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Erratum

p. 23, Eq. (2)

dTc
dt

(mcCc +mwCw) = Prad + Pcond + Pconv + Plat (2)

where Tc is the temperature of the condenser, Cc is the specific heat capacity (J
kg-1 K-1) of the condenser and Cw of water, mc is the mass of the condenser and mw

of water (dew).
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Abstract

Water scarcity is globally a key reason for crop yield losses. As climate change is
predicted to lead to a hotter and drier world, the most notable impacts will be on
agricultural and food systems. There is and will be an increasing need for studying
and developing non-structural measures for increasing the efficiency of available
water use, especially in dryland areas of the world. Difficulties in efficient utilization
of the total available precipitation cause yield limitations and even total crop failure
at rainfed dryland farms.

This study assessed two potentially available measures to improve the water bal-
ance of dryland agriculture; water recovery through passive dew collection and soil
mulching with plant residue. The measures are ones that could be implemented on
smallholder farms in water-scarce areas, particularly in sub-Saharan Africa. Dew
collection field experiments were conducted to evaluate the effectiveness of various
polyethylene (PE) and polyvinyl chloride (PVC) plastic foil materials in dew col-
lection in dryland conditions. Ten planar dew collectors with four plastic foil types
were set up in the experimental field. The dew collectors were of the standard type:
a 1 x 1-m2 surface tilted at a 30◦ angle in respect to the horizontal. The dew yields
were collected and measured daily over a one-year period. The condensing surface
temperature and the meteorological conditions were monitored continuously. Poten-
tial dew output was calculated using the collected data and implementing a model
based on Fick’s law. A laboratory method was prepared and tested for evaluat-
ing the attributes affecting dew condensation and the flow of dew droplets. The
dew-condensing surfaces were cooled below dewpoint by utilizing Peltier elements
in controlled conditions. The dew yields measured in laboratory conditions were
compared with calculated potential dew outputs and also with dew yields measured
in field conditions.

Mulching with plant residue was studied by continuously measuring soil vol-
umetric water content at multiple depths in bare and maize (Zea mays L.) plant
residue-covered soil during a 100-day period. A one-dimensional soil moisture model
based on the solution of Richard’s equation was used to estimate the effect of mulch
over a two-year period covering multiple growing seasons.

The total annual collected dew yields per area were less than 8% of the annual
precipitation (322 mm) during the dew collection experiment period. Dew could be
collected throughout the year, even through the dry seasons when no rainfall was
recorded. Dew may therefore be considered a small but reliable source of water. No
significant differences were found between the tested surface materials. Field experi-
ments revealed that clear skies, calm winds (0.5–2.5 m s-1), and low supersaturation
values are conditions favoring dew formation, i.e. conditions when the dew point is
close to air temperature. The placement of the dew collector was found to impact
the dew yields. Placement affects the airflow characteristics at the condensing sur-
face and ultimately the collected dew quantities. Attention should be paid to the
placement of the dew collectors in the field in respect to the airflows. Based on our
results, a more comprehensive laboratory evaluation regime is needed to draw valid
conclusions on the differences between the plastic foils. Also, we recommend specific
design and measurements of the airflow characteristics at the condensing surface, as
airflow characteristics significantly affect the mass transfer of dew.



Covering the soil surface with plant residue mulch is a feasible and locally accessi-
ble measure for conserving plant-available water. Compared with bare soil, mulching
prolonged the time when continuously measured soil moisture content exceeded the
water stress limit of maize. The predicted water-conserving effect increased with
mulch thickness. However, plant residue mulch degrades naturally and the avail-
ability and competitive uses of plant residues may limit the thickness of the mulch
layer. A mulch layer with a thickness of > 1 cm brought clear improvements to the
soil moisture conditions and resilience against dry spells compared with bare soil.

The presented models were capable of estimating the cumulative dew condensa-
tion and soil moisture behavior satisfactorily over time. For further development of
the dew condensation model, more specific measurement data are needed on airflow
characteristics affecting the mass transfer of water at the condensing surface for
more accurate predictions of nightly dew quantities.

The combined use of mulching and irrigation with water recovered from weak
precipitation events, such as dew or fog, is an interesting option for implementing the
precision irrigation of smaller areas. The present study touched upon the combined
effect of irrigation with dew water and mulching on soil moisture content by using
modeling to predict the effects on soil moisture. Our results indicated that mulching
improves the usability of the small additional irrigational water recovered from dew
by reducing evaporation. The effect increases with layer thickness. Future research
steps could include the quantification of the presented water-conserving measures
on actual crop yields, especially the combined effect.

Key words: drought, soil moisture, smallholder, irrigation, resilience



List of symbols and abbreviations

α Shape parameter related to the inverse of the soil air entry suction
δm Thickness of mulch layer
λ Dimensionless shape parameter, which depends on ∂K/∂h
ν Dynamic viscosity of air
ψ Soil water potential
ρa Air density
θ Soil volumetric water content
θr Residual soil volumetric water content
θs Saturated soil volumetric water content
a Dimensionless measure of the pore size distribution
Ac Surface area of dew condenser
As Characteristic soil surface area
b Dimensionless measure of the pore size distribution
C Soil water capacity
ca Vapor concentration in air
Cc Specific heat capacity of condenser
cc Vapor concentration at condenser surface
cs Vapor concentration at soil surface
D Diffusion coefficient
D Drainage in the water balance
E Evaporation
ET Evapotranspiration
ET0 Reference evapotranspiration
h Soil water pressure head
I Irrigational water in the water balance
K Unsaturated soil hydraulic conductivity
k Mass transfer coefficient
km Mass transfer coefficient through mulch
Ksat Saturated soil hydraulic conductivity
Lc Characteristic length of the condenser surface
Lw latent heat of vaporization
mc Mass of condenser
mw Mass of water
n Soil porosity
NSE Nash-Sutcliffe model efficiency coefficient
Nu Nusselt’s number
Nustream Nusselt’s number for streamline or laminar flow
Nuturb Nusselt’s number for turbulent flow
P Precipitation
Pcond Conductive heat
Pconv Convective heat
Plat Latent heat
Prad Heat radiation
PBIAS Percent bias
R Runoff in the water balance
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r Pearson’s correlation coefficient
Re Reynold’s number
RHa Air relative humidity
RMSE Root mean square error
RSR RMSE-observations standard deviation ratio
S Soil moisture storage capacity in the water balance
s Mean relative soil moisture
s∗ Water stress point of maize in relative soil moisture
Sa Soil water extraction rate by plant roots
Se Soil relative saturation rate
T Transpiration
Ta Air temperature
Tc Surface temperature of dew condenser
Tdew Dew point temperature
Ts Soil temperature
U Wind speed
xa Absolute humidity of air
xc Absolute humidity of air at condenser surface
xs Absolute humidity of air at soil surface
z Vertical coordinate
AWS Automatic weather station
CFD Computational fluid dynamics
IR Infrared
LDPE Low-density polyethylene
OPUR International Organization for Dew Utilization and a special low-

density polyethylene foil designed for dew collection
PEB Black polyethylene
PEW White polyethylene
PSD Particle size distribution
PVC Polyvinyl chloride
SSA Sub-Saharan Africa
SWRC Soil water retention curve



1. Introduction

Freshwater availability is one of the most severe global challenges for humankind.
Climate change is currently leading towards a hotter and drier world (FAO, 2019).
Simultaneously, there is growing demand for food, as the global population is pre-
dicted to rise from the current 7.6 billion to 9.7 billion by 2050 (United Nations,
2019), and under this predicted scenario approximately 5 billion people will live
in areas affected by water scarcity (UNESCO, UN-Water, 2020). Up to half of
the global population is estimated to currently experience water scarcity (Hanasaki
et al., 2013; Mekonnen and Hoekstra, 2016; Munia et al., 2020; Schewe et al., 2014;
Vorosmarty, 2000). Over the next decades, one of the most notable and direct im-
pacts of climate change will be on agricultural and food systems (e.g. Battisti and
Naylor, 2009; Schiermeier, 2015). Water is essential for plant growth, and water
scarcity is globally a key reason for yield losses. Drought is the cause of more an-
nual loss in total crop yields than all pathogens combined, i.e. global losses in crop
production caused by drought were approximately $30 billion during the last decade
(Gupta et al., 2020).

Many countries with arid or semiarid regions in e.g. East and North Africa suffer
from water scarcity, as do countries such as Mexico, Pakistan, South Africa, and
large parts of China and India. Many of the agricultural systems of these regions rely
on erratic rainfalls. Rainfed agriculture accounts for more than 95% of the farmed
land in sub-Saharan Africa (SSA), 90% in Latin America, 75% in the Near East
and North Africa, 65% in East Asia, and 60% in South Asia (IWMI, 2010). Water
productivity in rainfed systems in dryland areas tends to be low, as it is difficult to
utilize both temporally and spatially sporadically distributed precipitation. There is
and will be an increasing need for studying and developing non-structural measures
for increasing the efficiency of available water use, as many regions exist where
infrastructural measures, such as building dams and abstracting groundwater, are
not enough (Kummu et al., 2010).

Drylands are estimated to cover up to 75% of the agricultural land area of Africa
(Cervigni and Morris, 2016). Despite the often poor soil fertility, water stress is
often the main factor limiting crop growth and has a significant impact on most
commonly harvested crops in SSA (Blanc, 2012). Difficulties in efficient utilization
of the total available seasonal precipitation cause limitations to yields and even
total crop failure on rainfed dryland farms. In SSA, the staple food crop maize (Zea
mays L.) is currently mostly grown in smallholder farming systems under rainfed
conditions with limited input resources (Cairns et al., 2013). Smallholder farms
constitute approximately 80% of all farms in SSA (AGRA, 2014), ca. 75% of the
agricultural production in East Africa (Salami et al., 2010), and are most vulnerable
to drought and crop failure. These areas, have a clear need for cost-effective and
easily adaptable measures to improve the water balance and thus the productivity of
the rainfed systems in particular. Even though precipitation may be high enough for
successfully growing crops during the growing season, crop failures occur because of
the erratic distribution of the precipitation (Ngetich et al., 2014b). Short-duration
high-intensity rains are common in semiarid regions, and an estimated 40–75% of the
precipitation reaching farmers’ fields in SSA drylands are lost as unproductive flows
in the water balance, such as runoff and evaporation (Rockström and Falkenmark,
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1. Introduction

2000). Soil moisture storage, and thus the plant-available water, strongly depend
on the temporal and spatial distribution of the precipitation during the growing
season. In-season dry spells limiting crop growth are likely to occur almost every
growing season in semiarid tropical farming systems in East Africa (Barron et al.,
2003; Mahoo et al., 1999; Sharma, 1996).

Currently, several known water-conserving practices are used in rainfed agricul-
tural systems, which aim to conserve soil moisture or reduce unproductive water
output from the soil, e.g. mulching (Kader et al., 2017), ridge-furrow planting (Gan
et al., 2013), raised and sunken beds (Tomar et al., 1996), Zäı pits (Zouré et al.,
2019), and conservation agriculture practices (Cook and Haglund, 1991; Rockström
et al., 2009). Rainfed systems mostly rely on precipitation, but feasible irrigational
water recovery techniques, e.g. rain, dew, and fog collection, may be implemented
to increase water input into cropping systems (Alnaser and Barakat, 2000; Fesse-
haye et al., 2014; He et al., 2007; Khalil et al., 2014; Ngigi et al., 2005; Oweis et al.,
2012; Tomaszkiewicz et al., 2017) or potable water levels (Kaseke and Wang, 2018;
Lekouch et al., 2011; Sharan, 2011; Sharan et al., 2017). When assessing the ef-
fectiveness of these practices, it is important to quantify their effect on the water
balance of the cropping system. This study assessed two measures to improve wa-
ter balance: water recovery through dew collection and soil mulching with plant
residues, which can realistically be used on smallholder farms in water-scarce areas
of e.g. SSA.

According to Rockström and Falkenmark (2000) and Lal (2008), potential crop
yields in a given environment are not reached, but are instead limited by three
deficit factors: (1) hydro-climatic factors, which are inadequate and sporadically
distributed precipitation, high temperatures resulting in high evaporation causing
water deficit, and drought or dry spells, (2) soil factors including textural and struc-
tural properties limiting water retention in the root zone such as shallow effective
rooting depth, nutrient deficiency, low soil organic matter content, acidity, and high
salt concentration, surface crusting, and compaction of soil limiting crop water up-
take, and (3) plant factors including shallow and weak root systems and poor canopy
characteristics resulting in poor water and nutrient uptake, and susceptibility to dis-
eases.

Potential crop yields are achieved when maximum or reference evapotranspira-
tion (ET0) equals actual evapotranspiration (ET ) at each crop growth stage through
the growing season and no plant or soil deficits cause limitations (Allen et al., 1998;
Rockström and Falkenmark, 2000). Transpiration (T ), the productive component of
ET , is much dependent on root water availability in soil, i.e. soil wetness and plant
water uptake capacity (Allen et al., 1998). Soil wetness is dependent of precipitation
(and irrigation) and its temporal distribution. In dryland conditions, maximizing
actual evapotranspiration and alleviating other soil and plant limitations is a sim-
ple, yet hard to achieve strategy for attaining potential yields (Allen et al., 1998;
Rockström and Falkenmark, 2000). This means a reduction of unproductive output
components in the water balance or an increase in input water. Ideally, the out-
put of the additional input water would occur through the productive pathway, i.e.
transpiration.

10



1. Introduction

A simplified water balance (Fig. 1) equation for a rainfed dryland cropping
system can be written as:

P + I = R +D + S + E + T (1)

where P is precipitation, I is irrigational water with atmospheric origin, such as
dew, fog, or rain, R is surface runoff, D is drainage from deep drainage, S is change
in soil moisture storage, E is soil evaporation, and T is transpiration.

The water balance of rainfed crop production systems can be improved through
immediate measures by increasing the input of water on the left-hand side of Eq. (1)
by e.g. irrigating with collected dew or decreasing the unproductive water output
pathways E and R (and T of weeds) on the right-hand side of Eq. (1) through
e.g. mulching. Furthermore, water balance can be enhanced through long-term
measures such as increasing soil organic matter content and thus the soil moisture
storage capacity (S). The water balance of crop production in rainfed agriculture
can be enhanced by immediate (e.g. mulching, irrigation) and long-term measures
(e.g. increasing soil organic matter content) (Fig. 2).

Figure 1: Simple illustration of rainfed cropping system water balance. Figure by
Riikka Piippo
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1.1. DEW COLLECTION

Figure 2: Measures to improve water balance in rainfed crop production systems.
Modified from Lal (2008).

Increasing water input in dryland areas may be performed e.g. by collecting
dew or rainwater and utilizing it for irrigational use. Water harvesting is especially
useful for irrigating arid lands with low (200–500 mm yr-1) and temporally unevenly
distributed precipitation (Lal, 2008; Sharan et al., 2017). Certain measures, such
as mulching, may have both short- and long-term effects on the water balance.
Immediate reduced evaporation is a short-term effect (Mellouli et al., 2000; Peng
et al., 2015; Sui et al., 1992), while in the long term, plant residue mulch has proven
to significantly impact infiltrability and soil porosity (Bhushan and Sharma, 2005;
Lal, 1995, 1978; Mulumba and Lal, 2008). Both dew collection, as a source of
irrigational water, and mulching with plant residue, to conserve soil moisture, are
discussed in more detail in the following sections.

1.1 Dew collection

Many arid and semiarid areas with scarce and seasonal rainfall may have air with
high water contents throughout the year. The global water content in the atmo-
sphere is estimated at 12 700–15 500 km3 (Chahine, 1992; Trenberth and Smith,
2005). The annual dew quantity available in most climate zones is small compared
to the precipitation quantity (Vuollekoski et al., 2015). However, dew quantity in
certain areas of arid zones may exceed the rainfall quantity and may even be the
main source of liquid water for plants (Agam and Berliner, 2006). Water recovery
from the air through passive dew collection may be a viable option in these areas,
where access to other freshwater sources is limited. Passive dew collection in this
case means dew collection without an external power source such as electricity. The
process implements nighttime radiative cooling, which can be observed in everyday
life when e.g. dew or frost is found on car windshields in early mornings.

Dew formation (Fig. 3) generally occurs when exposed surfaces, such as leaves,
soil, and roofs etc., emit infrared or heat radiation towards a clear night sky. A body
with a temperature over absolute zero (0 K or 273.15 ◦C) emits heat radiation. As
this radiation is not balanced by atmospheric radiation, such as sunshine, a heat
deficit forms, which is partly compensated for by thermal conduction (solid surface
contact), convection (sensible heat), and latent heat flux from the atmosphere to
cooled the surface (dew condensation) (Beysens, 2016; Monteith, 1957; Nikolayev
et al., 1996; Pedro and Gillespie, 1981). Heat radiation towards the night sky is
greatly retarded by cloudiness, haze, and dust. Cooling of the condensing surface
can be enhanced by thermal isolation from conductive heat sources such as the
ground or buildings. In general, high humidity, calm winds, and a clear sky result

12



1.1. DEW COLLECTION

in large quantities of dew (Beysens, 1995; Jones, 2014; Monteith, 1957; Revankar,
2009).

Figure 3: Heat fluxes in dew condensation for a commonly used dew collector. Plat

is the latent heat flux, Prad is the heat radiation towards the night sky, and Pconv is
thermal convection or sensible heat. Modified from I.

The passive dew condensation rate is limited to a predicted theoretical maximum
of 0.06–0.07 mm h-1, i.e. to around 0.8 mm (l m-2) per night, due to potential radia-
tive energy loss (Monteith, 1957; Monteith and Unsworth, 2013). Largest observed
and reported dew collection quantities are reported to be up to 0.6 mm per night
(Berkowicz et al., 2004). However, generally largest reported dew quantities settle
in the range of 0.1–0.3 mm per night (See Supplementary Table 1 in I).

Water recovery passively from dew using sheet-like surfaces has been reported as
early as the 17th century in the Mutus Liber or “The mute book” (Savouret, 1677).
The book, a manual for compiling a “philosopher’s stone”, has an illustration of a
scene where alchemists are collecting dew by wringing dew from sheets into a bowl.
Five other sheets hanging on stakes for collecting dew can additionally be seen in
the field behind the alchemists. In the illustrated scene, dew was likely not collected
for irrigational or potable use, as the book states dew to be one of the raw materials
for the “philosophers stone”.

Recently, a major portion of dew collection studies reports the use of a planar
dew collector that is typically a metallic frame supporting a rigid polystyrene sheet
covered with a plastic foil, and the surface is tilted to a 30° angle in respect to the
horizontal (Berkowicz et al., 2004; Clus et al., 2008; Gandhidasan and Abualhamayel,
2005; Jacobs et al., 2008; Lekouch et al., 2011; Maestre-Valero et al., 2011; Muselli
et al., 2009; Nilsson, 1996)(Fig. 3). The surface on which the dew condenses, in this
case the plastic foil, plays a key role in the passive dew collection regime.

The International Organization for Dew Utilization (OPUR) recommends using a
low-density polyethylene foil (LDPE), originally developed and presented by Nilsson
et al. (1994) as a standard for dew recovery or collection comparisons (OPUR, 2021).

13



1.2. SOIL MULCHING WITH PLANT RESIDUE

This LDPE is usually referred to as OPUR foil. It has high emissivity in the infrared
(IR) region (emissivity of thermal energy), especially in the 8–13-μm range, due to
the added fillers: 2% barium sulphate (BaSO4, diameter 0.8 mm) and 5% titanium
dioxide (TiO2, diameter 0.19 mm) (Nilsson et al., 1994). This contributes to the
radiative cooling of the foil. Further, the mineral fillers in OPUR foil affect the
wetting properties of the foil, making it more hydrophilic (Maestre-Valero et al.,
2011; Nilsson et al., 1994). The high reflectance of OPUR foil in the visible light
region reduces foil heating during daylight in the early morning and late evening
hours, thus prolonging the effective time of dew formation on the foil (Maestre-
Valero et al., 2011; Nilsson et al., 1994). OPUR foil has been used in many reported
dew collection experiments (Beysens et al., 2003; Clus et al., 2008; Gandhidasan
and Abualhamayel, 2005; Jacobs et al., 2008; Lekouch et al., 2011; Maestre-Valero
et al., 2011; Muselli et al., 2009, 2002; Nilsson, 1996; Nilsson et al., 1994; Sharan,
2011; Vargas et al., 1998).

1.2 Soil mulching with plant residue

Dryland rainfed ecosystems in SSA may receive enough annual total precipitation
to successfully grow crops, but the erratic distribution of the rains may still affect
the yield negatively. Even total crop failures may occur if a dry spell occurs during
a critical crop growth stage such as maize flowering or grain filling (Barron et al.,
2003; Ngigi et al., 2005; Rockstrom and de Rouw, 1997). Also, water stress during
the seedling stage may damage maize, i.e. the structure of the photosynthetic mem-
brane, resulting in lower chlorophyll content and thus lower radiation use efficiency,
and inevitable yield loss (Song et al., 2019). Insufficient levels of input water is not
the problem but rather the poor distribution of the precipitation in terms of crop
production. In SSA dryland farming systems, high-intensity rains are common and
precipitation is lost as unproductive flows in the water balance, such as evaporation
and surface runoff (Barron et al., 2003; Rockström and Falkenmark, 2000).

Mulching (Fig. 4) means covering the soil surface with e.g. plastic, manure,
rocks, concrete, or plant residual matter (Gan et al., 2013; Kader et al., 2017).
Mulching targets the reduction of evaporation and soil erosion, improves soil tem-
perature conditions, and suppresses weeds (Gan et al., 2013; Kader et al., 2017).
Mulch is typically added to the soil surface before, during, or shortly after planting
(Gan et al., 2013). Mulching with e.g. plant residue forms a thin air-dry lami-
nar layer on top of the soil, which prevents turbulent vapor exchange between the
soil and atmosphere (Fuchs and Hadas, 2011; Hillel, 1975), and the vapor is instead
transported more slowly by diffusion through the laminar layer. Plant residue mulch
also cuts the capillary rise from the soil to the evaporative soil surface (Mellouli et al.,
2000; Peng et al., 2015). Likewise, as a result of mulching, the heat flux into the
soil is reduced as the solar radiation interception of the soil decreases, resulting in
lower soil temperature (Peng et al., 2015; Sui et al., 1992). Mulching has also been
found to decrease greenhouse gas (CO2 and N2O) emissions (Akhtar et al., 2020;
Fan et al., 2019).

Mulching with plant residue has long-term positive effects on the soil, such as soil
carbon sequestration that improves soil quality and long-term productivity (Cook
et al., 2006; Duiker and Lal, 1999; Lal, 2004; Saroa and Lal, 2003). Improved
infiltration rate and soil hydraulic conductivity have been reported as a result of
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1.2. SOIL MULCHING WITH PLANT RESIDUE

Figure 4: Principle functions of plant residue mulch. Figure by Riikka Piippo

long-term mulching (Bhushan and Sharma, 2005; Mando et al., 1996; Mando and
Miedema, 1997). Mulch treatments as low as 2 t ha-1 reportedly have significant
positive long-term effects on soil porosity (Mulumba and Lal, 2008) and also an
increasing effect on the soil water storage capacity in coarse-textured soils under
low rainfall conditions (Jalota et al., 2001). However, caution should be taken with
long-term mulching, as a plant residue mulch layer often results in wetter and cooler
conditions at the soil surface than on bare soil, which may favor plant pathogens
(Cook and Haglund, 1991; Kumar and Goh, 1999; Manstretta and Rossi, 2015;
Smiley et al., 1996).

The timing when plant residue mulch is added to the soil has a significant effect
on the reduction of soil evaporation. Transient soil evaporation can be divided into
three stages: (1) the ‘constant rate’ stage of high evaporation, (2) the declining rate
of evaporation that decreases with a decline in soil moisture, and (3) the stage of low
evaporation when the soil is dry (Adams et al., 1976; Bond and Willis, 1970; Kaviany
and Mittal, 1987). Mulching most benefits the soil water balance when conducted
at the first or second evaporative stages, when the soil is wet. The evaporation
rate during the first stage is very high and is limited by the evaporative demand of
the atmosphere. At the third stage evaporation is low and depends on soil water
retention properties. Using plant residue mulch during the first or second transient
stage is an effective measure to decrease evaporation (Lal, 2008). Mulching has little
impact on decreasing evaporation when the soil is dry, during the third evaporation
stage (Lal, 2008), or in rainy conditions (Peng et al., 2015). However, at the third
transient evaporation stage, mulching may enhance soil temperature conditions by
reducing the heat flux into the soil and thus reducing maximum soil temperatures
(Lal, 2008).
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2. Objectives

The main objective of this study was quantifying the effect of potent and viable
measures that can be used to increase water input and reduce unproductive output
components of the water balance of a dryland cropping system. The studied mea-
sures were dew collection (I and II) and mulching with plant residue (III). Both
may be considered feasible, accessible, and easy to implement in dryland areas of
SSA. The schematic composition and relationships between the publications (I–III)
of the thesis are presented in Fig. 5.

The aim of the dew collection studies (I and II) was to investigate whether wa-
ter can be recovered from dew in dryland conditions, where it has actual irrigational
use. A literature review revealed that several commercially available and low-cost
plastics have seldom been tested simultaneously in field conditions (I and II) or
laboratory conditions (II) for dew collecting purposes. Also, the gap in knowledge
regarding the location or placement of dew collectors in the field and its impact on
the collected dew quantities (I) needed to be addressed. Study I aimed to answer
the following questions:

1) Do differences exist between the tested dew collecting plastic foil materials in
field conditions?
2) Does the placement or location of the dew collector within the experimental field
affect collected dew quantities?
3) Are the collected dew quantities in line with theoretically calculated dew outputs
and what are the meteorological conditions favoring dew condensation?

The literature review (II) also revealed that a laboratory regime for testing dew
collection plastics does not exist to this date. A laboratory testing regime would
ease and speed up the evaluation of dew collecting plastic foils from the material
developmental viewpoint, as dew collecting field experiments tend to be laborious
and long-lasting. No similar dew collection experiments performed using hardware
models in laboratory conditions were reported in the literature. Study II sought
answers to the questions:

1) Can measurable dew quantities be collected with a laboratory-scale hardware
model?
2) Are the results in line with theoretically calculated dew outputs?
3) Are the results acquired in laboratory conditions in line with results acquired in
the field?

Plant residue mulch of e.g. maize is often accessible at smallholder farms in SSA
and it may thus be considered a viable option for conserving soil moisture. How-
ever, plant residue often has competing uses such as animal forage or kitchen fuel.
Therefore, a clear need exists for assessing the impact of plant residue mulch on soil
moisture, to determine the effect and quantities of plant residue needed for the best
use of available resources.
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2. Objectives

The objective of the mulching study (III) was to answer the questions:

1) Can plant residue mulching conserve measurable quantities of soil moisture in
dryland conditions?
2) Can plant residue mulch build resilience against drought and dry spells between
precipitation events?
3) Is it possible to evaluate the soil moisture conserving effect of plant residue mulch
with a simple physically based soil moisture model?

Figure 5: Schematic framing of the data, and the structure and relationship of the
publications (I—III) included in the thesis.
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3. Materials and methods

3.1 Field experiment site (I–III)

The field experiments (I–III) were carried out at a smallholder farm, located in Mak-
tau, Kenya (3◦ 25’33 S, 38◦ 8’22 E, 1060 m above sea level). The experiments were
carried out between 28/02/2016–26/02/2018. The experimental site has bi-modal
rainfall and experiences a rainy season, called short rains, from early November to
the end of December, and another from March to June, called long rains, while
a hot and dry season occurs from January to February and a dry and cool sea-
son between June and October. The intra-year temperature variation is small, and
the accumulated reference evapotranspiration (ET0) calculated according to Allen
et al. (1998) over time is higher than the precipitation (P ) (Fig. 6), suggesting
actual evapotranspiration (ET ) is similar to P , as drainage (D) and surface runoff
(R) are insignificant due to the small rainfall levels and non-noticeable slope at the
experimental site.

Figure 6: Time series for weather conditions over the two-year measurement period
between 28/02/2016–26/02/2018, showing daily average air temperature (Ta), air
relative humidity (RHa) (a) and daily reference evapotranspiration (ET0) and total
precipitation (P ) (b). ET0 is calculated as (Allen et al., 1998) using the weather
station data at the experimental site. This period covers all of the experiments
presented in the thesis (I–III).
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3.2. DEW COLLECTION LABORATORY EXPERIMENTS (II)

The natural vegetation at the experimental site can be characterized as Acacia-
Commiphora tree savanna with Vachellia tortilis (Forssk.) Galasso & Banfi, and
Commiphora baluensis Engl. as typical tree species (Pellikka et al., 2013). The
soil type of the region is considered Ferrasols (Wachiye et al., 2020). According to
particle size distribution (PSD) analysis (III), the soil at the site is sandy clay loam
(USDA, 1987).

An automatic weather station (AWS), which has been running since 08/2014
at the experimental field site and is currently the only AWS near the study area.
It was set up by the Climate Change Impacts on Ecosystem Services and Food
Security in Eastern Africa Programme (CHIESA) and is managed by the Taita
Research Station of the University of Helsinki. AWS data were used in all of the
publications (I–III) of this thesis. AWS data at the experimental field were stored
on a data logger (CR1000, Campbell Sci.), acquired once per minute and stored as
30-minute means. AWS sensors measured air temperature (Tair) and air relative
humidity (RH) (CS215, Campbell Sci.) 1 m above the ground. Precipitation (P )
was measured with a rain gauge (ARG100, Campbell Sci.) placed 1.5 m above the
ground. Wind speed (U) and direction were measured using a wind monitor (WMS
05103, Campbell Sci.) placed 2 m above the ground.

3.2 Dew collection laboratory experiments (II)

In II, a laboratory method for comparing the dew collection efficiency of various
plastic foils was prepared and tested. The aim of the measurements was to compare
the dew collecting ability of various plastic foil types. The measurement setup (Fig.
7; II) consisted of a rectangular insulated hardboard box with a fan (12 VDC, 0.19
A, diameter 80 mm) installed at both ends of the box, so that an airflow similar to
a wind tunnel was created. One fan provided suction, while the other blew air into
the box. Cooling surfaces (Fig. 7) were attached to the rear face of the hardboard
box perpendicular to the horizontal and along the wind direction. When collecting
droplets with gravity-induced flow, the greatest possible gravitational force on the
droplets is obtained when the inclination angle of the condensing surface is 90◦

(Beysens et al., 2003), and thus we chose an inclination angle of 90◦.
The tested foils (Table 2) included white polyvinyl chloride (PVC), black polyethy-

lene (PEB), white polyethylene (PEW), and a special LDPE foil designed for dew
collection (OPUR). OPUR is considered a standard and used in many dew recovery
and comparison studies (I). The tested plastic foils excluding OPUR were commer-
cially available.

The laboratory measurements were carried out at the University of Helsinki in
Helsinki, Finland. To verify our results, we compared them with dew yields collected
during a field trial carried out at the experimental field in Maktau, Kenya and
furthermore compared the theoretically calculated dew outputs with dew quantities
measured with the prepared laboratory setup (II).
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3.2. DEW COLLECTION LABORATORY EXPERIMENTS (II)

Figure 7: A sketch of the wind tunnel setup used for dew collection measurements
(measures are given in mm) from the front (top figure), side (middle figure), and
backside (bottom figure) (II). Two Peltier elements, functioning as condensing sur-
faces (S1 and S2), were mounted on heat sinks, which were cooled with 45-mm
diameter fans. Ts and Ta indicate surface and ambient temperature sensors, respec-
tively, and RH indicates the relative humidity sensors. Blue arrows indicate the
direction of the airflow created with two 75-mm diameter fans. Adopted from (II).

Table 2: Measured thickness, contact angle with water, and emissivity in the infrared
(IR) region for the tested plastic foils (I and II). Thickness (μm) was measured with
a micrometer screw gauge, the contact angles (◦) between the surface and water were
measured with a goniometer, the emissivities of the plastic surfaces were measured
with an FT-IR spectrometer.

Material Thickness (μm) Contact angle with water (◦) Emissivity (7–14 μm)

PEW 50 95.1 0.975
PEB 50 95.1 0.927
OPUR 340 51.9–80.5∗ 0.967
PVC 370 89.5 0.965
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3.3. DEW COLLECTION FIELD EXPERIMENTS (I, II)

3.3 Dew collection field experiments (I, II)

The dew collection field experiments in Maktau, Kenya (I and II) were conducted
during 01/03/2016–31/03/2016 (II) and 01/04/2016–31/03/2017 (I). The dew col-
lectors that were used in the field experiments were 1 x 1 m2 planar sheet collectors
with surface angles of 30◦ in relation to the horizontal (Fig. 8). This type of dew
collector has been used in a vast number of previous dew collection studies. The use
of this “standard” dew collector type enables comparisons with other dew collection
studies.

Figure 8: Dew collector setup at the experimental field site in Maktau, Kenya.
Photograph: Juuso Tuure. Adopted from II.

The dew collectors were placed on the western edge of a 1-ha cropland approxi-
mately 4 m from bushland in the west, and, depending on the condenser, 2–6 m from
the AWS (Fig. 9). Maize and beans are grown on the cropland expanding 100 m
east from the collectors, and the farmhouses were located 40 m from the collectors.

Ten dew collectors were set up at the experimental field site in Maktau (Fig.
9) using the plastic foils presented in Table 2. Condensing surface temperature
(Tc) was measured from 8 of the 10 dew collectors, so that surface temperature was
measured for every foil type (I). The temperatures of the condensing plastic surfaces
were measured with T-type thermocouples (standard limit tolerance of 1 ◦C or ±
0.75 %) mounted on the surface of the dew collectors with a piece of tape, leaving
the peeled end of the thermocouple on the surface of the plastic condensing foil (I).
Measurement data were acquired once per minute and stored as a 10-min average (I).
Temperatures were measured to calculate potential dew output using a model based
on Fick’s law (Section 3.5.1; I). The quantities of condensed dew were measured
each morning at sunrise at approximately 06.00 AM using a measurement vessel
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3.4. MULCHING EXPERIMENTS (III)

calibrated to an accuracy of 0.001 liters. The water remaining on the condensing
surface was wiped, and the measured and reported water quantity was a result of
the dew collected by both the gravity-induced flow and the wiping (I and II).

Figure 9: The experimental site in Maktau, Kenya. Aerial photograph Leica RCD
30, 0.5 m spatial resolution, January 21, 2014. Elevation model adopted from Abera
et al. (2020). Adopted from II

3.4 Mulching experiments (III)

In III, we studied the impact of maize plant residue on soil moisture, specifically
how it retains soil moisture and reduces unproductive output pathways in the water
balance, i.e. soil evaporation. The mulching experiment was performed in bare
soil at the edge of a field with maize as the main crop. In other words, conditions
were otherwise the same as in the field excluding the water uptake effect of plants.
This simplification was made because bare soil was assumed to be homogeneous
and thus data interpretation can be performed in one dimension. Soil volumetric
water content (θ) and soil temperature (Ts) were measured continuously with a 20-
minute interval with soil sensors (5TM, Decagon Devices Inc.) in mulched and in
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3.5. MODELS (I–III)

bare soil at multiple depth nodes (5, 10, 20, 30, and 50 cm) as vertical profiles
during a two-year period (730 days) between 28/02/2016–26/02/2018 (III). The
mulch consisted of 1-cm thick maize residue, which was locally available at the
farm, corresponding roughly to a mulching rate of 5 t ha-1 (mulch density 50 kg m-3).
The mulch cover lasted for the first 100 days of the two-year period. The mulch
decomposed naturally and additional mulch was not added during the experiment.
Two other non-mulched soil moisture profiles were also assessed (III). In one profile,
soil water potential (ψ) and Ts were measured using soil water potential sensors
(MPS-6, Decagon Devices Inc.), while θ and soil Ts were measured in the other
profile using soil water content reflectometers (CS650, Campbell Scientific Inc.).
Both profiles were measured continuously with a 30-minute interval at three depth
nodes (10, 30, and 50 cm). θ data from this profile were used to compare with the
mulched profiles. ψ data together with θ data were used for fitting the soil water
retention curve for retrieving van Genuchten soil parameters (van Genuchten, 1980)
for the soil moisture model (III).

3.5 Models (I–III)

3.5.1 Potential dew output (I, II)

Potential dew outputs were calculated using a model based on Fick’s law. The model
was utilized for calculating and evaluating dew output for field (I) and laboratory
measurements (II).

The dew condensation process can be described as a heat balance equation for
the condensing surface (Beysens, 2016; Vuollekoski et al., 2015; Nikolayev et al.,
1996; Pedro and Gillespie, 1981):

dTc
dt

= (mcCc +mwCw) = Prad + Pcond + Pconv + Plat (2)

where Tc is the temperature of the condenser, Cc is the specific heat capacity (J kg-1)
of the condenser and Cw of water, mc is the mass of the condenser and mw of water
(dew). The right-hand side of the equation represent the powers (W) involved in the
heat exchange. Prad is the energy gain or loss due to radiation, Pcond describes the
conductive heat flow to the surface. Pconv describes the convective heat exchange
(sensible heat) term. Plat is the latent energy that is released due to condensation
of water accordingly, Plat = Lw

dmw

dt
where Lw is the latent heat of vaporization or

heat released during condensation.
The dew condensation rate i.e. the mass flow of water vapor as diffusion through

a laminar layer at the surface can be calculated with Fick’s law using an approach
based on a mass transfer coefficient (k):

dmw

dt
= Ack(ca − cc) = Ackρa(xa − xc) (3)

where Ac is the condensing surface area (m2), cc is water concentration on the
condensing surface (kg m-3) and ca is water concentration in ambient air (kg m-3).
If cc > ca, the mass flux is negative and evaporation occurs. However, this applies
only if there is accumulated dew on the condensing surface. In Eq (3) c can be
replaced with respective xa and xc that are absolute humidity (kg kg-1) in air and
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3.5. MODELS (I–III)

at the condensing surface respectively, and ρa that is the density of air (kg m-3).
It was assumed that the relative humidity of air on the condensing surface was
100%. This may not always be the case but this assumption was made for simplicity
and to calculate the upper limit of condensation. The value of xc is known as Tc
was measured. The xa term was similarly obtained from the measured ambient
temperature (Ta) and air relative humidity (RHa).

Due to the fundamental similarity between the molecular diffusion of heat, mass,
and momentum in laminar boundary layers (Monteith and Unsworth, 2013) we
assumed that the thickness of the laminar layer in mass transfer is similar to heat
transfer and thus, replaced Sherwood’s number Sh with dimensionless Nusselt’s
number (Nu). The mass transfer coefficient k (m s-1) is then obtained from k =
Nu D

Lc
, where D is the diffusion coefficient (m2 s-1) and Lc is the characteristic

length of the condenser surface. Due to the unknown specific characteristics of the
airflow at condenser the surface in field conditions two values for Nu were used
for calculating the potential dew output, Nuturb = 0.032Re0.8 for turbulent flow and
Nustream = 0.60Re0.5 for streamline or laminar airflow. Re is the Reynold’s number,
which is calculated assuming a flat plate case as,

Re =
ULc

ν
(4)

where U is the velocity of the fluid (m s-1), in this case wind speed at surface, Lc is
the characteristic length of the condensing surface and ν is the kinematic viscosity
of air at 27◦C is 1.57 × 10-5 m2 s-1 (Pitts and Sissom, 1977).

3.5.2 Soil moisture model

Soil volumetric water content (θ) over time was calculated for mulched and bare soil
using a physically based model for one-dimensional vertical flow based on the widely
used Richard’s equation, which describes water flow through an unsaturated porous
medium (III). Inputs required for the model include initial soil volumetric water
content (θ) and dynamic parameters, such as precipitation (P ), wind speed (U), soil
surface temperature (Tc), air temperature (Ta), and air relative humidity (RHa),
that were measured continuously during the experiment, and various constants,
such as van Genuchten soil parameters (van Genuchten, 1980), that were retrieved
from the soil water retention curve (SWRC) determined from on-site data (III). The
model was utilized to assess the observed effects of mulch and to predict the effects
of various mulch layer thicknesses based on the measured meteorological parameters.

The model is based on the widely used Richard’s equation, that describes water
flow through unsaturated porous medium:

∂θ

∂t
= C(h)

∂h

∂t
=
∂[K(h)(∂h

∂z
+ 1)]

∂z
− Sah (5)

where θ is the soil water volumetric content (cm3 cm-3), t is time (d), C (cm-1 is
water capacity) and Sa is soil water extraction rate by plant roots (cm3 cm-3 d-1),
K (cm d-1) is the hydraulic conductivity, h (cm) is the soil water pressure head, z
(cm) is the vertical coordinate. Because of negligible vegetation on the measured
and modelled soil profile and for simplicity we excluded Sa from the equation and
write the solution for Eq. (5) as:
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3.5. MODELS (I–III)

∂θ
∂t

=
θ(i+1)−θi

∂t
= Δt

Δz

[
K(i−1)+Ki

2

(
h(i−1)−hi

Δz
+ 1

)
− Ki+K(i+1)

2

(
hi−h(i+1)

Δz
+ 1

)]
(6)

where the subscript i is the index for vertical node number increasing downward.
The soil water pressure head h is obtained from the commonly used van Genuchten
(1980) equation by solving it for h:

h =
1

α

[(
θs − θr
θ − θr

) 1
a

− 1

] 1
b

(7)

where θs (cm
3 cm-3) is the saturated soil volumetric water content θr (cm3 cm-3) is

the residual soil volumetric water content, α is related to the inverse of the air entry
suction, α > 0 (cm-1), and b is a dimensionless measure of the pore size distribution,
b > 1. The restriction a = 1− 1/b is used.

Fitting parameters (θs, θr, α, and b) for the van Genuchten equation are obtained
from on-site measured data (θ and ψ) by fitting the equation for SWRC by using non-
linear least squares method to find the parameters for the van Genucthen equation
Eq.(7).

K as a function of θ used in Eq. (6) is calculated using Eq. (7) and applying
the theory on unsaturated hydraulic conductivity (Mualem, 1976) accordingly,

K = KsatS
λ
e

[
1−

(
1− S

1
b
e

)b
]2

(8)

where Ksat (cm d-1) is soil saturated hydraulic conductivity, λ is a dimensionless
shape parameter depending on ∂K/∂h. We used a constant λ = 0.5. Se is the

relative saturation rate of soil and Se =
(

θ−θr
θs−θr

)
. Ksat is calculated with a regression

equation (Cosby et al., 1984) accordingly,

Ksat = 60.96× 10(−0.6+0.0126×sa−0.0064×cl) (9)

where cl and sa are percent clay (particle size < 2 μm) and percent sand (particle
size 50–2000 μm) respectively, and were acquired from PSD analysis data.

Evaporation from soil top layer is calculated using Fick’s law. The mass flow of
water vapor as diffusion through a laminar layer at the surface is calculated using
same approach as in Eq. (3), but instead of condensation rate evaporation rate is
calculated:

dmw

dt
= Askρa(xs − xa) (10)

where xs is the absolute humidity of air at soil surface (kg kg-1). xs is known as as
Ts was measured and the relative humidity of air in the soil pores is generally near
saturation in every soil and is for simplicity assumed to be 100%.

For the vapor mass transfer coefficient through mulch km (m s-1) it is considered
that water vapor is transferred by diffusion through a still air layer with a thickness
δm (m) that is equal with the thickness of the mulch:

km =
D

δm
(11)
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3.6. STATISTICAL METHODS (I–III)

The effect of different mulch thicknesses was assessed by altering mulch thickness
(δm). D is the molecular diffusivity of vapor in air, dependent on air temperature.
The mass transfer coefficient through both the mulch and laminar air layer at soil
surface kms (m s-1) is calculated accordingly,

1

kms

=
1

ks
+

1

km
(12)

Both measured and calculated θ data in the considered effective root zone was
assessed by calculating the mean relative soil moisture (s) in the effective root zone
as:

s =
θ

n
(13)

where θ is the effective root zone depth-averaged volumetric water content and n
is soil porosity, which is 0.43 at the studied site (Räsänen et al., 2020). The depth
averaging of the soil moisture values was performed by giving equal weight to each
soil layer in the considered effective root zone (0–30 cm). This is a typical soil
moisture variable in lumped ecohydrological models that do not explicitly consider
vertical soil moisture layers (Guswa et al., 2002; Vico and Porporato, 2011). The
water stress periods were assessed at times when relative soil moisture was below
the water stress point of maize (s∗) i.e. the incipient point of plant stomatal closure
(Vico and Porporato, 2011). For the prevailing conditions, s∗ = 0.28 has been
estimated from the eddy covariance data in previous studies (Räsänen et al., 2020).

3.6 Statistical methods (I–III)

Evaluating the impact of the condensing surface location within the wind tunnel
was done using a parametric Student’s two-sample t-test after the distributions of
the data variables were found to be normally distributed (II). Further, to evaluate
the statistical difference between the tested plastic foils, a one-way ANOVA test was
performed separately on the dew yields measured for the two condensing surfaces
of the laboratory setup. A non-parametric Kruskal-Wallis test was performed to
evaluate the statistical differences between dew yields collected with the different
plastic foils in field conditions during the one-month field experiment (II).

For one-year field experiment data (I), a non-parametric Kruskal-Wallis test was
performed to test the statistical significance of the measured dew yields, as the data
(mean dew yields obtained with different plastic foils) were found to be non-normally
distributed. The test was performed to examine whether differences existed between
the dew yields collected with different plastic foils or whether significant differences
occurred between the collectors of the same foil type caused by differing placement
(or location) at the experimental field site (I). Furthermore, the measured dew
yields were compared with the calculated dew outputs and meteorological parame-
ters measured at the AWS by calculating Pearson’s correlation coefficients (r) (I).
A significance level of p = 0.05 was used in determining the statistical differences.

The performance of the soil moisture model (III) was assessed for each depth in
each θ profile by calculating r, root mean square error (RMSE), RMSE-observations
standard deviation ratio (RSR), Nash-Sutcliffe model efficiency coefficient (NSE),
and percent bias (PBIAS) between the calculated and measured values.
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4. Results and discussion

4.1 The use of dew collectors for recovering irri-

gational water in SSA (I, II)

Based on our results of the dew collection field experiments, recovering water from
dew is possible with all of the tested plastic foils (I and II) throughout the year,
even during the dry season when no rainfall was recorded (Fig. 3 in I). Dew
formed frequently at the experimental field in Maktau, Kenya between 01/04/2016–
31/03/2017. Dew events (nights with measurable dew) were recorded during 263
out of 365 nights when nights with rain were excluded from the data (I). Collected
cumulative annual dew yields were 18.9–25.3 mm.

Collected mean nightly dew yields (0.074–0.096 mm) were in line with dew yields
reported in earlier studies (Supplementary Table 1 in I), conducted with similar dew
collector types. The total annual harvested dew quantities per area were less than
8% of the yearly rainfall (highest cumulated dew yield: 25.3 mm, total precipitation:
322 mm) (I). The recorded dew quantities per area (1 m2) are small, but upscaling
the dew collection area may collect significant quantities of dew (and also rainwater).
This may be reasonable in remote dryland locations, where other irrigational water
sources are limited or difficult to reach, as dew could provide a continuous water
source even during the dry season. Dew was also recorded in between precipitation
events during the rainy season, and thus dew collection may also be considered a
viable measure for ensuring the continuity of irrigational water (Fig. 3 in I). Dew
occurred frequently during the field experiment presented in II at the beginning
of the “long rains” rainy season in March, also regarded as the growing season.
During the measurement period of 31 days, measurable dew events occurred during
30 nights, while rainfall occurred only during one night and the cumulated collected
dew quantities varied between 1.83–2.99 mm (nightly mean 0.06–0.1 mm) depending
on the dew collector.

Even though the rain collecting ability of the dew collectors was not quantified
in this study, it goes without saying that dew collectors may also serve as rain
collectors. Clean and leak-proof plastic surfaces are well suited for rain collection
(Muselli et al., 2009; Sharan et al., 2017), and thus we suggest using water containers
large enough to store rainwater during high-intensity rains. In conditions such as the
experimental field in this study (section 3.1), where short duration high-intensity
rains are common, collecting rainwater for later irrigational use is well justified, as
precipitation events up to 40 mm day-1 occurred during the study period (Fig. 6;
I–III).

In dryland conditions, annual field crops rely on the crop-available soil moisture
originated mostly during the rainy season rainfall. Collected dew and rainwater from
large surface areas, such as presented by (Muselli et al., 2002; Sharan et al., 2017)
and even larger, can potentially be used to alleviate crop water stress during dry
spells that occur during the rainy season, especially if applied to the field through
drip irrigation. Even small collected dew quantities may be beneficial from the
viewpoint of a smallholder, as sufficient water quantities for e.g. mitigating tree
seedling mortality may be collected with relatively small condensing surface areas.
Tree seedlings have been found to require approximately 4.5 l of water every 30–
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4.1. THE USE OF DEW COLLECTORS FOR RECOVERING IRRIGATIONAL
WATER IN SSA (I, II)

40 days (Tomaszkiewicz et al., 2017). The farmer in our study used the collected
dew water to bottle-irrigate 10 Mango (Magnifera indica) seedlings with the dew
collected with the 10 (1 x 1 m2) dew collectors, i.e. the dew collectors used in
the presented studies (I and II) have been used for such practical use at the farm,
(Supplementary Fig. 1 in II).

We concluded that despite the mean nightly collected dew quantities being small
(0.074–0.096 mm) and accounting for less than 8% of the total precipitation, dew
may be considered a reliable water source for irrigational water throughout the dry
season and during dry spells that occur between precipitation events during the
rainy season. Dew quantities are small per area but sufficient for e.g. watering tree
seedlings.

4.1.1 Conditions favoring dew collection (I)

According to findings in I and findings from previous studies (Beysens, 2016; Lek-
ouch et al., 2012; Muselli et al., 2002, 2009; Vuollekoski et al., 2015), water recovery
from dew may be very fruitful in certain conditions. Generally, conditions with clear
skies, high relative humidity, and low supersaturation, i.e. the dew point is close to
the air temperature (Tdew ≈ Ta), and calm winds favor dew condensation. In dew
collection field measurements, none of the single measured parameters was found to
be a reliable predictor of dew (I), but modest and moderate correlation between the
measured meteorological variables and the measured dew yields were found. Despite
the dependences between the measured dew yield and the temperature differences
(Tdew −Ta) showing large dispersion, we observed a tendency to favor dew events at
low supersaturation (Tdew ≈ Ta) (Fig. 10; I). We suggest that at low supersaturation
values the radiative heat loss is compensated by water condensation rather than by
cooling the dew condenser, which is in agreement with earlier findings (Beysens,
2016; Lekouch et al., 2012; Muselli et al., 2009).
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Figure 10: The correlation between collected dew quantities and the temperature
difference between the dew point temperature and the air temperature Tdew−Ta(◦C)
and relative humidity (%), r is Pearson’s correlation coefficient. Adopted from I.

During the experiments, dew rarely formed during nights with wind speeds close
to 0 m s-1, and a similar sharp transition was observed at wind speeds of 2.4 m s-1,
above which dew rarely formed (Fig. 11; I). Similar transitions have been reported
previously (Lekouch et al., 2012; Maestre-Valero et al., 2011; Muselli et al., 2009,
2002).

These findings may be used to target dew collection to dryland conditions that
especially favor it. Such conditions prevail when air relative humidity is high and the
sky is clear, enabling radiative cooling, and calm winds bring humid air to the con-
densing surface. Conditions favoring dew collection may be forecasted implementing
global models (Beysens, 2016; Vuollekoski et al., 2015, e.g.) or by conducting simple
meteorological measurements locally.

It is also important to give thought to the placement of the dew collectors (I)
to fully recover site-specific potential dew or to carefully evaluate different dew col-
lection surface materials. Even though all of the dew collectors at the experimental
field faced the same direction (west), with the backside of the condensing surface
facing towards the dominant nighttime direction, we found that poor placement
may significantly reduce the dew yield (I). The difference is suggested to be due
to differences in airflow characteristics affecting the thickness of the boundary layer
(Beysens, 1995; Monteith and Unsworth, 2013), and thus the condensation and fi-
nally the collected dew yield (I). The airflows in the immediate vicinity of the dew
collectors at the experimental field were not characterized, and more specific on-site
airflow measurements should be conducted to better understand the differences and
reasons for the on-site differences in dew yields for the same surface materials. Com-
putational fluid dynamics (CFD)-modeling may be a useful tool in determining the
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optimal location for dew collectors in a given environment (Clus et al., 2008; Sharan
et al., 2017).

Figure 11: The relationship between wind speed (U) at a height of 2 m and the
collected dew yields. Adopted from I

.

Regarding conditions that favor dew collection, we concluded that dew forms
under clear skies at low supersaturation (Tdew ≈ Ta) and calm winds (0.5–2.4 m
s-1 measured at a 2-m height). Furthermore, the airflow at the condensing surface
may vary within a field, and thus the condensed dew quantity may differ between
two similar dew collectors and also differ from the dew output predicted based on
meteorological parameters measured with an automatic weather station setup.

4.1.2 Evaluating surface materials for dew collection (I, II)

Harvesting dew in laboratory conditions was possible using the hardware model rig
constructed for the purpose (II). All of the tested plastic foils gave measurable dew
yields. Four different plastic foils were evaluated with the laboratory rig. The same
plastic foils were also tested in actual field conditions during a one-month period
(II) and a one-year measurement period (I).

Notable deviation was observed in the repeatability and reproducibility of dew
yields measured with the laboratory rig (II). The high variation did not reflect on
the calculated dew quantities, which suggests that the variation was not caused
by the varying conditions such as temperature, relative humidity, or airflow. The
variation was potentially due to the small surface areas (40 x 40 mm2) of the Peltier
elements used as condensing surfaces (II). The small quantities of collected dew
resulted in a single droplet potentially having a significant impact on the measured
dew yield, making it difficult to reach accurate and valid conclusions.
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No clear similarity was found between the dew yields measured in the field and
with the laboratory setup. However, it should be noted that no statistically signifi-
cant differences were found between the tested materials under the field conditions
(I and II), i.e. all of the tested available plastics were suited for recovering water
from dew in field conditions.

The measured emissivities of the tested plastics, affecting the radiative cooling
of the surfaces of all the dry plastic foils, were close to unity (I). Furthermore, as
dew forms, a larger part of the foil gets wet, and the emissivity of liquid water
matters more and reduces differences between the foils. Also, the emissivity and
wetting properties of plastic foil may change with time, as the plastic wears out
or becomes contaminated. Contamination alters the wetting properties, especially
fatty contamination that is unavoidable in human environments; a monolayer of fat
can change the contact angle of water on glass from 0◦ to 100◦ (Beysens, 1995).
Plastics also degrade under intense UV radiation (Bertoldo et al., 2003; Gijsman
et al., 1999; Scoponi et al., 2000; Zhao et al., 2007). For example, the high altitude
combined with the equatorial location at the experimental site (Fig. 9) results in
high amounts of solar radiation, which imposes high demands on the durability of
the plastics used for condensing dew.

We concluded that all of the tested plastic foils were suitable for dew collection
without significant differences. A more comprehensive evaluation regime requires
further development of the design of the laboratory rig. Also, more specific tests per-
formed in field conditions, such as airflow simulation and/or measurements around
the condensing surface and continuous monitoring of the collected dew, would pro-
vide additional information concerning the condensation regime and provide valu-
able information when attempting to comparatively and accurately evaluate the dew
collection efficiency of surface materials.

4.1.3 Calculated dew outputs (I, II)

Theoretical dew output for prevailing field conditions (I) was calculated with a model
based on Fick’s law according to meteorological parameters and condensing surface
temperature measured continuously at the experimental field. Daily dew output
was calculated for one of the ten collectors, which had the most consistent surface
temperature measurement series throughout the year. The correlation between the
daily measured and the daily calculated dew yield was modest or moderate, r = 0.48
or r = 0.54 (Fig. 12; I). The correlation was dependent on the assumed airflow
characteristics regime (turbulent or laminar), i.e. coefficients chosen based on the
airflow characteristics regime, mainly the Nusselt’s number (Nu). Nu is a non-
dimensional number providing a basis for comparing mass transfer rates from similar
surfaces exposed to different airflow rates (Monteith and Unsworth, 2013). When
determining the water mass transfer from the air to the condensing surface Nu
matters much. The coefficients also vary with the details of airflow and thus to
wind direction and condenser location matter (Beysens et al., 2005). More specific
airflow measurement data in the immediate vicinity of the condensing surface is
needed for more accurate calculations of the nightly dew output.
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Figure 12: Correlation between measured (Dewm) and calculated (Dewc) dew quan-
tities (Nuturb and Nustream) during the 365-day measurement period. Pearson’s
correlation coefficient for streamline flow r = 0.54, p < 0.05 and turbulent flow
r = 0.49, p < 0.05. If the dry nights from both the calculated and measured data
are rejected, the corresponding Pearson’s correlation coefficient would be r = 0.47,
p < 0.050 and r = 0.39, p < 0.05 for turbulent flow. The line depicts the 1 : 1
relationship. Adopted from I.

The accumulated calculated dew yield was in line with the measured dew yield
at the beginning of the measurement period (Fig. 8 in I). The model calculations
were able to estimate dew yield accumulation for the first 90 days of the 365-day
measurement period but was more or less incapable of estimating daily dew harvests
accurately thereafter (I). Comparing the cumulative sums of measured and theoreti-
cally calculated dew quantities indicates a strong relationship between the calculated
and measured dew yields (Fig. 13; I). It was also possible to observe the system-
atic deviation (overestimation of the theoretical output) between the calculated and
measured dew yields that continuously increases the difference. A model of this type
can be used for estimating long-time potential dew output in field conditions.

The greatest uncertainty of the theoretically calculated dew output in field con-
ditions is caused by the natural local variations in airflow at the condensing surface,
which are larger than the assumptions that can be made based on wind speed and
direction acquired by the AWS (Beysens, 2016). The airflow significantly affects the
thickness of the boundary layer between the condensing surface and the atmosphere,
and thus also the condensation, and ultimately the collected dew yields (Beysens,
1995; Monteith and Unsworth, 2013).
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Figure 13: Correlation between the cumulative sums of the measured (Dewm)
and calculated (Dewc) dew yields using different Nusselt’s numbers (Nuturb and
Nustream) during the 365-day measurement period. Pearson’s correlation coefficient
for turbulent flow r = 0.996, p < 0.05, and streamline flow r = 0.997, p < 0.05. The
black line depicts the 1 : 1 relationship. The gray lines show the best linear fits.
Adopted from I.

In laboratory conditions (II), the theoretical model could not precisely estimate
dew quantities, as the measured quantities significantly differed from the theoreti-
cally calculated dew quantities. However, the model calculations were considered to
have functioned well in comparatively evaluating the rankings of the plastic foils in
laboratory conditions. Similar to the on-site application of the theoretical model (I),
the greatest uncertainty in the theoretical calculations of the dew yields was caused
by the unknown precise character of the airflow in the wind tunnel of the laboratory
rig (II). The inlet fan of the wind tunnel inherently caused turbulence. This could
have been improved by adding a honeycomb after the inlet fan to stabilize the air-
flow (II). Moreover, surface temperature measurements caused uncertainty in the
model calculation, as surface temperature was used as a dynamic input parameter
in the model calculations. It proved difficult to reliably measure the temperature
of the condensing surface with the thermocouples in a way that could represent the
temperature of the entire surface. This is suggested as the reason why the theoreti-
cally calculated dew quantities were occasionally less than those actually measured
(II).

We concluded that the condensation model based on Fick’s law functioned sat-
isfactorily in predicting cumulated potential dew output in field conditions but was
unable to precisely predict dew yields collected with the laboratory rig. There was
bias between predicted and measured nightly dew quantities for field conditions.
The model overestimated the dew output in field, whereas error occurred in both
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directions (over- and underestimation) in laboratory conditions. The errors are sug-
gested to be due to the unknown precise character of the airflows at the condensing
surfaces and due to the uncertain condensing surface temperature measurements in
the laboratory setup. More precise measurements are needed for better predictions
of dew outputs.

4.1.4 Further aspects regarding dew collection

As water shortage touches many people in remote locations with limited access to
water sources, there is evidently room for innovations in the development of dew col-
lecting surface materials, dew collector shapes, and implementations. Jacobs et al.
(2008) pointed out that drainage of the condensed dew plays a significant role in the
dew collecting. This is often overlooked in dew collecting studies. Effective indepen-
dent, gravity-induced water droplet removal of the condensing surface would reduce
the workload needed to recover water from dew. Considering the improvement of
the gravity-induced water droplet removal; the wetting properties of a substrate
can be modified by surface treatments. This is an advantage but also an incon-
venience, as contamination is often unavoidable in field conditions. Beysens et al.
(2013) developed and studied different architectural shapes for enhancing radiative
cooling and gravity-induced dew recovery with promising results; “Origami” and
“Egg box” -shaped dew collectors were found to be significantly more effective than
the reference planar dew collector commonly used in dew collecting experiments.

Totally new ideas have recently emerged for the daytime passive radiative cooling
of materials (Bhatia et al., 2018; Huang and Ruan, 2017; Kou et al., 2017; Raman
et al., 2014; Yalçın et al., 2020; Zhai et al., 2017). These materials have been reported
to be capable of reaching daytime radiative cooling power up to 100 W m-2. Such
passive cooling throughout the day would considerably prolong the dew condensation
time. In our experiments potential condensing times during nights with recorded
dew spanned from 0.5 to 11 h in field conditions, lasting an average 5.5–8.0 h (II).
Dew collection throughout the day would potentially increase the magnitude of daily
collected dew quantities. Further research is indeed needed regarding the material
used as the condensing surface of the dew collectors. Heavy UV radiation present
in many dryland regions degrades PE and PVC plastics, shortening their lifetime.
More durable materials would make passive dew collection more sustainable.

Active dew condensing utilizing external energy is becoming a more viable op-
tion, as solar panels are becoming more affordable and many dryland areas receive a
great deal of solar radiation. Interesting and promising water harvesting options uti-
lizing solar power, such as metal organic frameworks (MOF), have emerged recently
(Hanikel et al., 2019; Kim et al., 2017; Service, 2019), but the commercialization of
these devices remains open.

4.2 Effects of plant residue mulch on soil moisture

(III)

The results for the continuous soil moisture measurements in the mulched and bare
soil indicated that mulching with maize residual retains soil moisture in the effective
root zone compared with bare soil (Fig. 14). The findings of III concerning the

34



4.2. EFFECTS OF PLANT RESIDUE MULCH ON SOIL MOISTURE (III)

increased soil moisture in the soil profile below the mulch are in line with other results
reported from experiments with plant residue mulching. In semiarid Mbeere, Kenya,
mulching with maize plant residue increased the quantity of soil water stored in the
0–25-cm soil depths compared with non-mulched plots (Gicheru et al., 2004). Also,
similar results have been observed in different climatic conditions. Barley (Hordeum
vulgare L.) straw mulching caused a significant increase in soil moisture content
in Prince Edward Islands, as it averaged 6% higher than the non-mulched control
plots during three trial years (Edwards et al., 2000). In the dryland farming area
of northwest China, the average soil water content below wheat (Triticum aestivum
L. emend. Thell.) straw mulch in the 0–200-cm soil layer increased by 0.7–22.5%
compared with non-mulched control plots throughout the growing periods of a three-
year experiment, and soil water content was persistently higher in nearly all of the
winter wheat growth stages (Peng et al., 2015). Agassi et al. (2004), who studied
mulching with compost, concluded that the higher soil moisture content below the
mulch compared with the control could be related to reduced evaporation below the
mulch treatments.

Furthermore, according to findings in III, mulching decreased evaporation and
thus increased the time when the soil moisture level was above the water stress
limit for maize (Fig. 14; Table 3; III). Mulching enhanced the accumulation of
precipitation as soil moisture, especially in the deeper layers of the effective root
zone (Fig. A2 in III). Continuously measured soil moisture content in the effective
root zone was higher in the mulched soil profile practically throughout the 100-day
mulch period (Fig. 14; III). Differences between the soil profiles were systematic at
different depth nodes (Fig. A2 in III), and the difference was not caused by absolute
uncertainty, i.e. errors from the soil moisture sensors. The delayed release of soil
moisture conserved within the deeper layers regulates plant water status and soil
temperature, and decreases soil mechanic resistance leading to better root growth
and higher yields (Rathore et al., 1998). In addition, during critical growth stages,
the conserved water may provide a mitigation strategy to avoid major yield losses
caused by dry spells. Dry spells lasting 5–15 days occur seasonally or frequently
in semiarid East Africa (Barron et al., 2003). Particularly, water stress affecting
the maize plants during the seedling stage results in inevitable yield losses, even if
the maize plant does not suffer from water stress during later growth phases (Song
et al., 2019).
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Figure 14: Time series over the mulched 100-day period, showing measured daily
mean relative soil moistures (s) in the effective root zone (0–30 cm) for mulched (Mu)
and Non-mulched soil profiles (NoMu1 and NoMu2), and daily total precipitation
(P ) (a). And time series for residuals between the soil profiles (b). The black
solid horizontal line (a) is the water stress limit of maize (s∗ = 0.28). The black
dashed horizontal line (b) is a guide for the eye and indicates the zero residual level.
Adopted from III.

Table 3: Total days and longest consecutive days period when the measured relative
soil moisture s exceeded the water stress limit of maize (s∗ = 0.28) for the given
environment during the 100-day mulched period. (III)

Total days of s > s∗ Longest consecutive days of s > s∗

No Mulch 1 33 29
No Mulch 2 28 28
Mulch 41 32

Based on the measured soil moisture data and by interpreting and comparing
measurement results for mulched and uncovered soil in different vertical profiles, we
concluded that it was possible to demonstrate that maize residue mulch prevented
evaporation and conserved soil moisture over time in the effective root zone compared
with bare soil.
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4.2.1 Calculated effects on soil moisture of mulch layers of
varying thickness (III)

The physically based one-dimensional soil moisture model (III) was concluded to
reliably estimate soil moisture, and thus, the model was used for evaluating the effect
of plant residue mulches of different thicknesses (δm = 0, 1, 3, and 5 cm) during
the two-year (730 days) measurement period. Results for the evaluation (Fig. 15;
III) indicated that increasing mulch thickness prolonged the drying time of soil, i.e.
decreased evaporation after precipitation events. Compared with the measured bare
soil, mulching increased the total number of days when soil moisture was above the
water stress limit of maize by 64% 160%, and 226% for the 1-, 3-, and 5-cm mulch
thicknesses, respectively (Table 4; III). Compared with model-calculated bare soil,
mulching increased the total number of days when soil moisture was above the
water stress limit of maize by 58%, 151%, and 214% for the 1-, 3-, and 5-cm mulch
thicknesses, respectively (Table 4; III). These findings are similar to those reported
by other studies, where increased plant residue mulching rates have been found to
increase the measured soil moisture contents (Peng et al., 2015; Uwah and Iwo, 2011;
Wicks et al., 1994). Mixing mulch with the topsoil layer evens out the differences
between high and low mulching rates, reduces evaporation, and increases the soil
moisture content near the soil surface (Gill and Jalota, 1996).

According to model calculations, increasing mulch thickness retained water be-
tween precipitation events for longer periods with moderate precipitation and soil
moisture accumulation increased in the effective root zone (Fig. 15; III). Four
dry spells (2–4 weeks of consecutive dry days with threshold P < 1 mm) occurred
during the two-year measurement period. Three of the four dry spells occurred dur-
ing a typical growing season at the farm. According to our calculations, mulching
(δm > 1 cm) would have maintained soil moisture above the water stress limit of
maize throughout one of the dry spells (19 days) that occurred during a growing
season (Fig. 15; III).

In dryland areas similar to the experimental site, high-intensity rains are common
at the onset of the growing season and the topsoil and effective root zone are wet
(Fig. 15). At this point, soil evaporation is also heavy and limited mainly by the
atmospheric demand. At least at the beginning of the growing season, when the
topsoil is often bare and there is no canopy cover, large quantities of water are lost
as soil evaporation in an unproductive manner (Barron et al., 2003; Rockström and
Falkenmark, 2000). At this point it would be reasonable to cover the bare soil with
mulch to reduce evaporation and to retain water in the soil. Mulching also prolongs
the infiltration time and thus reduces surface runoff and water erosion (Kader et al.,
2017). The results of our model calculation suggest that a thicker layer of plant
residue mulch is more effective at conserving water (Fig. 15; III). Competing uses
of plant residue, e.g. as kitchen fuel or animal forage (Berazneva, 2013), may cause
restrictions in the amount of available mulch material. However, the measured and
modeled results indicate that even a thinner layer of mulch has a positive impact on
soil moisture (III).
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Figure 15: Time series over the two-year period between 28/02/2016–26/02/2018,
showing the measured bare soil (Measured NoMu1) and calculated daily mean root
zone relative soil moisture (s) for bare soil (Calculated NoMu1) and different mulch
thicknesses (δm) and daily total precipitation (P ). The horizontal solid black line
(s∗ = 0.28) is the water stress limit of maize. The vertical black dashed lines portray
2–4-week-long dry spells. The numbers above the dashed lines indicate the duration
of the dry spells in days. Adopted from III.

Table 4: Total days and longest consecutive days period when the calculated relative
soil moisture (s) exceeded the water stress limit of maize (s∗ = 0.28) for the given
environment during the 2-year (730-day) measurement period. Adopted from III.

Total days of s > s∗ Longest consecutive days of s > s∗

No mulch (measured) 80 29
No mulch (calculated) 83 32
Mulch δm = 1 cm 131 48
Mulch δm = 3 cm 208 83
Mulch δm = 5 261 98

We concluded the moisture-conserving effect of mulch increases with mulch thick-
ness (δm), but the availability of plant residue may set limits to mulch application
rates. Based on results in III, the simple physically based one-dimensional soil mois-
ture model can characterize the behavior of the maize residue mulch effect on soil
moisture. Even though several studies report positive yield responses to mulching,
further research is needed to quantify how much plant residue is typically available

38



4.2. EFFECTS OF PLANT RESIDUE MULCH ON SOIL MOISTURE (III)

for mulching and how mulching affects crop yields on-site per increased soil moisture
storage.

4.2.2 Further discussion regarding mulching with plant residue

The present study did not quantify the effect that mulching has on crop yields.
Several studies conducted on dryland sites have reported increased yields as a result
of mulching (Kiboi et al., 2017; Okeyo et al., 2014; Peng et al., 2015; Uwah and
Iwo, 2011). In the prevailing conditions where the presented study was carried
out, restrictions in crop yields are primarily caused by limitations in plant-available
water. According to the results of III, mulching with plant residue impacted the
water balance, increased soil moisture, and prolonged the time during which the
relative soil moisture level in the effective root zone was above the water stress limit
of maize (s > s∗). Therefore, according to our results, mulching is a measure that
highly likely increases crop yields in dryland farming.

Opposite effects, i.e. reporting negative yield responses, of crop residue mulching
on crop yields have also been presented. In a temperate oceanic climate in Kent,
United Kingdom, wheat straw mulch added at a rate of 2–4 t ha-1 increased the
maize yield, but a rate of 6–8 t ha-1 reduced maize yield compared with the non-
mulched control (Cook et al., 2006). However, the differences were not significant.
Edwards et al. (2000) reported that the barley straw mulching (rate 4 t ha-1) on
Prince Edward Island, Canada had no effect on yield, but did significantly increase
soil moisture (by 6%) more than on control plots. Negative yield responses to plant
straw mulching may be due to nitrogen demobilization (Beyer et al., 1998), but also
to reduced soil temperatures, which may impact crops at early growth stages; early
maize growth in Nebraska, USA, was found to be retarded by an increasing amount
of mulch due to reduced soil temperatures, but after tasseling, the maize grew taller
under increasing mulch rates due to increased soil moisture (Wicks et al., 1994).
Winter wheat straw mulch rates of 0, 1.7, 3.4, 5.1, and 6.8 t ha-1 were used, and the
grain yield reached a maximum at a mulch level of 5.1 t ha-1 (Wicks et al., 1994).
Reduced soil temperatures at early growth stages may be a problem in temperate
climates, but likely do not cause issues in drylands of SSA.

Mulching has a reportedly positive effect on improving the growing conditions
in long-term repetitive studies in climates spanning from tropical to temperate
(Bhushan and Sharma, 2005; Lal, 1995; Mulumba and Lal, 2008). In long-term
use, even mulch rates as low as 2 t ha-1 year-1 show clear increases in soil porosity
and water holding capacity (Mulumba and Lal, 2008). Residue removal in long-
term experiments (17 consecutive seasons) has not caused drastic yield reductions
over time and therefore it is considered feasible to occasionally remove at least some
residue for alternative uses on tropical Alfisol experiencing bimodal rainfall with two
crops of maize grown every year (Lal, 1995). In dryland conditions, mulching with
plant residue has been found to stimulate soil biological activity, such as termite
activity (Mando et al., 1996; Ngetich et al., 2014a), which may be beneficial for the
rehabilitation of soil physical properties, especially in crust-prone soils (Mando and
Miedema, 1997). Termite activity increases infiltration, water storing capacity, and
carbon storage (Ouédraogo et al., 2007), which promote crop growing conditions of
the soil.
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Care must be taken when using plant residues for mulching. Long-term mulching
with plant residue may also cause problems in dryland farming. The plant residue
mulch layer often results in wetter and cooler conditions at the soil surface than
on bare soil and may favor plant pathogens (Cook and Haglund, 1991; Kumar and
Goh, 1999; Manstretta and Rossi, 2015; Smiley et al., 1996). If cropping sequence is
not practiced, i.e. continuous monoculture cropping with e.g. maize is carried out,
pathogens may accumulate in the field, and may negatively affect the crop yields
and cause health deterioration (Lewis et al., 2005). Caution should also be taken
when transporting plant residue, as pathogens may be transported with the plant
residue.

4.2.3 Discussion on modeled combined benefits of the stud-
ied measures on soil moisture

Considering a theoretical case where plant residue mulch and the utilization of col-
lected dew are implemented. The theoretical effect of the soil moisture storage, i.e.
relative soil moisture (s), on 1 m2 would be as presented in Fig. 16. Regarding the
application of collected dew into soil, the daily dew collected over a 1 m2 condensing
area is assumed to daily irrigate an area equal to 1 m2. For simplicity, we assumed
that no interception losses occur before infiltration, which may not always be the
case. This means that the demonstrated effect is highly speculative and implies an
upper limit for the effect of the combined use of mulching and irrigation with dew
water.
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Figure 16: Effect of mulch thickness (δm) and dew water on mean relative soil
moisture in the effective root zone (s) over time, daily measured precipitation (P ),
and daily modeled potential dew output (dew) for the one-year period when dew
was collected (01/04/2016–31/03/2017). In this modeled scenario, collected dew
from a given area is used to water an equally large area (1 m2).

Interpreting the results of the theoretical model calculations for the predicted
effects of daily dew application to soil combined with plant residue mulching reveals
that applying the daily collected dew quantity to bare soil (δm = 0) or thin mulch
(δm ≈ 1 cm) only has a slight effect on soil moisture in the effective root zone.
Increasing mulch thickness δm > 1 cm decreases evaporation and thus increases the
benefit of the relatively small quantities of added dew water (Fig. 17).
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Figure 17: Visualization of the impact of mulch (Mulch) of different thickness (δm)
and mulching combined with dew irrigation (Mulch + Dew)on the total number
of days when the mean relative soil moisture content in the effective root zone (s)
exceeded the water stress limit of maize (s∗) for the one-year period when dew was
collected (01/04/2016–31/03/2017).

Earlier studies have demonstrated that significant quantities of water can be
harvested with passive dew collection if the condensing areas are very large (Muselli
et al., 2002; Sharan et al., 2017). However, collecting dew for supplementary irri-
gation water for large areas of annual field crops, such as maize, requires very large
dew collecting areas and may not be economically feasible or sustainable. Applying
large quantities of plant residue, e.g. δm = 5 cm, requires 25 t ha-1 of plant residue
for the purpose and would require transportation of mulch material if applied on
large areas. On the other hand, a thicker mulch layer decreases evaporation more ef-
fectively and has other beneficial long-term effects on soil quality, such as increased
porosity, increased infiltration, increased carbon sequestration, and increased wa-
ter holding capacity. Utilizing the combination of the presented measures may be
potentially beneficial and worth the effort when targeted at ridge-furrow systems
(Gan et al., 2013) or at smaller areas or for perennial cash crops and tree seedlings
(Tomaszkiewicz et al., 2017, Fig. S1 in II) during reforestation, or when estab-
lishing fruit trees or agroforestry ecosystems. This may particularly be the case in
water-scarce remote locations with highly evaporative, hot, and dry conditions with
frequent dew occurrence, where access to other water sources is limited. Such con-
ditions prevail especially in dry coastal regions of Africa and the Arabian Peninsula
(Vuollekoski et al., 2015), where the combined use of dew collection and mulching
may find actual beneficial use.
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This study produced information on potentially feasible and accessible measures
for improving water balance in dryland agriculture, particularly in dryland areas of
SSA. The studied measures included dew collection and soil mulching with plant
residue.

According to these results, dew harvesting may be a small yet reliable source
of supplementary water in similar dryland conditions at smallholder farms such as
where this work was carried out. Dew occurs frequently throughout the year, also
during dry seasons when other precipitation is very low or non-existent.

All of the tested commercially available plastic foils were similarly suitable for
dew collection and no significant differences existed between the foils regarding dew
collection efficiency. The measured emissivities of all of the plastics were close to
unity when dry, but the emissivity of liquid matters more as dew forms and the
plastic surface is wetted, which further narrows the small differences between the
plastic foils regarding their radiative cooling quality. Contamination, such as dust
or fat, also affects the wetting angle, potentially narrowing the differences between
the tested materials regarding their dew-collecting abilities. Placement of the dew
condenser may influence the airflow characteristics at the condensing surface, thus
influencing the thickness of the boundary layer between the atmosphere and the
dew-condensing surface and furthermore the accumulated dew yields.

The model for calculating dew output, based on Fick’s law, was capable of esti-
mating cumulative dew yields over time, especially at the beginning of the measure-
ment period. Modest or moderate correlation was found between the daily measured
and calculated dew outputs. The main reason for the difference is suggested to be
due to differences in airflow details at the condensing surface and at the wind mon-
itor of the automatic weather station, where the wind direction and speed were
measured.

Measurement data indicated modest to moderate correlation between the dif-
ferent measured meteorological variables and the measured dew yields. However,
conclusions may be drawn that dew formation favors conditions were light winds
(0.5–2.5 m s-1) and low supersaturation (Tdew ≈ Ta) values prevail. This is also in
agreement with earlier findings. At low supersaturation values, the energy deficit
caused by the radiation to the sky is used to condense water from the air rather
than cool the dew condenser.

Evaluating the dew-collecting quality of plastic foils proved difficult with the
presented laboratory rig. We found no clear similarity between the dew yields mea-
sured in field conditions and the dew yields measured with the laboratory rig. We
note that the tested materials showed no statistically significant differences in field
conditions. A more comprehensive evaluation regime requires more specific mea-
surements performed in field conditions and in the laboratory, regarding the airflow
characteristics at the dew-condensing surfaces, which would also allow for more ac-
curate calculations of theoretical dew output. Further development of the design of
the hardware model presented should be conducted to be able to draw valid con-
clusions regarding differences between the materials. Development of the evaluation
regime could be pursued to include a broader range of operating conditions that were
used in this work and the implementation of radiative cooling in laboratory condi-
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tions would also provide a more realistic evaluation regime of passive dew collection
materials.

Plant residue can be recommended in the given environmental conditions at the
onset of the rainy season together with planting or shortly after planting when the
soil is wet. Continuous soil moisture measurement results indicated that mulching
with plant residue retains soil moisture in the effective root zone compared with
bare soil. Mulch was found to prolong the drying time and thus build resilience
against drought and dry spells between precipitation events. The simple soil mois-
ture model based on solving Richard’s equation was able to characterize the behavior
of the plant residue mulch effect on soil moisture. The moisture-conserving effect
increases predictably with mulch thickness, but the availability of plant residue may
set limits on the rates of the applied mulch. Further research is also needed on
the accumulation of pathogens and pests in the mulched layer, as these may have a
significant impact on crop yields and human health.

The combined use of mulching and irrigation with water recovered from rain or
weak precipitations, such as dew or fog, is an interesting option for implementing the
precision irrigation of smaller areas, e.g. recently planted tree seedlings covered with
mulch or in ridge-furrow systems. The harvested weak precipitation and available
plant residue could be utilized more efficiently in small areas, resulting in more
irrigational water per area and a thicker mulch layer covering the soil. Despite the
model calculations of the combined effects of mulch-covered soil precision irrigated
with dew water giving promising results, further on-site research is needed for more
precise assessment of the effects on actual crop yields or plant growth.
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