
penetrated deeper with time and vaporization occurred
more in the subsurface. Small increases of LPF were found
in the late afternoon (e.g., day 2.7), meaning there was
some rewetting of the soil surface from below as a result of
reduced atmospheric evaporation demand [Novak., 2010].
After 10 days, VPF was the sole evaporation source mean-
ing all of the vaporization occurred within the subsurface.
Figure 10a shows negative values of LPF during midnight
to morning time suggesting water vapor condensation at the
soil surface. Since VPF values were close to zero in the
early morning, vapor in the atmosphere condensed mainly
on the soil surface.

[37] Simulated soil temperatures are shown in Figure
10b where for all the simulation days, the temperature at
the soil surface was maximum around 1 pm based on the
maximum solar radiation at noon and the maximum air
temperature at 1 pm (Figure 2). The minimum temperatures
occurred around 5 am based on the minimum air tempera-
ture at 1 am and no solar radiation at night. Temperatures
at shallower depths were larger than deeper depths during
daytime and smaller in the nighttime. The daily tempera-
ture amplitudes were smaller initially, because the heat
capacity of soil was higher because of higher water con-
tents and heat depletion by evaporation was larger.
3.2.2. Diurnally Varied Subsurface Evaporation
Estimates Using the Heat Balance Method

[38] Using the same procedure as described for constant
atmospheric conditions (section 3.1.3), subsurface evapora-
tion rates were calculated using the heat balance method
(equation (1) or equation (27)) using calculations of soil
temperature and thermal properties (� and C) from simu-
lated water contents. The 1, 3, and 6 mm temperature obser-
vation grid spacings were evaluated and here we begin by
showing results from the 3 mm spacing. Figure 11a shows
spatial and temporal variation in the calculated local subsur-

face evaporation rates from heat balance (SEHB) for each of
three soil depth increments defined by the 3 mm tempera-
ture observation grid (i.e., 1.5–4.5, 4.5–7.5, and 7.5–10.5
mm). In this case, local (depth-specified) � was used for
estimating SEHB (equation (27)). During the initial 2.5 days,
SEHB was nearly zero since all of the evaporation occurred
at the soil surface or above the undetectable 1.5 mm zone.
The SEHB resulting from the 1.5–4.5 mm layer was greater
than the deeper layers from day 2.5–13.5. The SEHB from
4.5–7.5 mm began to exceed evaporation from 1.5–4.5
mm after day 13.5. The 7.5–10.5 mm zone became the
dominant layer for evaporation after day 16.5. This shifting
pattern is similar to field measurement results shown in
Heitman et al. [2008b].

[39] The total subsurface evaporation rates from the heat
balance method (TSEHB) between 1.5 mm to 100 mm are
plotted in Figure 11b as well as the total subsurface evapo-
ration rate from water balance estimates (TSEWB, equation
(26)) for all depths down to 100 mm, excluding the soil sur-
face. In Figure 11b, two TSEHB calculated using the aver-
age � and the local � are shown for comparison. From day
2.5 to 7.5, the TSEHB from with local �, underestimated
TSEWB, indicating that subsurface evaporation was occur-
ring in the undetectable zone from 0 to 1.5 mm depth. After
day 7.5, TSEHB agreed well with TSEWB, suggesting that
after the drying front progresses below the undetectable
zone (i.e., below 1.5 mm depth) the heat balance method
provides reasonable estimates of subsurface evaporation
rates using local estimates of �.

[40] Meanwhile, using the heat balance method with
averaged � substantially overestimated the TSEHB com-
pared with daytime estimates of TSEWB and underesti-
mated nighttime predictions compared with TSEWB. These
negative evaporation rates, also seen in Heitman et al.
[2008a, 2008b], indicate condensation occurring within the

Figure 10. Simulated (a) soil surface water flux with components of liquid- (LPF) and vapor-phase
fluxes (VPF), and (b) soil temperature change under diurnal atmospheric cycles.
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subsurface. Based on this comparison using numerical sim-
ulation, the nighttime condensation arises from averaging
of � and is virtually nonexistent when space-averaged � is
used. To illustrate this important concept in greater detail,
we focus in on the 1.5–4.5 mm soil layer between day 8
and 10 in Figure 11a and plot the temporally varying aver-
age � between 0–6 mm along with local � for 0 –3 mm
and 3–6 mm in Figure 12a. We also plot temporal variation
in the conduction component of energy (first term on the
right-hand side of equations (1) or (27)) and in the sensible
heat storage component of energy (equation (2)) for the
1.5 –4.5 mm soil layer shown in Figure 12b. Since there
was no irrigation or rainfall in this simulation, the soil pro-
file was generally drier close to the surface and wetter
deeper in the profile. Corresponding to these water content
conditions, the locally derived � between 0 and 3 mm was
smaller than the locally determined � between 3 and 6 mm,
where the largest differences occurred in the afternoon. The
averaged � naturally fell between these two local � values.
Daytime soil temperatures were maximum at the surface
and cooler in the profile (Figure 10b), generating downward
conduction heat flux. This downward conduction heat flux
was smaller using the local � than when average � was
used in calculations because average � was larger than
local � between the 0–3 mm depth. By contrast, the con-
duction heat flux going out from the layer was larger in
case of local � than average �, because local � for the 3–
6 mm layer was larger than average �. Because of these
conduction heat flux differences, the increase in sensible
heat within the 1.5–4.5 mm layer (Figure 12b) was much
larger for average � compared with local �, resulting in
overestimation of the subsurface evaporation rate.

[41] Meanwhile during late afternoon and nighttime (i.e.,
day 8.7 – 9.3), temperature gradients were reversed and the
direction of conduction heat flux was upward to the surface.
The incoming heat flux to the layer from the lower profile
was larger in the case of local � than for average � because
local � was larger in the 3– 6 mm layer, and the outgoing
heat flux from the layer to the soil surface was smaller in
the case of local � than for the average � since local � in
the 0–3 mm layer was smaller. This created the smaller
(sometimes negative) increase in sensible heat within the
layer for the case of average � and the resulting underesti-
mation of subsurface evaporation rate. The change of sensi-
ble heat storage, �S, was much smaller than the change by
conduction heat flux, which is consistent with the results of
our simulation using a constant atmospheric boundary con-
dition (Figure 8) and with field measurements presented in
Heitman et al. [2008b]. Hence, accurate determination of �
appears to be the most important component in calculations
of the heat balance method. As suggested in section 3.1.4,
using measurements of local (depth-specified) � with tri-
needle HPP or penta-needle HPP appears to significantly
improve estimation of subsurface evaporation rate using
the heat balance method.
3.2.3. Comparison of Daily Evaporation

[42] Total subsurface evaporation rate from the heat bal-
ance method were calculated for 1, 3, and 6 mm temperature
observation grids using local �. Figure 13 shows the daily
total evaporation estimates (daily sum of Figure 11b) using
the heat balance method (TSEHB) as well as daily total evap-
oration based on the water balance (TSEWB) in addition to
the total daily evaporation (daily sum of Figure 11a). The
total evaporation was 0.32 cm on day 1 and decreased with

Figure 11. (a) Change in local subsurface evaporation rates under diurnal atmospheric cycles deter-
mined by the heat balance method (SEHB, equation (27)) using 3 mm temperature observation grids and
local thermal conductivity ð�Þ, and (b) comparison between total subsurface evaporation rate from heat
balance (TSEHB) using average � (dotted line), using local � (solid line), and from water balance
(TSEWB, dashed line).
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time down to 0.05 cm d�1 on day 20. The computed TSEWB
was smaller than the total evaporation until the 10th day
because water vaporization occurred at the soil surface as
well as within the subsurface (surface and transient evapora-
tion stage). Beyond day 10, the TSEWB was consistent with
the total evaporation (subsurface evaporation stage). The
TSEHB results were underestimated compared with TSEWB
initially because of the ‘‘undetectable zone’’. As expected,
TSEHB estimates using smaller observation grid spacing
approach the TSEWB earlier because of the smaller undetect-
able zone. Predictions of TSEHB with 1, 3, and 6 mm grid
spacing complied with TSEWB after 8, 10, and 12 days,
respectively. This result endorses the use of HPP with
smaller spacings at least near the soil surface where the
undetectable zone can be minimized, leading to more accu-
rate estimates of total subsurface evaporation rate. Although
this simulation required 10 days before all of the water va-

porization took place in the subsurface, we note that the
speed of the drying front descent will vary with soil texture
(i.e., coarse texture is faster as shown in Figure 6) and
atmospheric forcing conditions (i.e., higher wind speed,
lower humidity, or larger solar radiation increasing evapora-
tion rate). For example, in the field measurements shown in
Heitman et al. [2008b], subsurface evaporation was detected
by the heat balance method only 3 days after irrigation.

[43] Daily TSEHB with a 3 mm observation grid and
using the average � estimate is also plotted in Figure 13.
Based on the simulated soil texture, �, water content and
atmospheric boundary conditions in this study, estimates of
subsurface evaporation derived using the average � were
almost double the estimate from TSEWB after 10 days (also
see Figure 11b). However, in Heitman et al. [2008b], good
agreement was shown between daily evaporation rate from
the heat balance method using a 6 mm observation grid

Figure 13. Comparison of daily evaporation obtained by total evaporation (water flux) at the soil sur-
face (�) and total subsurface evaporation based on a water balance (þ, TSEWB). In addition, heat balance
(TSEHB) based estimates are given for both local and average � using 3 different grid (sensor) spacings.

Figure 12. (a) Local and average thermal conductivity in the 0–6 mm depth and (b) components of sen-
sible energy change in the 1.5–4.5 mm soil layer under diurnal atmospheric cycling during days 8–10.
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with an average � estimate and the daily evaporation rates
independently measured using microlysimeter and Bowen
ratio methods. Since our simulation conditions differed
from the field conditions of Heitman et al. [2008a, 2008b]
comparisons described here are limited and readers should
be aware that additional factors not considered in simula-
tions may impact daily evaporation rate estimates under
field conditions. Therefore, results of these numerical simu-
lations and the suggestion that local � rather than average
� yield more accurate estimates of subsurface evaporation
rate from the heat balance method need to be further stud-
ied and verified with additional laboratory and field
experiments.

4. Summary
[44] In this study, the applicability and potential limita-

tions of the heat balance method for determining in situ sub-
surface soil water evaporation rate was evaluated. It was
based on measured or estimated soil temperature and ther-
mal properties using a heat-pulse probe (HPP). First, soil
temperatures, water contents, and thermal properties gener-
ated from soil water evaporation simulations under constant
atmospheric boundary condition were used to estimate
subsurface evaporation rates using the heat balance method
(SEHB). The SEHB values calculated in each soil layer,
where segregated by observation node spacing related to
what would be the temperature sensor spacing if the method
were applied experimentally. Shallower layers exhibited
larger SEHB values in the early stages of subsurface evapo-
ration while deeper layer estimates revealed smaller values
later on, corresponding to the drying front deepening and
evaporation rates decreasing with time. Since SEHB is an
indirect estimate, it was evaluated by comparing to directly
determined subsurface evaporation rate calculations from a
water balance (SEWB). Results of SEHB underestimated
those from SEWB when averaged thermal conductivity, �,
was used for heat balance calculations. This is especially
true when there is a large � gradient at the drying front (i.e.,
smaller � above and larger � below), where the average �
causes an underestimation of sensible heat increase by con-
duction heat flux in the layer. A modification using local (or
depth-specified) � instead of average � was suggested to
improve subsurface evaporation estimation. The impact of
soil thermal components on estimation of subsurface evapo-
ration rate was also investigated. The conduction phase was
shown to be the main component supplying energy for soil
water vaporization, while convection of liquid water flux
was only about 3% of the conduction phase because of the
small liquid water flux, i.e., less than 0.1 cm d�1 at the dry-
ing front. Even the change in sensible heat storage compo-
nent (�S in equation (1)) was negligibly small. It is
therefore obvious that accurate measurement of thermal con-
ductivity using the HPP is more critical than measurement
of heat capacity for accurate estimation of subsurface evapo-
ration using the heat balance method supported through HPP
measurements.

[45] The impacts of temperature observation grid (sensor)
spacing (1, 3, and 6 mm) and soil texture (sand, silt, and
silty clay) on subsurface evaporation estimation were also
investigated. The heat balance method includes an ‘‘unde-
tectable zone’’ within the soil profile extending from the

soil surface down to the midpoint of the first temperature
observation grid point (sensor). A key to estimating total
subsurface evaporation more accurately early on after initia-
tion of stage 2 evaporation, was to minimize the depth of
the undetectable zone and the time evaporation occurs
within it. The speed of drying front decent downward into
the soil was faster in sand than in silt and in silty clay using
similar surface boundary conditions. Corresponding to these
effects, differences between simulated total subsurface
evaporation and SEHB were smallest for sand with a 1 mm
observation grid and largest for silty clay with a 6 mm grid.
These results theoretically demonstrate that finer spacing,
(i.e., 1 mm) provides improved accuracy of subsurface
evaporation estimation than coarse (i.e., 6 mm), and there-
fore, developing a HPP with smaller temperature sensor
spacing close to the soil surface should improve measure-
ment resolution. Furthermore, the heat balance method
yields better results in coarse textured soils (sand or silt in
this study) than in finer textured soils in part because there
may be sustained evaporation (combined surface and sub-
surface) within the undetectable zone.

[46] Second, a simulation with diurnal atmospheric cy-
cling was conducted to test the applicability of the heat bal-
ance method to more field-like conditions. Calculated SEHB
values were at maximum around midday and near zero at
night corresponding to daily cycles of air temperature, rela-
tive humidity, and solar radiation. As with the constant
boundary conditions, the overlapping contributions of each
soil layer in which SEHB was computed are seen in time to
diminish in magnitude with depth. The comparison of
SEHB using average � with the water balance–based sub-
surface evaporation rate estimates (SEWB) revealed sub-
stantial overestimation during the day and underestimation
(sometimes showing negative values) at night. Again, these
discrepancies are associated with large � gradients at the
drying front. During daytime when surface temperature
was maximum and conduction heat flux direction was
downward, the sensible heat increase by conduction heat
flux was overestimated, as was soil layer subsurface evapo-
ration rate when using average �. Minimum surface tem-
perature causing upward conduction heat flux at night was
associated with underestimation of sensible heat increase in
the soil layer and underestimation of evaporation rate. The
use of local � for SEHB estimates instead of average � sub-
stantially improved the agreement between SEHB and
SEWB estimates. On the basis of these simulation results,
we suggest two improvements to HPP-based estimates of
subsurface evaporation; (1) reduction of the ‘‘undetectable
zone’’ using closer temperature sensing spacing near the
surface, and (2) use of locally determined � between each
heater needle and temperature sensor needle in place of
averaging � across both sides of a heater needle. These
adjustments to the heat balance method for subsurface
evaporation should improve the accuracy of laboratory-
and field-based estimates.
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Sakai, M., T. Toride, and J. �Simůnek (2009), Water and vapor movement
with condensation and evaporation in a sandy column, Soil Sci. Soc. Am.
J., 73, 707– 717.
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