutsaert, 1982; Oke, 
1987). Under these conditions, micrometeorological techniques are known to 
yield values for the moisture and heat exchanges that are consistent with the 
principles of Monin-Obukhov similarity theory (MOST), a scheme which 
relates the surface turbulent fluxes and corresponding profiles in one-dimen- 
sional, semi-empirical scaling functions (e.g. Arya, 1988~ Stull, 1988; Sorbjan, 
1989). The turbulent fluxes are generally measured in the lower atmosphere 
either directly via eddy correlation or indirectly using profile methods such as 
the aerodynamic or Bowen ratio-energy balance approaches (see Oke, 1987 
for an overview). The latter two methods depend upon the assumption that 
the diffusivities for momentum, heat and moisture are similar; an assumption 
that has proven to be of restricted validity. Operationalization of the 
micrometeorological approaches requires that tower-observations of evapo- 
transpiration be conducted in the 'constant flux layer' within the lowest few 
meters of the atmosphere. Two conditions must be met in order to obtain 
accurate measurements of evapotranspiration using these one-dimensional 
concentration or diffusivity micrometeorological approaches (Oke et al., 
1989). First, the instrument height must be large relative to the height and 
horizontal spacing of the surface elements so that the contribution of the 
elements is effectively combined into an integrated signal. Second, there must 
be a large homogeneous fetch in the upwind direction to achieve horizontal 
homogeneity of humidity and temperature~ and thus a 'constant flux layer ~ 
over the measurement site. A number of studies have shown that the turbulent 
fluxes within this constant flux layer can vary less than 10% with height (see 
Panofsky, 1973) and thus flux measurements obtained within this layer are 
often representative of the energy and moisture exchanges between the Earth's 
surface and the atmosphere below the instrument level. The time required to 
obtain suitable averages of turbulent states depends on instrument height and 
atmospheric stability. The range of temporal scales contributing to the trans- 
port of entities is well defined and sampling guidelines are available 
(Wyngaard, 1973). 

Where the scale of interest does not include extensive homogeneous 
surfaces, the constant flux layer generally does not have sufficient depth to 
accurately measure evapotranspiration with micrometeorological methods. 
An alternative approach is lysimetry. Lysimeters have been used in many 
different environments (see Aboukhaled, 1982 for a review) to obtain direct 
point measurements of evapotranspiration. Large lysimeters (i.e. surface 
area > 2 m 2) are the standard instrument for measuring evapotranspiration 
(Slatyer and McIlroy, 1961). Recently many researchers have used 'mini- 
lysimeters' in field studies (Clark et al., 1984; Rosenthal et al., 1985; Wight et 
al., 1986; Dugas and Bland, 1989; Isard and Belding, 1989). Mini-lysimeters 
have the advantage that they: (1) permit the measurement of the evaporative 
flux from smaller areas; (2) create less disturbance to the environment of 
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interest during installation; (3) are considerably cheaper to install than the 
large ones, and thus more than one mini-lysimeter can be deployed in an area 
to study the spatial variability of evapotranspiration. 

The number of potential sources of error associated with using lysimeters 
to measure evapotranspiration are substantial. There are errors associated 
with the mechanics and electronics of the lysimeter. Water loss from the plant 
population in a lysimeter may not be representative of evapotranspiration 
from surrounding vegetation. The area of exposed plant canopy may exceed 
the lysimeter surface area. The non-vegetated edge between the soil-plant 
monolith within the lysimeter and the surrounding area increases turbulence 
in the layer of air immediately above the lysimeter. Finally, the walls of the 
lysimeter may impact the thermal regime of the soil and vegetation within the 
lysimeter. In general, the effect of each of these sources of error on the 
accuracy of evapotranspiration measurements is inversely related to the 
surface area of the lysimeter (Dugas and Bland, 1989). 

Latent heat flux measurements from most mini-lysimeters have not been 
adequately compared with concurrent flux measurements using micrometeo- 
rolgical techniques in appropriate field situations (e.g. Oke, 1979; Suckling, 
1980; Isard and Belding, 1989). In a recent study, Dugas and Bland (1989) 
compared measurements from three lysimeters with surface areas of 0.18, 0.75 
and 3.0 m 2. Water loss was periodically monitored by manually connecting the 
lysimeters to an electronic load beam. The accuracy and resolution of the 
measurements ofevapotranspiration from the small lysimeters were much less 
than would have been achieved if a portion of the mass of the lysimeters was 
either counterbalanced with weights or electronically offset before the signal 
was sampled by the data logger. The temporal resolution of their evapotrans- 
piration measurements was 5-29days and thus there is a further need to 
evaluate the accuracy and repeatability of mini-lysimeter measurements at 
temporal scales ranging from hours to days. 

The objective of this paper is to present the results of an evaluation of two 
continuously weighing mini-lysimeters (< 0.2m 2 surface area) with hourly 
resolution of the flux determinations. 

M E T H O D S  

Lysimeter design 

The design criteria for the mini-lysimeters developed in this project are that 
they be: (1) able to continuously monitor evapotranspiration at the resolution 
of an hour; (2) easily and rapidly deployed; (3) re-deployable (i.e. portable); 
(4) economical to construct and install. To meet these requirements as well as 
those of lysimeters in general (see Slatyer and McIlroy, 1961; Aboukhaled, 
1982), a number of constraints must be optimized. 



208 C.S.B. G R I M M O N D  ET A L  

45 

4o 

x 35 

._~ 

25 

- -  1.5 
--- 1.0 

, 0.5 
i - - - 0 . 2 5  

, , , t  . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 4 6 8 10 12 14 

Surface disturbance (%) 

QE resolution ON m 2) 

5 10 15 20 

~ m E 

!,,,,.,, .... 

, b  
0.01 0.02 0.03 

E resolution (x 10 "3 m) 

'~: -2000, 22.5 
',, .- 1500, 22.5 
'~ 1400. 22.5 
".. -- 10001 22.5 
~,, 1400, 22.0 " ", 

c iiiii< 

35 

30 

25 

20 
10 20 30 40 50 6O 70 80 

Maximum dep th  (x 10 .2 m) 

Fig. 1. Relations for optimizing mini-lysimeter design with respect to internal diameter (2 q). (a) 
Surface disturbance as defined by eqn. (1). The total distance between the outside edge of the outer 
container and the inside edge of the inside container (r 0 - r~) are plotted against 2 r, for values of 
(r, rl) ranging between 0.25 × 10 2 to 1.5 x 10 2m. (b) Resolution of the mini-lysimeters 
determined as a mass and a flux (approximately 20°C). (c) Maximum depth of the monolith with 
varying pb(kgm -3) and W,,,,,(kg). 

As with all lysimeters, installation should cause minimal disturbance to the 
environment and the soil structure inside the lysimeter must resemble closely 
that of  the surrounding area. Site disturbance is minimized in mini-lysimeter 
installation by not utilizing heavy earth moving equipment, which has the 
added benefit of  reducing installation cost. The monolith must be kept intact 
to ensure that it has the same hydrological characteristics as its surroundings. 
When site and monolith disturbances are minimal, mini-lysimeters can be 
used immediately following installation. In contrast, the time interval between 
installation and collection of high quality flux data with large lysimeters can 
be as long as 12 months (Campbell, 1989). 

To minimize surface disturbance during operation owing to the lysimeter 
hardware, circular containers with minimum wall thickness for holding the 
soil monolith (inner container) and lining the walls of the pit (outer container) 
are desired. The surface disturbance, from the amount  of  non-vegetated 
surface owing to the containers, increases with increasing width of  the dis- 
turbed surface and decreasing diameter of  the monolith surface (Fig. l(a)). 
This follows from the ratio of  these two surfaces 

[-(r2ox) - -  ( r ~ x ) ]  
Sur face  d i s t u r b a n c e  ( % )  = L ( r ~ )  . j  x 100 (1) 
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where ro and r~ are outside and inside diameters of the outer and inner 
containers, respectively. Figure 1 (a) shows how surface disturbance of airflow 
near the lysimeter and to the thermal regime of the soil and vegetation within 
the lysimeter could be minimized. However, the walls of the lysimeter con- 
tainer must be sufficiently strong (i.e. thick) to support the monolith and 
ensure that the walls do not deform. In addition, there must be no contact 
between the inner and outer containers. 

Automatic monitoring of the mass of the lysimeter monolith is achieved via 
a straingauge load cell connected to a data logger. As the environment in 
which it is deployed is often damp, the load cell must survive long term 'wash 
down' situations. A logistical constraint associated with the use of a load cell 
is that they are manufactured at pre-determined capacities; thus, the choice of 
load cell capacity has to be optimized with the other constraints. Obviously, 
the monolith plus container has to weigh less than the capacity so that the 
receipt of water does not overload the load cell. The resolution of a lysimeter 
for mass exchange (E) is a function of surface area (or diameter for a 
cylindrical lysimeter) for a given signal measurement resolution. Thus with an 
increase in lysimeter diameter the resolution of measurement improves (Fig. 
l(b)). In lysimeter design there is a trade-off between maximizing the surface 
area in order to maintain or improve the resolution, and maximizing the depth 
to ensure adequate rooting depth for the plants, while still being able to lift 
an intact soil monolith with minimal disturbance to the surroundings. The 
dimensional constraints for the lysimeter follow from the relation between the 
monolith radius (ri), maximum depth (dma x ), maximum weight (Wmax) or load 
cell capacity, and the bulk density (Pb) of the material 

Wma× 
- -  ,) 

d~,x r~TZPb (2) 

because the weight of the monolith is the product of its bulk density and 
volume (the relation for which brings eqn. (2) back to its basic form), as the 
diameter of the lysimeter increases, the maximum depth for a given Wmax and 
Pb decreases (Fig. l(c)). 

The specifications of the two lysimeters (LY1 and LY2) used in this study 
are given in Table 1 and a schematic is presented in Fig. 2. The load cell 
(Interface, Scottsdale, AZ, single point I load cell model SP-I 50 lb-22.7 kg) 
signals were monitored by a Campbell Scientific (CSI) 21X Micrologger 
(Logan, UT). The mini-lysimeters in this study are designed for use in areas 
where horizontal runoff is negligible and thus the primary drainage com- 
ponent from the lysimeter is vertical. For this application the bottoms of the 
mini-lysimeters were sealed forcing drainage to zero. Changes in mass were 
monitored at 60 s intervals and averaged for 5 min periods. Evapotranspira- 
tion was determined on an hourly basis from the differences of load cell weight 
at the beginning of and end of each period. The hourly latent heat flux from 
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TABLE 1 

Specifications of the mini-lysimeters 

('.S.B. GRIMMOND ET AL 

Lysimeter 1 (LYI) Lysimeter 2 (LY2i 

Weighing mechanism (Interface lnc single point 
1 load cell model SP-I 50) 

Internal diameter (m) 0.2795 0.2744 
Surface area (m 2 ) 0.06136 0.05914 
Depth (m) 0.265 0.198 
E resolution ( x 10 ~m) 0.0163 0.0169 
QE resolution approximately 20°C (Wm 2) 11.1 11.5 

the lysimeters (QE~, Win-2) was calculated as 

QE, = [P + AW(pA)  ']L,, (3) 

where P is the precipitation (m h ~), A is the surface area (m2), p is the density 
of water (kg m-3), Lv is latent heat of vaporization (J kg ~ ) and A W is change 

External 
~,nnt~in~.r 

Fig. 2. Lysimeter  design (modified f rom Isard and Belding, 1989). 
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in weight (kg h -~ ) given as 

L C S t -  LCS~+I 
A W = C F  (4) 

where LCS is the load cell signal (mV) and C F  is the calibration factor 
(mV kg 1). CFis  determined by frequent application of known weights on the 
monolith and recording the signal response. This should be done at a time of 
day when evapotranspiration and wind speeds are negligible. The energy flux 
in eqn. (3) can be converted to a depth of water by omitting L V. 

The probable absolute measurement error for the lysimeters attached to a 
CSI 21X using the full bridge with excitation compensation instruction (In- 
struction 9), following the approach of Cook and Rabinowicz (1963), is 28 
and 29W m -2, at 20°C, for LY1 and LY2 respectively. 

Measurement  program 

Two lysimeters of slightly different dimensions were used to assess both the 
accuracy and repeatability of the design. The performance of the two lysimet- 
ers was evaluated in terms of the evaporative flux, soil moisture status, and 
vegetation stomatal resistance. Measurements were conducted 17 July-4 
August 1991 (year/day: 91/198 to 91/216) over an extensive horizontal field in 
Bloomington, Indiana. July was slightly warmer and sunnier than normal, 
with approximately half the normal precipitation. This precipitation occurred 
in the first part of the month before measurements began. August was also 
warmer than normal, but less sunny with about normal monthly precipita- 
tion, which occurred in the middle of the month. Because no appreciable 
precipitation fell during the study period, restriction of drainage from the 
lysimeter bottom was unlikely to be an important source of measurement 
error. The soil at the site is a loamy udorthent (United States Department of 
Agriculture (USDA) Soil Conservation, 1981). The site is sufficiently homoge- 
neous in the horizontal to meet the fetch requirements for the micrometeo- 
rological eddy correlation techniques. The vegetation in the field is a mixture 
of short grasses that were allowed to grow without mowing throughout the 
study period. Because of the drought conditions, the height of the grasses only 
increased from approximately 0.1-0.2 to 0.2-0.3 m during the study period. 

The eddy correlation approach was used to evaluate the evaporative flux 
independent of the lysimeters. The required vapor flux and vertical wind 
velocity were measured with a CSI Krypton Hygrometer KH20 and a CSI 
Sonic Anemometer and fine wire thermocouple system CA27, respectively. 
Measurements from the two instruments were recorded on a CSI 21X Mi- 
crologger which has the capability to measure fast response signals, calculate 
the instantaneous departures of the vertical wind velocity (w') and vapor flux 
(q') from their respective means, and perform the covariance calculations 
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between the fluxes to allow the determination of latent heat flux from 

QE = Lvw'q' (5) 

Fifteen minute flux determinations were used to compute hourly fluxes. 
Corrections were made for variations of oxygen absorption by the sensor and 
air density (Webb et al., 1980; Tanner and Greene, 1989). 

To compare the soil moisture status within the lysimeters with that of the 
surrounding areas, it is necessary to employ a non-destructive sampling 
method that does not disturb the monolith within the lysimeter. Time domain 
reflectometry (TDR) was used to assess soil moisture (Topp et al., 1980; 
Ledieu et al., 1986), Vertical rods (0.15 m) were installed in each lysimeter and 
at six locations in the surrounding field which were monitored daily with a Soil 
Moisture Equipment Corporation (Santa Barbara, CA) Trase 6000 XI 
system. 

Measurements of stomatal resistance were used to compare plant water 
status inside and outside the lysimeters. Daily measurements were taken at the 
same locations as the soil moisture measurements with a Delta T Devices 
(Burwell, Cambridge, UK) AP4 porometer. A minimum of two replicates 
were made at each site. Only grasses abundant within the lysimeter (and thus 
the surrounding field) were selected for porometry. 

E V A L U A T I O N  

Evapotranspiration measurements by the two lysimeters (LY1 and LY2) 
and eddy correlation (KH) approach are compared and evaluated using 
statistical (Table 2) and graphical techniques (Fig. 3). The flux estimates from 
the three systems were similar and decreased throughout the precipitation-free 
study period. The root mean square error (RMSE) for comparisons of LY1 
and LY2 to KH were 49.3 W m -2 and 38.1 W m -2, respectively. The unsys- 
tematic RMSE was the major component  of this error in all cases. The 
measurements from the two lysimeters fall on either side of the eddy correla- 
tion results. As noted above, the probable absolute measurement error for 
each lysimeter attached to a CSI 21X data logger is 28 -29Wm 2. The 
equivalent error for the KH is unknown. The difference in the means of LY 1 
and LY2 is within this probable absolute measurement error. The MBE for 
comparisons of LY1 and LY2 to KH were + 7 . 2 W m  -2 and - 3 . 0 W m  2, 
respectively. LY1 averaged slightly greater QE than did LY2, which was 
expected as LY1 was 0.067m deeper than LY2 (Table 1). In general the 
statistical comparisons (Table 2) indicate that LY2 performed in a manner 
more similar to the eddy correlation approach than did LY 1. This is counter- 
intuitive as the deeper lysimeter (LY 1) would a priori be expected to perform 
closest to KH if the KH is taken as closest to 'true'. If, however, the KH 
underestimates turbulent fluxes, as has been suggested by Tanner et al. (1985) 
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TABLE 2 

Statistical comparison of  evaporative flux determined from the Lysimeters (LYl and LY2) and Krypton 
hygrometer  (KH) 
(a) For hours when all three systems were operating 

n = 154 KH LY1 LY2 

Mean (Win 2) 
Standard Deviation (SD) (Win 2) 
Maximum (Max) (Wm 2) 
Coefficient of determination (r 2) 
Intercept linear regression (a) (W m 2) 
Slope of  linear regression (b) 
Mean Bias Error (MBE) (Win 2) 
Root Mean Square Error (RMSE) (Win 2) 
RMSE - -  systematic (RMSEsv) (Wm 2) 
RMSE - -  unsystematic (RMSEusY) (Win 2) 
Mean Absolute Error (MAE) (Win 2) 
Willmott's (1981) index of  agreement  (d) 
Nash and Sutcliffe's (1970) goodness of fit (N&S) 

71.1 
67.7 

259.4 

78.3 68.1 
93.9 78.9 

306.9 273.2 
0.75 0.77 

- 7 . 3  - 4 . 5  
1.20 1.02 
7.2 3.0 

49.3 38.1 
15.5 3.3 
46.8 37.9 
39.8 27.4 

0.90 0.93 
0.47 0.68 

(b) For hours when at least two systems were operating 

n (h) 

LYI vs. KH LY2 vs. KH LYI vs. LY2 

188 231 320 

LYI KH LY2 KH LY2 LYI 

Mean (Wm ~-) 106.5 84.8 60.7 65.9 43.3 44.6 
SD (Win 2) 112.6 75.3 72.5 54.6 84.5 98.4 
Max (Win 2) 374.0 263.6 273.2 259.4 375.8 459.8 
r ~ 0.79 0.77 0.89 
a ( W m  2) -6 .35  - 4 . 3 7  7.18 
b 1.33 0.98 0.8[ 
MBE ( Win - : )  21.7 - 5 . 2  - 1.3 
RMSE (Win 2) 61.1 34.8 33.4 
RMSEs¥ (Win 2) 33.1 5.3 18.6 
RMSEusv (Win 2) 51.3 34.4 27.7 
MAE (W m -2) 48.9 27.3 25. I 
d 0.89 0.93 0.96 
N&S 0.34 0.71 0.88 

based on energy balance closure, the performance of the deeper LY1 may in 
fact be closest to the 'true' latent heat flux. 

The time series (Fig. 3(b)) suggests that QE from the lysimeters was greater 
than from KH in the earlier part of  the measurement period, but as the 
vegetation within the area became more stressed, owing to a lack of rainfall, 
the QE measured by the lysimeters became less than that from the KH. 
Dewfall, which was observed at the site most mornings, was indicated by the 
lysimeters, however, the KH rarely indicated its occurrence (Fig. 3(b)). 
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Fig. 3. Hourly evaporative flux determined by eddy correlation (KH) and lysimetry (LYI and LY2). 
(a) Scatter plot for hours when all three systems were operational. (b) Time series for the observation 
period. 

TDR measurements revealed a steady decline in soil moisture at all sites 
during this precipitation-free period (Fig. 4). The trend of soil moisture in 
both lysimeters and in the surrounding field were similar throughout  the study 
period. During the first half of the period, desiccation within the lysimeters 
was close to the mean of the measurements from the surrounding field. In 
contrast, during the latter half of the period when evapotranspiration was 
very small, soil moisture within the lysimeters was similar to the lowest soil 
moisture measurements from the field. In the latter part of the period the 
errors in measurement are probably of the same magnitude or larger than the 
actual soil moisture measurements. Errors in TDR measurements are the 
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probable explanation of the apparent increase in soil moisture during this 
rain-free period. 

The variability in stomatal resistance of vegetation throughout the preci- 
pitation-free period (Fig. 5) was large. Stomatal resistance increased slightly 
toward the end of the period. Measurements of stomatal resistance of the 
plants within the lysimeters were similar to corresponding measurements from 
the surrounding vegetation. Observations of stomatal resistance were discon- 
tinued after 91/211 owing to the highly stressed nature of the vegetation in the 
lysimeters. 

D I S C U S S I O N  A N D  C O N C L U S I O N S  

Measurements of the evaporative flux, soil moisture and stomatal resis- 
tance from both mini-lysimeters were similar to corresponding measurements 
from the surrounding field. The lysimeters were tested during an extensive 
precipitation-free period when soil moisture at the study site was similar to 
conditions during the severe drought experienced throughout the Midwest 
during July and August 1988. Even at the end of the 3 week period, the RMSE 
for comparisons between LY1 and LY2 with KH are 45.0 and 43.0 W m -2 and 
the MBE between LY1 and LY2 is - 3 .4Wm 2. Differences among the three 
systems were similar to those reported for other instrument comparisons (see 
for example Halliwell and Rouse, 1989). 

We conclude that the mini-lysimeters developed and tested in this study 
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provide relatively accurate and reliable measurements of latent heat flux. 
However, ft should be noted that the mini-lysimeter flux measurements have 
not been evaluated over long time periods (i.e. months and years) and thus 
these results are only strictly applicable for short-term (days to weeks) studies. 
One limitation of these systems is that the vegetation must have a rooting 
depth less than the depth of the mini-lysimeter container. Assuming that a 
data logging device is available, the only major cost associated with the 
lysimeter is the load cell (approximately $300), bringing the total cost of the 
mini-lysimeter to less than $600 excluding labor. 

Recent emphasis on understanding fluxes of heat and water vapor in 
heterogeneous environments (e.g. urban, alpine, wetland and land reclama- 
tion sites) has necessitated the development of portable and inexpensive 
instruments that can be deployed efficiently to estimate spatial and temporal 
variations in these important fluxes. Often these areas are characterized by 
surface cover that is patchy at the micro-scale but can be treated as a homoge- 
neous unit when the surfaces are integrated to the local-scale to meso-scale. 
Generally, the heterogeneity in these environments causes micro-scale advec- 
tion to be a significant term in both the water and energy balances. For this 
reason, measurements at multiple sites are needed to quantify the latent heat 
flux and micrometeorological techniques are often inapplicable for measuring 
the energy fluxes. The mini-lysimeters developed and evaluated in this study 
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provide a portable and economical instrument for continuous automatic 
monitoring of evapotranspiration at the resolution of an hour. 
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