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ARTICLE INFO ABSTRACT
This manuscript was handled by Amilcare Non-rainfall water inputs (NRWI) from dew, fog, frost, rime and soil water vapour adsorption (WVA) are key
Porporato, Editor-in-Chief, with the assistance components of the terrestrial water cycle, but their individual contribution to the water budget is unclear due to

of Rachata Muneepeerakul, Associate Editor a lack of suitable methods for identification and quantification. Here, we present a refined method to quantify

and partition NRWI using weighing lysimeters. The method’s novelty lies in the variables used to determine
when dew and frost (leaf-wetness), fog and rime (air visibility) occur. We applied this methodology to grassland
and arable land lysimeters and compared it to the established method that relies on relative humidity and

Keywords:
Non-rainfall water

FD:;;N estimated dew-point temperature to quantify and partition NRWIL.

Water vapor adsorption Our results showed large differences between the refined and established method. The established method
Lysimeter predicted larger amounts of dew (55 %) and WVA (2522 %), but no fog. NRWI mostly came from dew. Dew rates
Ecohydrology per event were generally higher on arable land, but the total amount of dew was larger on grassland due to
Land cover higher frequency of dew formation. Dew amount differences could be attributed to land cover type, which
promoted dew formation in the grassland while the arable ecosystem largely lost water through evapotranspi-
ration (e.g. stomatal conductance, canopy-structure). We conclude that land cover type is a key control for
microclimate (surface temperature, relative humidity), which significantly affects dew formation, while effects
on fog or WVA are weaker. These effects are better determined by lysimeter assessment with a visibility and leaf-

wetness device than by other existing NRWI identification systems.
1. Introduction comprehending and simulating the functioning of terrestrial ecosystems.
Noteworthy, in many regions of the world, also non-rainfall water
In temperate regions, rainfall constitutes the largest fraction of water inputs (NRWI) contribute water to ecosystems in addition to rain- and
input (excluding irrigation) to terrestrial ecosystem and is the most snowfall (Wang et al., 2017; Dawson and Goldsmith, 2018). The gen-
decisive parameter of the water cycle. Plant growth and ecosystem eration of NRWI comprises various processes; they originate from fog (Li
productivity are dependent on rainfall in many parts of the world et al., 2018), dew (Kaseke et al., 2012), frost or frozen dew (Groh et al.,
(Knapp et al., 2017), as they are sensitive to changes in water avail- 2018), rime (Meissner et al., 2007), and soil water vapor adsorption
ability (Vargas Zeppetello et al., 2024). As plant growth has strong (WVA; Kosmas et al., 1998; Agam and Berliner, 2004). From the mete-
feedbacks with land-atmosphere exchange processes (Liu et al., 2018; orological perspective, fog is defined as a cloud that touches the ground
Han et al., 2020; Martins et al., 2021), a precise understanding of at- and reduces horizontal visibility to less than 1 km (Gultepe et al., 2007).
mospheric water inputs and related feedbacks is crucial for Fog is formed from condensed liquid droplets in the atmosphere, it has a
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relative humidity of 100 %, so that fog water can be collected through
active or passive fog collectors on artificial surfaces (Strater et al., 2010;
Degefie et al., 2015). Dew forms when atmospheric water vapor con-
denses on a surface whose temperature is equal to or below the dew
point temperature. Both dew or frost (temperature below frost point) are
also often measured on artificial or natural surfaces, e.g., by leaf wetness
sensors (Sibley et al., 2022), dewmeters (Price and Clark, 2014), or
weighable lysimeters (Marek et al., 2014; Groh et al., 2018). Compared
to fog or dew, WVA occurs when the soil surface is dry enough to form a
downward gradient of water vapor concentration and atmospheric
water vapor penetrate the soil and adsorb to soil particles (Agam and
Berliner, 2004). This NRWI component has mainly been measured using
weighable lysimeters (Verhoef et al., 2006; Kohfahl et al., 2019), while
more recently attempts have made use of negative latent heat fluxes
from eddy covariance and scintillometer measurements (Florentin and
Agam, 2017; Paulus et al., 2024). Sometimes, there is also water at the
plant surface that originates from water vapor distilled from either the
soil (Li et al., 2021) or released through plant guttation (Urbaneja-Ber-
nat et al., 2020). However, unlike dew or fog, these processes do not lead
to a net water input, since the water is only redistributed within the
ecosystem.

The different NRWI fractions are typically small at the daily scale but
they can provide a more continuous source of water as compared to
often erratically occurring rainfall, and thus help in maintaining
ecosystem functions, e.g., at dry inland regions (Runyan et al., 2019;
Kidron et al., 2024b) or wet coastal areas (Chung et al., 2017). There is
increasing evidence that dew-derived NRWI contribute considerably to
total incoming atmospheric water (i.e., rain, snow), ranging from 5 and
19 % annually at certain locations (Hanisch et al., 2015; Aguirre-
Gutiérrez et al., 2019). In dry periods, the dew amounts can even exceed
monthly rainfall in temperate climates (e.g., Falkenberg-Germany, Xiao
et al., 2009), or annual rainfall amounts in arid regions (e.g., Negev-
Israel, Evenari et al., 1982). Variability is high, with a frequency of
dew formation for grassland sites ranging from 15 to 95 % in dry
(relative humidity < 80 %) to tropical (relative humidity > 90 %) areas,
respectively (Ritter et al., 2019). NRWI influence hydrological processes
(Hanisch et al., 2015; Yu et al., 2018), energy fluxes (Florentin and
Agam, 2017), canopy micro-meteorological conditions (Goldsmith
et al., 2013), ecosystem properties such as drought resilience (Fischer
et al., 2009; Groh et al., 2018), water use efficiency (Ben-Asher et al.,
2010), plant biomass production (Hiatt et al., 2012; Goetz and Price,
2016), microbial activity (McHugh et al., 2015), litter decomposition
(Evans et al., 2019), and elemental or nutrient cycling (Gottlieb et al.,
2019; Sun et al., 2024). Accurate quantification of NRWI is thus crucial
for correctly assessing ecosystem water balances, especially in agricul-
tural landscapes, and thus also for future improving existing crop
models.

There are several methods that can quantify NRWI, but only the
gravimetric method can measure all types of NRWI and simultaneously
determine NRWI for natural surfaces. This is important because, e.g.,
soil properties and plant surface characteristics influence the formation
of NRWI (Malik et al., 2015; Uclés et al., 2016; Saaltink et al., 2020).
Sophisticated approaches thus utilize weighable lysimeter data (e.g.,
Groh et al., 2018; Zhang et al., 2019a; Paulus et al., 2022). Yet, all these
methods must rely on specific assumptions when determining and
classifying NRWI fractions.

Zhang et al. (2019a), for instance, used relative humidity sensors to
detect fog. However, sensed relative humidity observations often do not
reach 100 % (Paulus et al., 2022), leading to an underestimation of fog
per se. Zhang et al. (2019a) determined dew formation using the crite-
rion that the temperature sensed at the soil surface must be below the
dew point temperature. The dew point temperature is calculated 1 m
above the surface layer, and can differ substantially from what is
measured at the land surface (Kidron et al., 2023) or plant surface. This
is because it disregards the typical profiles of increasing humidity and
temperature closer to the canopy and soil surface (Ney and Graf, 2018),
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which leads to an overestimation of dew and WVA. For example, in the
case of WVA, if the relative humidity does not reach 100 % during a fog
event, the leaf wetness sensor will not detect the typical signal of dew or
frost formation. Therefore, the approach would suggest that the leaves
are not being rewetted by dew or frost. In this case, any increase in
weight would be related to WVA rather than fog. Another important
point is that the identification system by Zhang et al. (2019a) introduced
a class called 'Others' to describe parts of the uncertainty of the method
and to account for water inputs that could not be classified as NRWI,
precipitation or dust. In their study of NRWI in a semi-arid region of
China (Dingxi; Zhang et al., 2019b), the 'Others' class achieved a value of
23.7 mm y'}, similar to that of dew (25.9 mm y ') and WVA (26.1 mm y’
1). Because of these problems, many field or modeling studies are not
considering NRWI as a supplementary water input to rain and snowfall
when simulating ecosystem processes. Hence, there is still the need for
an improved methodological approach to reduce the uncertainty in the
determination and partitioning of NRWI. While weighable lysimeters
allow to quantify the NRWI as a total amount, it remains important to
distinguish between the different NRWI in order to develop, test, and
improve the prediction of dew, fog, frost, rime or WVA at ecosystem
level.

This study aims to overcome current limitations in estimating the
different fractions and amount of NRWI, and to provide data on inte-
grated observations for both grassland and an arable ecosystem. To do
so, in addition to weighable lysimeters, we employed an air visibility
measuring device, as well as surface temperature and leaf wetness sen-
sors that allow for the direct determination of each NRWI for different
soils and land cover types, but under the same macroclimatic conditions.
We compared the results of our methodology to the established method
by Zhang et al. (2019a) for NRWI quantification and partitioning. We
then determined the influence of land cover form on the formation of
different NRWI fractions.

2. Data and methods
2.1. Site description

The study was conducted at the site Selhausen (50°52'7'N,
6°26'58'E), which is part of the Eifel/Lower Rhine Valley Observatory of
TERrestrial ENvironmental Observatory in Germany (TERENO, Bogena
et al.,, 2018). The climate in Selhausen is temperate and humid (sub-
oceanic or sub-Atlantic), with an average annual air temperature of
10.5°C, potential evapotranspiration for grass as reference (Allen et al.,
2006) of 643 mm and annual average precipitation of 718 mm for the
period from 1981 to 2010 (Groh et al., 2016).

2.2. Observational data

Eight high-precision weighing lysimeters (UMS, Germany), each
cylindrical with an area of 1 m? and a soil depth of 1.5 m, which were
installed in the context of TERENO-SOILCan (Piitz et al., 2016), were
used in this study. The lysimeter was placed on three load cells (Model
3510, Tedea-Huntleigh, US), resulting in a weighing system with a
measurement precision of 10 g (equivalent to 0.01 mm water depth)
that provides measurements in 1-minute increments. The bottom
boundary of the lysimeters is controlled dynamically to keep the soil
moisture conditions inside the lysimeter similar to the surrounding soil.
This is done via a bi-directional pumping system, including a suction
rake in the lysimeter bottom, a weighed water reservoir (UMS, Ger-
many), and tensiometers (TS1, UMS, Germany) installed at 1.4 m soil
depth inside the lysimeter and the field (grassland and arable land). This
configuration ensures that water flow rates and directions correspond to
the conditions in the field (Groh et al., 2016).

The weighable lysimeters contain a total of eight different soils, some
of which are from Selhausen (Cutanic Luvisol), and some from other
locations in Germany: Bad Lauchstadt (Haplic Chernozem), Dedelow
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(Calcic Luvisols), Rollesbroich (Stagnic Cambisols), Sauerbach (Haplic
Cambisol), Scheyern (Aeric Epiaquept), and Wiistebach (Stagnic Cam-
bisols). Others are from France Nancy (Technosol). Soils were filled
monolithically (i.e., undisturbed), except for the Technosol (packed
soil). The type of land surface cover of the eight ecosystems comprises
two different natural (Wiistebach, Nancy) and two different extensively
managed grasslands (Scheyern, Rollesbroich), as well as four soils
cultivated with winter wheat (Triticum aestivum L.) during the observa-
tion period from 2022-10-01 to 2023-06-30.

The following meteorological variables were measured: air temper-
ature (T, 2 m, WXT510, Vaisala Oyi, Finland), wind speed (W, 2 m,
WXT510, Vaisala Oyi, Finland), relative humidity (RH, 2 m, WXT510,
Vaisala Oyi, Finland), and air visibility (CS125, 1.5 m, Campbell Sci-
entific, USA). Each lysimeter was equipped with several additional
sensors used in this study. The soil heat flux was sensed in each soil using
a heat flux plate (Gs, —0.1 m, Hukseflux Thermal Sensors B.V., The
Netherlands). Please note that no correction was made for G for heat
storage above the sensor plate, as this does not affect the general dy-
namics of Gg and thus would not affect the relationship with the specific
NRWI fraction. However, during transition times, Gg in the upper layer
and on the surface may have opposite directions. The soil water content
(0.1 m) was sensed using time domain reflectometry probes (SWC,
CS610, Campbell Scientific, USA) connected to a time-domain reflec-
tometer system (TDR100, Campbell Scientific, USA). The temperature
was sensed at different depths with a temperature sensor (T
(—0.06 m), Tyt (0.02 m), Tinec (0.15 m), TMS-4, TOMST s.r.o., Czech
Republic), and at the canopy surface with an infrared radiometer (Tc,.
nopy> SI-111-SS, Apogee Instruments, USA). Other sensors were used to
determine the leaf wetness (LWS, height variable, METER Group, Ger-
many) and the net radiation (Ry, height variable, Delta OHM S.r.L.,
Italy). All sensor data was provided with a time resolution of 10-mi-
nutes, with exception of leaf wetness and air visibility, which provide

Soil: Technosol Soil: Stagnic Cambisol
Veg.: natural grassland Veg.: extensive managed
(no land use)

grassland

S S
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data with a greater frequency (1-minute). Information on dust deposi-
tion was obtained using a self-made dew collector (weekly samples).
This collector opens during night and closes during the day, depending
on the hours of daylight, by wiping of the water from a window every
morning. The sample is collected under the window. If it rains or there is
fog, the outlet valve is activated and diverts the sample water. The dew
water samples were then filtered (PORAFIL membrane filter MV 0.45
um), and the dry mass of the dust input was determined gravimetrically.
The sensors of the meteorological station, LWS, and dew collector are
shown in the supplementary material (Fig. 1).

2.3. Data processing

The raw 1-minute lysimeter and leachate tank weight data were
processed as follows: i) manual and automatic plausibility checks to
remove systematic errors and outliers, ii) application of the Adaptive
Window and Adaptive Threshold (AWAT) filter routine (Peters et al.,
2017) to reduce the effect of noise on the determination of land surface
water fluxes (i.e. precipitation, NRWIs, evapotranspiration), and iii)
calculation of land surface water flux components. The latter calculation
assumes that either evapotranspiration or atmospheric water inputs (i.
e., precipitation, NRWIs) can occur during a one-minute time interval (e.
g., Schrader et al., 2013; e.g. see Schneider et al., 2021). This means that
after correcting for weight changes in the lysimeter caused by water
flows at the bottom, any subsequent decrease in lysimeter weight will be
related to evapotranspiration, while any increase will be related to at-
mospheric water inputs. Further information on lysimeter data pro-
cessing can be found in Schneider et al. (2021). Also, the weather and
soil related sensor 10-minute raw data underwent manual and auto-
matic plausibility checks to remove unreliable observations (systematic
errors and outliers). More information about the time without data for
each lysimeter can be taken from Table S1. Smaller gaps within the time

Soil: Haplic Chemozem
Veg.: arable land (crop-
rotation)

Soil: Calcic Luvisol
Veg.: arable land (crop-
rotation)

A TP SRS -G W oot =8 PR 1 R SRR

Soil: Aeric Epiaquept
Veg.: extensive managed
grassland

Veg.: natural grassland
(no land use)

O R

Soil: Haplic Cambisol
Veg.: arable land (crop-
rotation)

Veg.: arable land (crop-
rotation)

Fig. 1. Experimental set-up at the site Selhausen (Germany), showing the 24 high-precision weighing lysimeter and the information on the soil type, land cover form

and management of the eight different agricultural ecosystems.
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series were filled linearly, i.e., lysimeter (gap size: 2-minutes), soil sur-
face temperature (T 6-hours), leaf wetness (LWS: 10-minutes) and
visibility (10-minutes). A linear regression model with the same land
cover type (grass, wheat) was used to fill the gaps for Tcanopy-

hour window before and after the rain and no dew/frost or fog/
hoarfrost (definition see below) occurred during this time.

In a second step other events were separated into different NRWI.

e Fog/Rime: Fog/rime time was defined when the visibility was below
1 km, when SYNOP codes indicated fog (20, and 30 to 35) or mist
(10). We attributed the increase in lysimeter weight to dew rather
than to mist/fog when identifying time with both dew and fog during
an event with mist, as the visibility device did not have a HygroVue
sensor in order to differentiate between haze and mist. The fog time
was extended by one hour before and after each event to allow for the
possibility of fog or mist forming below 1.5 m where visibility is
measured.

o The mass increase was defined as fog when the plant or soil surface
temperature (Tcanopy) Was above 0°C.

o The mass increase was defined as rime when the plant or soil
surface temperature (Tcanopy) was < 0°C (freezing point).

o Mix fog/rime and rain: We defined fog/rain as a mixed fog/rime
event with rain if rain was detected 3 h before and after the fog/

2.4. Determination of non-rainfall water

We developed a refined identification system that uses a specific
criterion to determine NRWI components, similar to the methods of
Zhang et al. (2019a). The refined scheme tries to overcome shortcoming
of previous methods (Groh et al., 2018; Zhang et al., 2019a; Paulus et al.,
2024) by using i) air visibility to better define fog, ii) leaf wetness de-
vices placed in the top layer of the canopy to define the time of dew
formation, and iii) surface temperature to distinguish dew from frost and
fog from rime. We did not use the surface temperature to estimate the
dew point temperature because no RH measurements were available for
the corresponding canopy surface layer. The schematics of the identifi-
cation system are shown in Fig. 2 and are defined as follows.

e Rain/snow: The mass increase of the lysimeter monolith was
separated into times with precipitation and without precipitation.
We used the output of present weather codes from the visibility de-
vice on a 1-minute basis. This SYNOP codes (surface synoptic ob-
servations) are numerical codes used to report weather observations
from weather stations. They include information on different forms
of liquid, freezing and solid precipitation, with different intensity
levels (slight, moderate or heavy), including drizzle, hail, showers
and intermittent precipitation (SYNOP codes 40 to 45, 50 to 58, 60 to
68, 70 to 77, and 80 to 89). Standard rain gauges often underestimate
precipitation or are unable to detect small rain events compared to
precipitation from weighable lysimeters (Schnepper et al., 2023).
Therefore, we also defined an increase in lysimeter weight as pre-
cipitation if we detected an increase in lysimeter weight within a 3-

rime event, and as fog/rime if the rain occurred more than 3 h

before or after the fog/rime event.
Dew/frost: we defined the time of dew or frost occurrence based on
the information of the LWS and when air visibility range was larger
than 1 km (excluding mist). The LWS sensor reacts differently to dew
formation, frost and rain events and we used a code developed by
Binks et al. (2021) to define time of dew and frost. We observed an
earlier response of the lysimeter mass gain compared to the sensed
LWS values, suggesting that dew or frost formation in the canopy
often started much earlier than observed by the LWS. Due to diffi-
culties in detecting dew/frost events in winter with long nighttime
duration, persisting daytime frost, early onset of dew/frost forma-
tion, and a general problem of the code by Binks et al. (2021) to

Lt/simeter

data

Mass increase

/

VAR

Surface
temperature dew

Soil water

VGPOV

ao(sorption Mix dew before

and after

Precipitation
events

\

visiblility /
Synoptic code

an

Surface

Mix Fog before
and after
Precipitation
events

temperature f:og

Fig. 2. Schemata for the identification system of the different non-rainfall water inputs, i.e., soil water vapor adsorption, dew, frost/ frozen dew, rime, and fog.
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detect frost, we have extended the dew/frost period (10 h before and

5 h after the event) to allow a more accurate quantification of frost.

o Dew: Lysimeter mass increases were defined as dew when the
plant or soil surface (Tcanopy) was > 0°C and the LWS sensor
detected dew times (Groh et al., 2018).

o Frost: The same was done for frost, except that the plant or soil
surface (Tcanopy) Was < 0°C (Wisniewski, 1982).

o Mix dew/ frost and rain/snow: We define dew/frost as a mixed
dew/frost event with rain if rain is expected 3 h before and after
the dew/frost event, and as dew/frost if the rain occurred more
than 3 h before or after the dew/frost event. This was necessary to
exclude from the investigation any possible transition from a dew/
frost event before or after rainfall/snowfall.

e WVA: was defined for times of mass increase in the lysimeter weight
and a dry surface of the LWS and a visibility > 1 km. In general, WVA
occurs when the water vapor pressure in air-filled pores is lower than
the vapor pressure in the atmosphere. In theory, direct adsorption
may occur in cases of fog or dew formation if a downward gradient is
maintained and the soil moisture is extremely dry, with moisture
contents close to the wilting point. However, once dew forms or fog
deposition begins on the surface, the soil moisture at the surface is
relatively high (e.g., approaching saturation), such that a downward
gradient of water vapor from the atmosphere, and thus WVA, is
prevented. As it is unlikely to occur simultaneously at the macro-
scale, we assume that a phase change of water from vapor to liquid in
the soil is negligible, before dew formation and fog deposition start at
the surface. In addition, weekly dust samples were taken with a dry
deposition device to exclude the possibility of dust deposition biasing
the determination of WVA.

Based on this experimental set-up and the mentioned schemata, all
different NRWI of the corresponding soil type and vegetation under the
same climatic conditions could be estimated. We compared our results
with an established identification system for NRWI (Zhang et al.,
2019a), which uses relative humidity of 100 % at 1 m height as a cri-
terion for quantifying fog amounts during periods of increasing lysim-
eter mass. Any further increase of lysimeter mass in the absence of
rainfall, dust or fog was classified as dew formation or WVA. Zhang et al.
(2019a) defined dew formation as occurring when the soil surface
temperature was below the dew point at 1 m above ground, and any
other mass increases in the lysimeter were attributed to WVA. Please
note we used for the estimation of the dew point meteorological ob-
servations from 2 m above ground. See supplementary material (Fig. S2,
Fig. S3, Fig. S4) for an example time series of a dew and fog, dew and
rain event between the two methods and the corresponding change in
the lysimeter mass.

2.5. Data analysis

For the comparison of dew, frost, fog, rime and WVA between the
different land cover types, the Wilcoxon rank sum test was used to
determine whether the differences between them were significant. The
Spearman rank correlation coefficient was used to characterize the
monotonic relationship between soil and meteorological variables, i.e.,
Tair, Ws, RH, Gs, SWC, Toil, Tintc, Teanopy, and R, and the NRWI. A period,
when water availability to plants was limited (May to June 2023), and to
exclude confounding effects in time with large differences in plant sur-
face cover, was chosen to identify the main environmental variables
affecting NRWI in the eight different ecosystems. The coefficients were
classified according to the following three classes i) weak (> —0.39 & <
—0.1 or > 0.1 & < 0.39), ii) moderate (>-0.69 & < —0.40or > 0.4 & <
0.69), and iii) strong (< —0.7 or > 0.7).
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3. Results
3.1. Choice of the NRW identification method

The refined method resulted in an average dew/frost formation of
12.30 mm across all land cover types (Fig. 3) over the observation
period (i.e., nine months), while the dew formation obtained by the
method of Zhang et al. (2019a) estimated a much higher average value
of 19.06 mm, which corresponds to an elevated over-estimation of dew
by 55 %. This was also the case for WVA, where our refined method
estimated 0.22 mm and the method of Zhang et al. (2019a) reached
5.57 mm (elevated estimation by: 2522 %). Meanwhile, for fog/rime,
the method proposed by Zhang et al. (2019a) indicated no occurrence of
fog at all, while our refined method based on a visibility device showed
an average fog deposition of 3.40 mm over the nine months observation
period. Thus, the NRWI identification system proposed by Zhang et al.
(2019a), which lacked the visibility device, did not detect fog. Note that
the time series between lysimeters may differ in length due to gaps in the
measurement data for the comparison and thus do not interpret the
absolute values from Fig. 3.

The distribution of dew/frost, fog/rime and WVA data also differed
between methods (Fig. 3). The distribution of dew/frost data showed a
narrow range with our refined method, which was not the case when
data were estimated according to Zhang et al. (2019a). Also, distribution
for dew/frost formation between the two land cover types with the
refined method did not overlap, in contrast to the method of Zhang et al.
(2019a) (Fig. 3, upper and right parts). For WVA, our refined assessment
indicated a much smaller range for the arable land and grassland data
than indicated according the method of Zhang et al. (2019a). For fog/
rime, there were little of any differences between land cover types,
suggesting that canopy and surface characteristics of plants were less
important for this type of NRWI.

The proportion of mixed dew/frost and rain/snow events to total
dew/frost was on average 42 % and 79 % for the grassland and arable
land (i.e., winter wheat) land cover types, respectively. The proportion
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Fig. 3. Comparison of the methods for identifying non-rainfall water inputs
(NRWI) for dew/frost, fog/rime and soil water vapour adsorption (WVA) be-
tween the method proposed by Zhang et al. (2019a) and the refined method
presented here. The soil surface temperature was used in the method of Zhang
et al. (2019a) to distinguish between the occurrence of dew and WVA. The red
symbols show the average dew/frost, fog/rime and WVA across all ecosystems
for both methods. The distribution of the corresponding data is shown beside
and above with box plots for each method, NRWI fraction and land cover type.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Examples of diurnal water fluxes and leaf wetness for two lysimeters with different land cover type (grassland and arable land/winter wheat) for different
situations: A) dew formation for both ecosystems with soils from Rollesbroich and Bad Lauchstadt (5 June 2023), B) different water flow directions with dew
formation (Rollesbroich grassland) and evapotranspiration (Bad Lauchstadt winter wheat, 15 June 2023) and C) dew formation (Wiistebach grassland) and a case
with an inner canopy water cycle for winter wheat, where dew formation is detected at the canopy top, but evapotranspiration is observed by the lysimeter (Bad
Lauchstadt, 11 June 2023).

the relationship between different environmental variables and the
dominant NRWI fraction i.e., dew on an hourly basis during the dry
period, shows distinct differences between land surface covers with
grass and winter wheat, respectively. For grassland cover,

dew

formation was weakly correlated with W, (negative) and RH (positive),
whereas soils covered with winter wheat did not show any significant
correlation with both variables (Fig. 5 A, B). Soil heat flux (Gs) and dew
formation were only weakly related, and the respective correlations
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Fig. 5. Spearman correlation coefficient between dew and environmental drivers for the eight ecosystems from Nancy (Na), Scheyern (Sy), Rollesbroich (Ro),
Wiistebach (Wu), Bad Lauchstédt (Bl), Selhausen (Se), Dedelow (Dd), and Sauerbach (Sb) at Selhausen. The different colours represent the different land cover types,
i.e. grassland (green) and arable land (brown). The different significance levels are marked with the symbols “***>, «**>_«*> and «” for the p-values (0, 0.001, 0.01
and 0.05), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were not significant for ecosystems with a larger vegetation such as for
winter wheat and soil from Wiistebach with large permanent grass
cover. Dew formation for grassland and arable land was significantly but
still weakly correlated with temperature related variables. Only the ly-
simeters from Dedelow and Sauerbach did not point to significant re-
lationships, because only a few observation variables were available for
the correlation analysis. However, the Tcanopy sShowed overall the largest
correlation coefficients with dew formation. R, was in most cases
weakly and significantly correlated with dew. Only the grassland from
Nancy, which was a packed Technosol, showed a moderate respective
correlation. Besides, all eight cover types showed a significant and
moderate negative correlation between dew formation and evapo-
transpiration for hourly time steps. Yet, in no case, any single parameter
explained more than 50 % of data variability (Fig. 5).

4. Discussion
4.1. Choice of the NRW identification method

In 2019, Zhang et al. (2019a) were among the first to identify NRWI
partitioning. Yet, when developing their method, the authors did not
have access to the highly equipped weighed lysimeters as used here,
rendering it difficult to monitor each NRWI compartment. Here, the
method to identify the different NRWI as proposed by Zhang et al.
(2019a) led, in general, to larger values of estimated dew and WVA, and
to smaller estimates of fog compared with the refined identification
method proposed here. For fog, the RH never achieved values of 100 %,
thus leading to a clear underestimation of fog by the method proposed
by Zhang et al. (2019a). Similar findings were already mentioned by
Paulus et al. (2022), who have set the value of RH reading to a value of
97.1 % at their site to account for systematic biases and drifts of the RH
sensor. In general, foggy conditions might already start earlier than RH
of 100 % (Klemm and Lin, 2016). This problem was addressed here by
using an air visibility measuring device instead of a RH sensor, which
helped to reduce the uncertainty in determining the NRWI component of
fog (see example in Fig. S2). Such devices have been widely used in fog
research in the past, especially in meteorology (e.g., Price, 2011;
Herckes et al., 2015; Weedon et al., 2024), and seem, thus, needed to
increase accuracy in NRWI assessment.

The larger estimates of dew formation with the identification system
proposed by Zhang et al. (2019a) could be explained by the use of the
estimated dew point temperature, which was to define when dew or
WVA occurs. Yet, the dew point is estimated based on observations from
Ta,ir and RH sensors installed at 2 m above the ground, and formation of
dew is assumed once the soil surface temperature was below the esti-
mated dew point temperature. However, in most cases there are vertical
gradients of RH and T, above the soil and plant surfaces (Ney and Graf,
2018; Simo et al., 2018; Weedon et al., 2024). These gradients alter dew
point temperatures at the respective height above ground where dew
formation starts, and this alteration could not yet be accounted for in the
method of Zhang et al. (2019a). Thus, often during dew events, dew
formation is partially related to WVA instead of dew, as shown in Fig. S3.

Beside the lacking considerations of gradients, the use of the Tgyf
increases the bias when estimating NRWI by the method of Zhang et al.
(2019a), since in smaller vegetation types (excluding forest), dew for-
mation is more pronounced in the canopy layer than in the near-surface
layer of a grassland or arable-land cover type (Jacobs et al., 1990;
Wilson et al., 1999; Ritter et al., 2019; Xie et al., 2021). Therefore, we
also tested the method using Tcanopy rather than Tgyf, which in their
method is used as a criterion to decide whether dew or WVA occurs
when the corresponding temperature is below the dew point tempera-
ture at reference height of the meteorological observation (here 2 m).
When basing calculations on Tcanopy, We obtained a smaller estimate of
WVA, which reduced from an average of 5.57 mm to 1.97 mm. How-
ever, we also found that the average dew formation increased from
19.06 mm to 22.66 mm. Compared to our refined method, this
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corresponds to an increase from 55 % to 84 % (see Fig. S5).

Our data are in good agreement with findings of Kidron et al. (2023),
who showed for several sites in a desert (Negev) that the meteorological
conditions for dew formation at 1 m above the ground differed sub-
stantially from those measured at the soil or rock surface. Similarly,
Lloyd (1961) showed for a grassland site in northern Idaho that dew
formation from 0.3 m to a height of 1.5 m increased, on average, from
0.1 mm to 0.19 mm. However, we also found that the LWS sensors often
responded with a delay compared to the increase in lysimeter weight
during periods of dew formation (e.g., see Fig. 4 C), especially in winter.
To better detect the beginning and end of dew events with our set-up, it
is necessary to better understand in the future why the artificial surfaces
of the LWS sensors indicate dew formation with a delay, e.g., because
the artificial leaf cools down more slowly than the leaves of the vege-
tation, or because there were other material-related obstacles to dew
formation on the artificial leaf of the LWS sensor. In addition, the min-
imum dew drop detectable by these sensors could lead to uncertainty in
defining the exact start and end of dew formation (Beysens, 2018).
Ideally, such artificial condensation surfaces should have comparable
wetting properties, which are critical for nucleation and growth, as well
as similar emissivity and low thermal mass as natural leaves, which are
essential for dew formation and dew growth. This clearly demonstrates
the importance of high precision lysimeters in determining NRWI such
as dew formation. In general, the method could also be used in different
climatic regions, such as arid (extremely dry) and tropical (very humid)
areas. However, the delayed response of the LWS sensor at this site
should be revisited, as this may be related not only to the intrinsic
properties of the sensor, but also to the properties of the canopy and the
installation height of the LWS sensor. This is crucial for determining
dew/frost, as well as for distinguishing between dew/frost and WVA. It
is conceivable that WVA occurs more frequently in semi-arid and arid
regions than in more humid conditions. Therefore, for such ecosystems,
the lag time should be revised to reduce possible bias when dis-
tinguishing between the two NRWI components.

Another difference between the identification methods is that the
Zhang et al. (2019b) method has a class called 'Others', which at 4.6 % is
similar in magnitude to the contribution of dew (5 %) and WVA (5.1 %)
in their study. This ‘Others’ class quantifies the inaccuracy in the
determination of NRWI and/or precipitation, which did not occur with
the refined method. Possible reasons for this are that precipitation
sensors, especially of the tipping bucket type, often underestimate pre-
cipitation (Hoffmann et al., 2016; Schnepper et al., 2023; Tall et al.,
2023) under conditions with very light precipitation or drizzle, that they
react with a delay, issues due to heating, or that the criteria for classi-
fication of fog, dew and WVA are not met by the sensors. Here we
included such transition times via a class that describes water as a mix of
NRWI and rain/snow or for rain/snow. This was necessary because the
increase in lysimeter weight due to rain/snow was sometimes detected
by the averaging routine of the AWAT filter at an earlier start of the
weight increase, depending on rain intensity, rain duration and total
precipitation amount. Nevertheless, moist air conditions before, during
and after a rain event may also create conditions conducive to fog
deposition. For example, advective fog occurs when moist air moves
horizontally above a cold surface. Tardif and Rasmussen (2008) re-
ported that liquid precipitation increases the likelihood of fog formation.
Also, increased moisture in the air enhances the probability of dew
formation as it contains more water vapor, and when the air close to
saturation, a small decrease in temperature might be enough to start the
condensation process. In such circumstances, it is difficult to clearly
distinguish between rain and NRWI. The use of high-frequency stable
isotopes of hydrogen and oxygen could be here helpful, as they provide
information about the formation process (Rothfuss et al., 2013; Kaseke
et al., 2017; Tian et al., 2019; Tian et al., 2021; Tian et al., 2022). This
could help improve the separation between dew, fog, and rainfall.

The surface and canopy properties differ between grassland and
arable-land covers, which was captured well by our refined method. The
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method by Zhang et al. (2019a) showed a smaller difference, compared
to us, in dew formation between winter wheat, but a larger difference
between the different grasslands. The clear discrepancies of dew dis-
tribution between the different land covers clearly indicates that
microclimatic conditions near the soil and plant surface are different
from those observed at 2 m above the ground. In addition, using Tcanopy
instead of Ty, significantly changed the occurrence of dew in the arable
land and grassland, demonstrating the uncertainty in determining NRWI
according to Zhang et al. (2019a). Although Teanopy has improved the
detection of dew formation, still lysimeter mass increases often gets
classified as dew before, during, and after rainfall events (e.g., see
Fig. S4). Lembrechts (2023) recently pointed out that microclimate is
more important than macroclimate when it comes to the migration and
survival of terrestrial organisms in their habitats, especially under the
current rapidly changing conditions due to climate change. Improving
the identification and prediction of dew and other NRWI components is
thus also important for other disciplines aside hydrology. This is
particularly evident here for water inputs to different land surface
covers.

The uncertainty in defining the onset and end of dew formation using
the method of Zhang et al. (2019a) also affected the quantification of
WVA, resulting in larger estimates of WVA. Zhang et al.'s method often
misclassifies dew formation as WVA because the soil surface tempera-
ture is not below the dew point temperature at a height of 2 m (Fig. S3).
Yet, the lesser occurrence of WVA as determined here with our refined
methodology was consistent with other recent investigations at the
study site (Paulus et al., 2024). Paulus et al. (2024) pointed out that,
even when considering the extreme dry year of 2018, WVA does not play
a prominent role at the site under such temperate climatic conditions.
This is consistent with our findings. Several other studies have shown
that WVA contributes more water to the ecosystem than was observed in
this study (e.g., Agam and Berliner, 2006; Verhoef et al., 2006; Saaltink
etal., 2020; Paulus et al., 2025). However, given that the contribution of
WVA to the NRWI is low compared to dew/frost or fog/rime under a
temperate climate, it is not surprising, as soil needs to be relatively dry
and considering that the relative humidity of the air in the soil is still
almost 100 % even at the permanent wilting point. In temperate regions,
there is usually sufficient moisture in the system for the soil water
content to rarely drop below the wilting point. Therefore, WVA is un-
likely to occur under these conditions. Testing this approach in locations
with arid or semi-arid conditions in the future would help verify whether
the WVA can be accurately determined using the existing rules or if
further conditions are required to do so under such conditions.

4.2. Variability of NRWI across natural and agricultural land covers

Average dew rates during the observation period differed signifi-
cantly between vegetation types, grassland and winter wheat. Previous
studies have shown that both meteorological conditions and surface
characteristics influence dew formation, such as soil texture, cobble-
stones, pebbles, and vegetation (Li, 2002; Xiao et al., 2009; Kidron et al.,
2024a). In our case we can exclude that meteorological conditions drove
differences in dew formation, since all eight land covers at the Selhausen
site had been exposed to the same macroclimate. The ecosystems
differed in land cover and soil types only.

The lesser dew formation observed in the winter wheat ecosystems
might be attributed to two factors: the different density of vegetation
cover and the physiological characteristics of the plants. The lysimeter
covered with winter wheat was sparsely vegetated after sowing in late
October (2022-10-24) relative to the grassland plots. In the arable
ecosystem, therefore, soils prevailed sparsely vegetated from October
until a new fully developed stand had developed in April/June 2023.
Hence, the vegetation surface of the lysimeter with arable soil had a
significant smaller surface area than the lysimeter under grassland, in
the period from autumn to spring. As sparsely vegetated or bare soils do
not cool down as quickly as leaves during the night, there is less
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radiative heat loss (Xiao et al., 2009), and, hence, also less dew forma-
tion. On the other hand, during the growing season increased plant
density (e.g., canopy structure and leaf area index) also affects leaf
temperature reduction (Winkel et al., 2009), which is critical for dew
formation during clear and calm nights. The differences can be large, as
seen in Fig. 6, which shows the diurnal canopy temperature for the
grassland and winter wheat lysimeter. This demonstrates that canopy
temperature can vary significantly depending on land cover type, both
during the day and at night. Hence, and beside the macroclimatic con-
ditions, also the type of land surface cover (i.e. density, structure, di-
versity) and soil properties (e.g., longwave emissivity, thermal
conductivity) play a crucial role in dew formation processes. Also, Ran
et al. (2024) showed that ecosystems covered with Artemisia ordosica in a
semi-arid region (China) experienced greater dew formation compared
to bare soil conditions, and Xiao et al. (2009) showed that the type of
vegetation (i.e. grass vs. crop) had a strong influence on the occurrence
of dew in central Europe (Falkenberg, Germany). The authors outlined
that dew was always detectable earlier over grassland than over winter
wheat (Fig. 4). This may be due to leaf characteristics, as the wider
leaves of wheat may create a 'decoupled' atmosphere within the canopy
that takes longer to cool and condense overnight. In contrast, the thin,
vertical grass leaves encounter the cold air more quickly than the winter
wheat. Once condensation begins over the winter wheat, its larger sur-
face area may account for the greater amount of dew. The results of
these studies are consistent with ours, that grass ecosystems generally
increase the incidence of dew, but once crop vegetation develops, dew
rates can be much larger than in grassland under the same
macroclimate.

Plant-specific properties also contribute to the spatial differences in
water fluxes at night at the study site: the winter wheat cover often lost
water by evapotranspiration at night, whereas the grassland gained
water by dew formation. The nocturnal water losses, occurred more
frequently under winter wheat, suggesting that the respective stomata of
the plants were not completely closed at night. Hence, water could still
escape through the cuticle, while blockages in the guard cells likely
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Fig. 6. Diurnal surface temperatures for an exemplary night in June 2023, for
the individual lysimeter and for average grassland and winter wheat.
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prevented the stomata from closing (Resco de Dios et al., 2019). Several
other studies confirmed that different types of land use and plants do
lose significant amounts of water at night. (Groh et al., 2019; Han et al.,
2020; Padron et al., 2020). According to Schoppach et al. (2014), the
nighttime transpiration is mainly sensitive to air temperature and vapor
pressure deficit. Lu et al. (2023) showed that the respective water loss
occurred mainly through the stomata to support respiration.

The difference between surface water fluxes at larger scale at night
might also have implications for atmospheric dynamics, as condensation
releases heat and therefore unequal dew distribution creates also
increased patchiness in the near surface temperature. Small-scale sur-
face variability (tens of metres) will probably not have an impact, but for
large adjacent fields (with a scale of 100 m or more), some with dew and
some without, this fact contributes to the thermal contrast between
fields, which can lead to local lateral advection and even turbulent
mixing (Cuxart et al., 2016).

In summary, the complexity of the nocturnal water fluxes showed
that divergent processes occurred within the stand. If evapotranspira-
tion and dew formation (canopy) occur simultaneously (Fig. 4 C), we
assume that the source of condensed water within the stand boundary to
the atmosphere comes to a large extend from the soil (upward flux) and
not only from the atmosphere (downward flux) as in classical dew for-
mation. Monteith (1957) referred to this process as soil distillation:
when the water source comes from the soil, it should occur mainly at
clear nights and in light winds. In our case, the meteorological condi-
tions were sufficient to cause condensation on the foliage near the
canopy top, but also to remove some of the water vapor transported from
the soil from the stand (evaporation). Using stable isotope techniques, Li
et al. (2021) reported for an alpine grassland that distillation contrib-
uted by 9 % to 42 % to the total NRWI. Thus, the inclusion of water-
stable isotopes in addition to our present setup could help to even bet-
ter understand water origin and flux processes within the canopy at
night.

4.3. Relationship between environmental variables and dew

When exploring the relationship between different environmental
variables and the site dominant NRWI, dew formation during a dry
period showed a significant negative correlation with W, which is
consistent with previous results (e.g., Guo et al., 2016; Xu et al., 2023).
The relationship with Wy was non-linear and favoured dew formation
within a limited range of wind speeds. Light winds enhance dew for-
mation by bringing additional moist air to the surface (Baier, 1966;
Beysens et al., 2005; Guo et al., 2016). However, if the wind speed is too
large, it inhibits dew formation (Beysens et al., 2005) and increases
evaporation (Groh et al., 2019).

Both dew formation from grassland and arable-land ecosystems
showed significant and negative correlations with different temperature
related variables (Tair, Tcanopy, Tintc, and Tsyf) as well as with net radi-
ation (Ry), as the latter promotes a further decrease in surface temper-
ature by radiative cooling. Our results also showed that dew formation
was weakly and positively correlated with RH for most land covers,
which is consistent with previous studies (Pan et al., 2010; Zhuang and
Zhao, 2014; Guo et al., 2016; Xu et al., 2023), as RH increases as tem-
perature decreases, further increasing dew formation. The moderate
correlation between evapotranspiration and dew formation on an hourly
basis demonstrates that a rewetted surface might re-evaporate previ-
ously formed dew from the intercept of the plant and the soil.

5. Conclusions

In this investigation we quantified non-rainfall water inputs (NRWI)
and assessed how they are influenced by different land cover types. This
required the development of a refined identification system to distin-
guish between the different NRWI, i.e. dew, fog, and soil water vapor
adsorption, all of which were quantified using high precision weighing
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lysimeters that were additionally equipped with an air visibility
measuring device and leaf wetness sensors. This refined identification
system for dew, fog, and soil water vapor adsorption revealed significant
discrepancies to the original method of NRWI assessment by Zhang et al.
(2019a), which overestimated mean average dew and soil water vapor
adsorption amounts by 6.8 mm (55 %) and 5.4 mm (2552 %) respec-
tively over the nine-month observation period. NRWI by fog was on
average 3.4 mm and could only be detected with the refined method and
not with the previous one.

We also found a significant difference between dew formation above
the grassland and winter wheat surfaces, thus highlighting the impor-
tance of land cover types and their surface characteristics on dew
characteristics which were not well resolved with the previous method.
Dew was the main contributor to the total NRWI. It dominated in the
grassland due to higher frequencies of dew formation. Compared to dew
formation, the water input from fog was relatively small and the soil
water vapor adsorption was negligible, as typical for this temperate
climate. Arable crops lost more water at night through the process of
transpiration (no closed stomata) or soil evaporation. The land cover
type and their characteristics of vegetation play a decisive role in the
formation of dew, as they influence the microclimate, which is essential
for dew to form and grow.
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via their site identification codes (lysimeter: se_y 011, se_y 013,
se_y_021, se_y 023, se_y 031, se_y_ 033, se_y 041, se.y 043) and the
meteorological (se_bdk_002) data.
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