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Soils in the low-precipitation (150–360 mm annually) 
dryland wheat production region of the Inland Pacifi c 

Northwest are susceptible to wind erosion and are a source of 
suspended soil particles <100 mm in diameter that degrade air 
quality (Saxton, 1996). A typical crop rotation in this region 
is winter wheat–summer fallow, with one crop produced every 
other year. Multiple tillage operations are performed during 
the fallow year to control weeds and to create a tillage mulch 
of low bulk density that conserves seed-zone water. These till-
age operations bury residue, however, and often pulverize soils 
(Horning et al., 1998). Negative consequences are not only the 
loss of productive topsoil from wind erosion but also air quality 
deterioration in downwind regions (Papendick, 1989).

To minimize the adverse impacts of tillage-based summer 
fallow, alternative systems such as minimum-tillage summer 
fallow, chemical summer fallow, and more intensive cropping 
(i.e., less summer fallow) are under development (Elliott et al., 
1999). These alternative systems rely on surface residue to pro-
tect the underlying soil from direct wind pickup (Papendick, 
2004). The effectiveness of surface residue in conserving seed-

zone soil water is a major factor that determines the adoption 
of conservation tillage systems.

Several fi eld studies have shown that surface crop resi-
due can reduce soil water evaporation and increase soil water 
storage (Russel, 1939; Army et al., 1961; Moody et al., 1963; 
Adams, 1966; Ramig and Ekin, 1984; Heilman et al., 1992). 
Ramig and Ekin (1984) found that both fl at and standing 
wheat residue increased overwinter water storage compared 
with no residue in north-central Oregon. A signifi cant reduc-
tion in evaporation due to crop residue was also demonstrat-
ed in laboratory studies (Bond and Willis, 1969; Unger and 
Parker, 1976). Unger and Parker (1976) compared the effects 
of different types of residue (5–7-cm-long straw of wheat, sor-
ghum [Sorghum bicolor (L.) Moench], and cotton [Gossypium 
hirsutum L.]) on evaporation and found that residue thickness 
and surface coverage, rather than residue type, were the domi-
nant factors affecting evaporation. They reported a negative, 
linear relationship between evaporation rate and the thickness 
of the residue layer.

Water-conserving effects of surface residue result from 
decreased warming of the soil surface as residue refl ects and 
absorbs sunlight, and from an increase in the diffusive resis-
tance of water vapor transport from the soil to the atmosphere 
(Hammel, 1996). In addition, residue reduces the impact of 
raindrops on the soil surface, surface sealing, and surface run-
off, thereby enhancing water infi ltration (Adams, 1966).

Evaporation from an initially wet soil can be character-
ized by three stages (Idso et al., 1974). In Stage 1, the evapo-
ration rate is relatively high, constant, and mainly controlled 
by atmospheric conditions; this stage is often called weather-
controlled evaporation and loss occurs at about the same rate as 
from a free water surface. Stage 1 lasts as long as the water fl ow 
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Water Vapor Diffusion through Wheat Straw Residue
Accurate prediction of evaporative water loss from dryland agricultural soils requires 
knowledge of diffusive resistance. Our objective was to experimentally determine the 
effective vapor diffusion coeffi cients and the diffusive resistances for water vapor through 
wheat (Triticum aestivum L.) residue layers. A laboratory diffusion chamber was designed 
to investigate the effects of wheat residue type (straw vs. chaff), residue amount (2, 4, 8, 
and 12 Mg ha−1), and residue orientation (horizontal vs. vertical straw) on vapor diffusion. 
The diffusion chamber consisted of two well-stirred chambers separated by a residue layer. 
In one chamber, a constant saturated water vapor pressure was maintained, while in the 
other chamber, vapor pressure increased with time due to the diffusion of vapor through the 
residue layer. Vapor pressure was measured with a humidity sensor. The diffusion equation 
was used to obtain the effective diffusion coeffi cient from the measured data by inverse 
modeling. Results showed that for both straw and chaff residue, increasing the quantity of 
residue did not necessarily decrease the effective diffusion coeffi cient but did increase the 
diffusive resistance. For the same quantity of residue, chaff had a lower effective diffusion 
coeffi cient than straw, but the diffusive resistances were similar. The diffusive resistances 
were in the order of 800 to 3700 s m−1 for 2 to 12 Mg ha−1 residue treatments. The factor 
affecting the diffusive resistance the most was the thickness of the residue layer: the thicker 
the residue layer, the larger the diffusive resistance.
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rate to the surface equals the loss rate by evaporation. Stage 
2 is characterized by decreasing evaporation rates as the soil 
dries and creates resistance to water fl ow. During this stage, soil 
conditions control the fl ow of water to the surface. As the soil 
continues to dry, Stage 3 sets in, characterized by a low and rel-
atively constant evaporation rate because water can no longer 
move to the surface as a liquid. The zone of evaporation is now 
below the surface and water must move as vapor through the 
dried layer. Surface residue applied to wet soil not only reduces 
the Stage 1 evaporation rate, but also prolongs the duration of 
Stage 1 evaporation by keeping the soil wet for a longer time 
(Bond and Willis, 1969). As a result, cumulative evaporation 
from initially wet soil over a prolonged time is little affected 
by the residue cover (Russel, 1939; Army et al., 1961; Bond 
and Willis, 1969). Residue is most effective in conserving wa-
ter when the soil is wet (Stage 1 evaporation) and energy inputs 
are limited, i.e., during cold winter months (Army et al., 1961; 
Papendick and Miller, 1977; Hammel, 1996). In contrast, dur-
ing hot summer months, typical of the Mediterranean climate 
of the Pacifi c Northwest, surface residue is not as effective in 
conserving water, but nonetheless can, in combination with a 
soil mulch, help to maintain seed-zone soil water for late sum-
mer planting of winter wheat (Papendick and Miller, 1977; 
Hammel, 1996).

Crop residue layers are important components in simulat-
ing energy balance, soil surface temperature, and water con-
tents in the topsoil. Models, such as PENFLUX (Aiken et al., 
1997) and SHAW (Flerchinger and Saxton, 1989), typically 
describe vapor transfer through the residue layer by a diffusive 
process and use an electrical resistance analogue to model the 
diffusion. Bristow et al. (1986) simulated heat and moisture 
transfer through a wheat residue–soil system with a surface 
residue loading of 3 Mg ha−1. They modeled vapor transfer 
through the residue layer with a diffusion equation using an 
effective diffusion coeffi cient, and considered the effects of 
wind speed on vapor transfer. Wind and turbulence affect va-
por transfer through crop residue (Kimball and Lemon, 1971), 
therefore a correct physical representation of heat and vapor 
transfer through the residue layer is a prerequisite for accurate 
modeling of the soil–residue system (Flerchinger et al., 2003).

Only a few direct measurements of diffusive and con-
vective water vapor conductance (or resistance) have been re-
ported. Heilman et al. (1992) calculated vapor conductances 
for the distance 0.1 to 1 m above the surface based on vapor 
density and evaporation rate measurements. Tanner and Shen 
(1990) used an evaporation pan setup to determine the evapo-
rative vapor loss through fl ail-chopped corn (Zea mays L.) resi-
due, under both air-still and windy conditions. From these 
measurements they derived vapor conductance through the 
residue, and found that conductance increased linearly with 
wind speed. Equations to predict the diffusive vapor resistances 
of residue layers based on their quantity and orientation have 
been developed (Van Doren and Allmaras, 1978), but remain 
largely untested.

Our main objective was to experimentally determine vapor 
diffusion coeffi cients for wheat residue. Specifi cally, we investi-
gated the impacts of residue type, quantity, and architecture on 
evaporation abatement. To achieve this objective, we designed 
a diffusion chamber to determine effective water vapor diffu-
sion coeffi cients and diffusive resistances through residue layers 
and conducted statistical analysis to evaluate treatment effects.

MATERIALS AND METHODS
Diffusion Chamber

A diffusion chamber was constructed from 1.5-cm-thick acrylic 
sheets. The chamber consisted of two well-stirred chambers linked 
together and separated by a removable sliding door (Fig. 1). The lower 
chamber was fi lled to three-quarters with deionized water to produce 
100% relative humidity in the headspace. Three vertical panels (14 cm 
high by 29 cm long), covered with fi lter paper, were installed in the 
bottom chamber. These panels (not shown) increased the internal sur-
face area for water evaporation required to maintain 100% relative 
humidity during the diffusion experiments. A stainless steel screen 
and a 48.4-μm pore opening (250-mesh) nylon membrane divided 
the upper and lower chambers. Residue was placed on this screen and 
covered with a second screen and nylon mesh. The upper plate of the 
top chamber was removable to allow access to the residue and was 
sealed during the experiments with duct tape.

Humidity and temperature sensors, along with small fans, were 
located in both the top and bottom chambers. A combined humidity 
and temperature sensor (Model HMP45A, Vaisala, Helsinki, Finland) 
was used to measure the humidity and temperature in the top cham-
ber. The sensor was positioned 20 cm below the top of the chamber. 
A Honeywell HIH-3610 series humidity sensor (Honeywell, Freeport, 
IL) and a thermocouple were used in the bottom chamber at the center 
between the free water table and the screen on which the residue was 
placed. All sensors were connected to, and controlled by, a Campbell 
Scientifi c CR7 data logger (Campbell Scientifi c, Logan, UT). The 
fans located in the top and bottom chambers were used to mix the air 
to obtain well-stirred (homogeneous) conditions in the two chambers. 
Smoke tests were conducted to visually check for airfl ow patterns and 
homogeneity of smoke distribution.

The initial humidity in the top chamber was controlled by pass-
ing dry N2 gas through two access ports prior to the start of the dif-
fusion experiments. Residual moisture in the N2 gas was removed by 
passing it through a drying column fi lled with desiccant.

Fig. 1. Schematic of the diffusion chamber used to determine water 
vapor diffusion coeffi cients through crop residue layers.
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Wheat Residue
Residue of ‘Madsen’ winter wheat was collected following har-

vest in August 2003 at the USDA-ARS Palouse Conservation Field 
Station, Pullman, WA. Stems and chaff from post-harvested areas were 
hand clipped, gathered, and dried at 60°C for 24 h. Chaff included all 
plant material that passed through the combine during grain harvest 
and was lying fl at on the soil surface.

Residue Treatment
Treatment variables were: (i) residue type: stems or chaff; (ii) resi-

due quantity for both stems and chaff: 0, 2, 4, 8, and 12 Mg ha−1, 
scaled to fi t the dimensions of the diffusion chamber and equivalent 
to 18, 36, 72, and 108 g/900 cm2; (iii) stem size: 1, 6, 12, and 20 cm 
in length; and (iv) residue orientation: stems vertical vs. fl at (randomly 
spread). The vertical orientation of the wheat stems consisted of two 
rows spaced approximately 18 cm apart to mimic typical fi eld condi-
tions. The range of residue quantity is representative 
of wheat grain yields up to 7 Mg ha−1. Only the 8 
and 12 Mg ha−1 treatments were used for the residue 
orientation experiments. The straw was held in the 
vertical position with the aid of a perforated stainless 
steel sheet. Each individual stem was placed in a per-
foration along a row from one side of the chamber to 
the other. Differences in straw orientation (for 8 and 
12 Mg ha−1) were obtained by increasing the width 
of each row, while the length of rows as well as the 
perforation spacing were fi xed. With the exception 
of the vertically oriented straw, residue was placed 
randomly on the stainless steel screen and membrane. 
The density of the residue was determined by mea-
suring the dry residue weight and the volume it oc-
cupied. Residue density is a measure of the tortuos-
ity of the residue layers. The different treatments are 
shown in Fig. 2 and 3, and relevant characteristics 
are given in Table 1. Each treatment was replicated 
three times.

Diffusion Experiments
After residue was placed on the membrane, a sec-

ond screen and membrane were placed on top of the 
residue and the separation distance between the two 
membranes was measured. This separation distance 
equaled the diffusion distance. While the two cham-
bers were separated by the sliding door, we lowered 
the relative humidity to <0.5% in the top chamber 
by purging N 2 gas through the chamber. The relative 
humidity was 100% in the lower chamber’s head-
space throughout the experiments, as verifi ed with 
the humidity sensor. Consequently, a vapor pressure 
gradient between the bottom (high vapor pressure) 
and the top (low vapor pressure) chambers was es-
tablished. Opening the sliding door started the diffu-
sion experiments. Temperature and humidity in both 
chambers were recorded in 2-min intervals until the 
humidity in the upper chamber reached the humid-
ity of the lower chamber. The vapor concentration in 
the bottom chamber remained constant, except for 
the initial few seconds after opening the sliding door, 
when the relative humidity temporarily decreased by 

a few percentage points and then returned to 100% within a few min-
utes. The vapor concentration in the top chamber increased gradually 
due to vapor transfer from the bottom chamber. All experiments were 
run at a temperature between 21 and 25°C. During a single experi-
ment, the temperature in the two chambers varied by <0.6°C.

Relative humidity was converted to water vapor concentration 
(mol m−3), and the latter was used for the modeling and data presen-
tation. The measurements were reproducible, and the replicates were 
used for the statistical analysis of the data. In Fig. 4 to 7, we only show 
the arithmetic averages of the three replicates.

Vapor Sorption by Residue
Vapor sorption by the residue was determined by a kinetic batch 

experiment. Oven-dry residue was placed into the diffusion chamber, 
and the water content of the residue was determined after specifi c 
time periods. The entire chamber was kept at saturated vapor pressure 

Fig. 2. Residue treatments with different quantities of residue in the diffusion experiments: 
(a–d) wheat straw in horizontal orientation, and (e–h) wheat chaff.
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at all times so that the vapor concentration in the air remained con-
stant. The residue was removed from the chamber after 1, 2, 3, 6, 15, 
48, and 96 h, and oven dried to determine the water content. This 
kinetic experiment was done with both types of residue, i.e., straw 
and chaff, but only for the 12 Mg ha−1 load. All experiments were 
replicated in triplicate.

THEORY
Diffusion of vapor through the residue layers for our experimen-

tal system can be described by Fick’s law (Flury and Gimmi, 2002), 
combined with a Langmuir-type sorption of vapor by the residue:

2
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where C is the water vapor concentration in air (mol m−3), S is the 
water content of the residue (mol kg−1), Smax is the maximal water 
content of the residue (mol kg−1), t is time (s), z is the space coordi-
nate (m), Deff is the effective diffusion coeffi cient (m2 s−1), L is the 
distance of the diffusion (m), i.e., the thickness of the residue layers, ρ 
is the bulk density of the residue layer (kg m−3), ε is the porosity of the 
residue layer (m3 m−3), and ka and kd are the rates of vapor adsorption 
and desorption by the residue (s−1).

The effective diffusion coeffi cient, Deff, is related to the molecu-
lar diffusion coeffi cient, D0, by (Flury and Gimmi, 2002)

eff 0D Dτ=  [3]

where τ is the tortuosity, which is often expressed as the ratio L/La, 
where La is the actual travel distance of a molecule. This actual travel 
distance in a porous medium is larger than the Euclidian distance L 

because of the tortuous pathways of connected pores 
or openings.

The diffusive mass transfer of water vapor 
through a residue layer is related to both Deff and the 
length of the diffusion pathway, and can be described 
by the diffusive resistance, r (s m−1):

eff

L
r

D
=  [4]

The boundary and initial conditions for our dif-
fusion experiment are given by

( ) 10,  constant  C z t φ= = =  [5a]

( ) ( )2,C z L t tφ= =  [5b]

( ) ( )20, 0 0C z t tφ> = = =  [5c]

( ) 3, 0S z t φ= =  [5d]

where φ1 is the saturated water vapor pressure in the 
bottom chamber, φ2(t) is the measured water vapor 
concentration in the top chamber, and φ3 is the ini-
tial water content of the residue. The initial conditions 
represent the initial water vapor concentration in the 
top chamber. Equations [1], [2], and [5] were solved 
numerically with a fully implicit, fi nite-difference code. 
The residue layer was discretized into 100 nodes.

The water vapor concentration in the top cham-
ber φ2(t)model was then obtained by integrating the 
vapor fl ux at z = L over time:

( )φ
 

2 effmodel  0
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t

z L
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t D t

V z =
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where A is the cross-sectional area of the diffusion 
chamber, V is the volume of the top chamber, and 
the concentration gradient is evaluated at the top 
boundary of the diffusion cell. Equation [6] refl ects 
the instantaneous mixing of the water vapor that crosses 
through the top boundary of the diffusion cell into the 
well-stirred top chamber. Equation [6] was solved nu-

Fig. 3. Residue treatments with (a–d) different lengths of straw, and (e, g) top view and (f, 
h) side view of vertically oriented straw.
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merically by fi rst calculating the deriva-
tive dC/dt at the upper boundary using 
the concentrations obtained from the 
numerical solution of the diffusion equa-
tion, and then integrating over time.

Estimation of
Model Parameters

We fi rst estimated the sorption 
rate parameters ka and kd from the ki-
netic sorption data. The maximal water 
content Smax was obtained from the 
water content measurement after 96 h. 
Equation [2] was integrated using a 
fourth-order Runge–Kutta technique, 
and the solution was used to analyze 
the experimental vapor sorption data. 
The rate parameters ka and kd were fi tted 
to data from each of the three replicates 
using least-square minimization and 
Powell’s method (Press et al., 1992).

The numerical diffusion model 
(Eq. [1–6] with the assumption of no 
vapor sorption) was then used to test 
the performance of the diffusion cham-
ber and to evaluate the effect of the two 
confi ning membranes. An experiment 
was conducted to test water vapor diffusion across a distance of 1 cm. 
The diffusion chamber was set up such that the two membranes had 
a separation distance of 1 cm, with no residue in between. The water 
vapor diffusion was controlled by the molecular diffusion of water va-
por in air (D0 = 2.42 × 10−5 m2 s−1 at 25°C; Lide, 1994). The model 
simulations (Fig. 4a) showed the expected qualitative behavior of the 
diffusion chamber: the water vapor concentration initially increased 
rapidly in the top chamber because of the strong vapor concentration 
gradient, and then gradually approached equilibrium when the top 
chamber reached the same concentration as the bottom chamber. The 
measured concentrations, however, showed that the mass transfer of 
water vapor was initially faster than predicted, indicated by the ini-
tially larger water vapor concentrations compared with the model pre-
diction (Fig. 4a). At the later stage of the diffusion process, the mea-
sured data approached the equilibrium concentration at a rate slower 
than predicted by the model, probably due to the decreased driving 
force (concentration gradient) that would result from the faster initial 
mass transfer. The same qualitative differences between measured and 
modeled vapor concentrations were observed for the residue treat-
ments (Fig. 4b,c). Smoke tests revealed some nonuniformities in the 
diffusion fronts, possibly caused by turbulence. Hence, we conclude 
that the faster-than-expected mass transfer in the diffusion chamber 
was a consequence of turbulence.

Given the discrepancy between the measurements and model 
simulations as a function of time, we only used the vapor concentra-
tion corresponding to 95% relative humidity in the upper chamber 
as a matching point for measurements and simulations to estimate 
Deff. We estimated Deff by minimizing the squared deviation between 
the measured, φ2(t95%), and simulated, φ2(t95%)model, water vapor 
concentration in the top chamber, where t95% is the time when 95% 
relative humidity was reached. The minimization was performed us-
ing Powell’s method (Press et al., 1992). The effective diffusion coeffi -

cient was fi tted for each of the three replicates. Only Deff was fi tted in 
this step, because the sorption rate parameters ka and kd were already 
determined from the kinetic sorption data. The diffusive resistance r 
was then calculated with Eq. [4].

Uncertainty existed in determining the exact thickness of the res-
idue layers because the surface of the residue layers was not uniform. 
We used the largest thickness measured. The model simulations were 
sensitive to the thickness of the residue layers, L, and consequently the 
estimated Deff was strongly affected by the value of L. The diffusive re-
sistance, r, however, was not sensitive to the exact choice of L because 
r is an overall measure of the diffusive mass transfer coeffi cient, which 
depends on the ratio of L and Deff. Therefore, the resultant values of 
Deff are less accurate than those of r.

Parameter Uncertainty and Statistical Analysis
Uncertainties in fi tted parameters were assessed by calculating 

standard deviations based on the three replicates for each experiment. 
The uncertainties in the diffusion coeffi cients resulting from uncer-
tainties in the sorption rates were assessed by varying the sorption 
rates by ± one standard deviation, and calculating the resulting uncer-
tainties in the fi tted diffusion coeffi cients.

The statistical differences between the estimated Deff and r 
among the treatments were evaluated with analysis of variance using 
the GLM procedure of SAS (SAS Institute, 1990). We tested for dif-
ferences among residue quantities (0, 2, 4, 8, 12 Mg ha−1) and charac-
teristics (residue type, straw length, and straw orientation).

RESULTS AND DISCUSSION
Vapor Sorption by Residue

The kinetic batch experiment showed that residue ini-
tially picked up moisture at a rapid rate, and that the sorption 
reached a maximum after about 3 × 105 s (Fig. 5). The sorption 

Table 1. Residue characteristics, fi tted effective diffusion coeffi cients (Deff), and diffusive resis-
tances (r) for the different residue treatments (at 21–25°C). The molecular diffusion coeffi cient 
for water vapor in air is D0 = 2.42 × 10−5 m2 s−1 at 25°C (Lide, 1994).

Treatment
Residue 

load
Straw 
length

Diffusive 
distance

Residue 
density

Deff† r†

Mg ha−1 cm cm kg m−3 m2 s−1 s m–1 
No residue – – 1.0 NA 2.48 × 10−5 ± 0.15 × 10−5 a§ 404 ± 25 a 

Horizontal straw 2 20 1.4 14 1.68 × 10−5 ± 0.08 × 10−5 b 835 ± 41 b 

4 20 2 20 1.26 × 10−5 ± 0.10 × 10−5 c 1579 ± 123 c 

8 20 3.3 24 1.21 × 10−5 ± 0.07 × 10−5 c 2755 ± 153 d 

12 20 4.7 26 1.27 × 10−5 ± 0.05 × 10−5 c 3708 ± 144 e 

Chaff 2 NA‡ 1.4 14 1.27 × 10−5 ± 0.02 × 10−5 b 1107 ± 14 b 

4 NA 1.7 24 1.09 × 10−5 ± 0.03 × 10−5 bc 1563 ± 42 c 

8 NA 2.1 38 1.05 × 10−5 ± 0.03 × 10−5 c 1994 ± 48 d 

12 NA 3.6 33 0.99 × 0−5 ± 0.02 × 10−5 c 3637 ± 68 e 

Straw with 
different lengths

8 1 1.8 44 0.89 × 10−5 ± 0.06 × 10−5 b 2037 ± 153 b 

8 6 2 40 1.45 × 10−5 ± 0.27 × 10−5 cd 1419 ± 291 c 

8 12 2.2 36 1.88 × 10−5 ± 0.30 × 10−5 c 1188 ± 188 c 

8 20 3.3 24 1.20 × 10−5 ± 0.05 × 10−5 bd 2755 ± 114 d 

Vertical straw 8 20 20 NA 7.78 × 10−5 ± 1.87 × 10−5 b 2660 ± 562 b 
12 20 20 NA 5.63 × 10−5 ± 0.63 × 10−5 b 3584 ± 401 b 

† Values represent mean ± one standard deviation.
‡ Not applicable.
§ Different letters indicate signifi cant differences at α = 0.05 within each group and compared with the 
no-residue (control) treatment.
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kinetics could be well described with Langmuir-type kinetics 
(Eq. [2]). The parameters of the sorption model are shown in 

Table 2. The value of the desorption rate kd converged to zero, 
i.e., the residues continuously picked up moisture. The fi nal 
gravimetric water contents of the residue ranged from 0.36 
(chaff) to 0.57 kg kg−1 (straw) or 20.1 to 31.8 mol kg−1. No 
changes in the structure of the residue layers were observed 
during the experiments. The uncertainty of the estimated sorp-
tion rate parameters ranged from 10 to 20% (Table 2). The 
resulting uncertainty in the estimation of the diffusion coeffi -
cient caused by uncertainty in the sorption rate parameter was 
smaller but of the same order of magnitude as the uncertainty 
among replicated treatments.

Effect of Residue Amount and Type on 
Vapor Diffusion

Vapor diffusion was signifi cantly affected by residue load. 
The more residue applied, the slower the net mass transfer of 
water vapor through the residue layers. This fi nding was valid 
for both straw and chaff (Fig. 6a and 6b). Even for the lowest 
mass residue treatment (2 Mg ha−1), where the surface was only 
partially covered (Fig. 2a), there was a signifi cant reduction in 
vapor diffusion compared with the zero-residue treatment. The 
effective diffusion coeffi cient for the 2 Mg ha−1 treatment was 
about 68% of that for the zero-residue treatment (molecular 
diffusion of water vapor in air, Table 1). As the residue load 
increased, Deff decreased, but there was no signifi cant differ-
ence in Deff among the 4, 8, and 12 Mg ha−1 treatments (Table 
1). We therefore conclude that these treatments had a similar 
porous structure, and the 4 Mg ha−1 treatment already formed 
a residue layer that was representative of the other treatments, 
although the residue density increased slightly with increased 
residue mass. It is expected that as soon as a representative residue 
layer is built, an increasing residue load would no longer decrease 
the vapor diffusion coeffi cient, which thereby remains constant.

At equal loads, wheat chaff was initially more effective in 
suppressing evaporation than straw (indicated by the positive 
difference in water vapor concentration between straw and 
chaff, Fig. 6c). At later stages, however, diffusion was greater 
through the chaff than through the straw (indicated by the 
negative difference in water vapor concentration between straw 
and chaff, Fig. 6c). The diffusion coeffi cients for the chaff 
treatments were consistently smaller than those for the straw 
treatments at corresponding residue loads, in accord with an 
elevated residue density (i.e., increased tortuosity) of the chaff 
treatment (Table 1). The effective diffusion coeffi cient for the 
2 Mg ha−1 treatment was signifi cantly larger than the coeffi -
cients for the 8 and 12 Mg ha−1 chaff treatments, while the 4, 

Fig. 4. Measured and simulated water vapor concentrations in the 
top diffusion chamber for (a) no residue, (b) chaff at 12 Mg ha−1, 
and (c) 1-cm straw at 12 Mg ha−1. Data were measured every 120 s. 
Parameters for the simulations are shown in Table 1.

Fig. 5. Kinetics of water vapor sorption by wheat residue. Symbols 
are experimental data for 1-cm length straw and 12 Mg ha−1 residue 
load. Error bars denote ± one standard deviation and the line is the 
fi tted sorption kinetics using the Langmuir-type isotherm (Eq. [2]).

Table 2. Parameters for kinetic water sorption experiments: Smax is 
the maximal residue water content, ka is the rate of vapor adsorp-
tion, and kd is the rate of vapor desorption. All treatments had 
residue loading of 12 Mg ha−1.

Treatment Smax† ka† kd 

mol kg−1 s−1 s−1

Horizontal straw, 1-cm length 26.9 ± 1.0 0.012 ± 0.001 0 

Horizontal straw, 6-cm length 26.0 ± 0.6 0.011 ± 0.001 0 

Horizontal straw, 12-cm length 26.9 ± 0.7 0.010 ± 0.001 0 

Horizontal straw, 20-cm length 31.8 ± 2.7 0.010 ± 0.002 0 
Chaff 20.1 ± 0.4 0.016 ± 0.002 0 

† Values represent mean ± one standard deviation.
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8, and 12 Mg ha−1 treatments did not show signifi cant differ-
ences in Deff (Table 1). This result suggests that the 2 Mg ha−1 
treatment did not have a representative residue layer for the 
chaff residue tests.

The diffusive resistance r increased consistently with in-
creasing load of residue, for both the straw and the chaff treat-
ments (Table 1). While Deff was the same for the 4, 8, and 
12 Mg ha−1 treatments, r signifi cantly increased with increas-
ing residue load because the diffusive path length L increased. 
For straw, all treatments showed signifi cantly increasing dif-
fusive resistances with increased residue load. Similarly for the 
chaff treatments, signifi cant differences existed, with increasing 
residue load resulting in increasing r. Thus, the more residue 
was present, the slower was the diffusive vapor fl ux.

There are few reports in the literature on diffusive resis-
tances of crop residue. Tanner and Shen (1990) reported a dif-
fusive resistance of 456 s m−1 for a 4 Mg ha−1 fl ail-chopped 
corn residue layer, which is considerably smaller than those 
obtained from our 4 Mg ha−1 wheat residue treatments (Table 
1). The density of the corn residue layer used by Tanner and 
Shen was 36.4 kg m−3, considerably higher than the density 
of our wheat residue layer (20 kg m−3), resulting in a smaller 
residue layer thickness or diffusive distance, which can explain 
the difference in the resultant diffusive resistances.

Effect of Straw Size and Straw Orientation on 
Vapor Diffusion

As the straw length was reduced from 20 to 1 cm, the den-
sity of the residue layer increased (Table 1). Nonetheless, no 
clear trends appeared in the effects of straw length on Deff and 
r (Fig. 7a, Table 1). The shortest (1-cm length) and the longest 
(20-cm length) straw were more effi cient in reducing Deff and 
increasing r; however, the r values for the 6- and 12-cm treat-
ments did not differ signifi cantly.

There was little difference between the vertically oriented 
straw treatments (Fig. 7b). The effective diffusion coeffi cients 
for the vertically oriented straw were larger than the molecular 
diffusion coeffi cient of water vapor in air (Table 1). The reason 
may be that, at the large separation distance created within 
the 20-cm vertically oriented straw pieces, there was more pro-
nounced air convection or turbulence, making the diffusion 
measurements invalid. Visual smoke tests confi rmed this supposi-
tion, which was further supported by the nonsignifi cant difference 
in both Deff and r between the 8 and 12 Mg ha−1 treatments.

Predicting the Diffusive Resistance
The diffusive resistance of residue is related to its physical 

characteristics, such as thickness, surface coverage, and density. 
These characteristics can be used to predict the diffusive resis-
tance. Van Doren and Allmaras (1978) proposed that for fl at-
lying straw, r can be calculated by

( )
0

1
*

L
r f

D τ
= −  [7]

where L is the thickness of the residue layer (m), D0 is the 
molecular diffusion coeffi cient for water vapor in air (m2 s−1), 
t* is tortuosity (dimensionless), and f is the fraction of the resi-
due layer not occupied by pieces of residue (dimensionless). The 

parameter f accounts for overlap of residue, and we estimated its 
value based on image analysis of Fig. 2a to 2d and 3a to 3d. The 
tortuosity was defi ned as (Van Doren and Allmaras, 1978)
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where mwt is the residue dry weight (Mg ha−1), ρdry is the spe-
cifi c dry density of the residue (Mg m−3), and d is the diameter 
of cylindrical residue pieces (m). Equation [7] is identical to 
Eq. [4] when we set Deff = D0t*/f.

When using Eq. [7] and [8] to predict r for straw residue, 
we found that the predictions consistently underestimated the 
experimental measurements (Fig. 8). The parameters used for 
these calculations are listed in Table 3. Predictions reported 
by Van Doren and Allmaras (1978) using Eq. [7] and [8] are 
also considerably smaller than our experimental measurements. 
Van Doren and Allmaras (1978) reported diffusive resistances 
of 55 s m−1 for 2 Mg ha−1 straw, 123 s m−1 for 4 Mg ha−1, 
295 s m−1 for 8 Mg ha−1, and 786 s m−1 for 16 Mg ha−1. Our 
experimental measurements exceed these predicted values by 
up to one order of magnitude.

Fig. 6. Effect of the quantity of wheat residue on water vapor diffusion: 
(a) straw, (b) chaff, and (c) the difference between straw and chaff. 
Concentrations plotted are all measured data.
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Our results suggest that the most important physical char-
acteristics affecting vapor diffusion are the thickness and den-
sity of the residue layer. The density of the residue layer mainly 
affects the vapor diffusion coeffi cient, whereas the thickness 
controls the diffusive resistance. Under our experimental treat-
ments, the thickness of the residue layer was the most promi-
nent factor. This corroborates results from Unger and Parker 
(1976), which showed that evaporation was mostly affected by 
residue thickness and residue coverage.

CONCLUSIONS
The effective diffusion coeffi cients Deff determined in this 

study were in a reasonable range compared with the molecular 
diffusion coeffi cient of water vapor in air. Yet uncertainties in 
the determination of the exact diffusive path length make the 
resultant numerical values of Deff less reliable than the diffusive 
resistance r, which implicitly accounts for the diffusive path 
length. Fortunately, for modeling of vapor diffusion through 
residue layers, r is what is ultimately needed. For the residue 
treatments used in our experiments, r was in the range of 800 to 
3700 s m−1. In general, r increased as residue load increased.

The key characteristic of the residue controlling the diffu-
sive resistance was the thickness of the residue layer. The thicker 
the residue layer, the larger was the diffusive resistance, which 
was true for both chaff and straw and for different lengths of 
the straw pieces tested. At the same load, the longer the straw 
pieces were, the thicker was the residue layer, and consequently, 
the larger was the diffusive resistance.

In the cases where the diffusive resistances obtained in 
our study could be compared with literature data, our diffu-
sive resistances were up to an order of magnitude larger than 
previously reported values. This discrepancy may be attributed 
to the different experimental methods used. Our results were 
obtained from direct measurement of the vapor diffusion coef-
fi cients, whereas the diffusive resistances from previous studies 
were derived indirectly from evaporation measurements.

Under fi eld conditions, vapor transport is determined 
by both convection and diffusion, and convection may be a 
dominant mechanism under windy conditions (Heilman et 
al., 1992). Our experiments did not consider convection, but 
rather focused on the diffusive transport.

Residue management in the dryland farming areas, such 
as the Inland Pacifi c Northwest, is economically and environ-
mentally relevant. Seed-zone soil water in fallow fi elds during 
the hot dry summer is of utmost importance, allowing planting 
of winter wheat and timely stand establishment. Many farm-
ers are interested in practicing chemical summer fallow, where 
weeds are controlled with herbicides and no tillage is used, 
in lieu of tillage-based summer fallow highly prone to wind 
erosion. In this study, we provide evidence of reduced vapor 

transport by residue cover, and 
we quantifi ed the diffusive resis-
tances of different wheat residue 
layers. The reduced vapor trans-
port leads to a temporary reduc-
tion in evaporation; however, 
whether it also leads to an over-
all reduction of evaporation dur-
ing an extended period depends 
on the frequency and amount of 
rainfall. If the atmosphere has a 
high evaporative demand for a 

Fig. 7. Effect of (a) straw size and (b) straw orientation on water 
vapor diffusion. Concentrations plotted are all measured data.

Fig. 8. Comparison of predicted, using Eq. [7] and [8], and measured 
diffusive resistances r for horizontal wheat straw. Error bars represent 
± one standard deviation.

Table 3. Parameters used to predict diffusive resistances with Eq. [7] and [8] for horizontal 
straw residue layers.

Parameter Value

Molecular diffusion coeffi cient (D0), m2 s−1 2.42 x 10−5

Specifi c dry density of residue (ρdry), Mg m−3 (=g cm−3) 0.17

Diameter of residue pieces (d), m 0.003

Residue dry weight (mwt), Mg ha−1 2 4 8 12 

Thickness of residue layer (L), m 0.014† 0.02† 0.018/0.02/0.022/0.033‡ 0.047†
Fraction of residue layer not occupied by residue, f 0.35 0.29 0.0005/0.12/0.13/0.12 0.01 
† Residue length 20 cm.
‡ Residue length 1/6/12/20 cm.
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long period of time, spanning the constant-rate stage (Stage 1, 
weather controlled) and the falling-rate stage (Stage 2, soil or 
surface controlled) evaporation, then the overall water saving 
in the seed zone may or may not be signifi cant. Field experi-
ments are currently underway to evaluate these phenomena. 
The total quantity of water saved by the manipulation of resi-
due depends not only on the diffusive water vapor resistance 
of the residue layer, but also on the meteorological conditions 
and timing of seeding. Numerical modeling of water and va-
por fl ow allows addressing these questions, and the diffusion 
resistances presented here provide crucial information for such 
modeling efforts.
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