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Abstract

With increasing aridity in many regions, dew is likely to play an increasingly important role in
the ecohydrological processes in many ecosystems, especially in arid and semiarid regions. Few
studies investigated the role of evaporation during dew formation and how it varies under
different climate settings. *’O-excess, as a new tracer, could be used to extract information of
evaporation dynamics from natural water samples (e.g., precipitation, river, and lake). Therefore,
to fill the knowledge gap in evaporation mechanisms during dew formation, we report the
isotopic variation (8°H, 520, 870, and Y"O-excess) of dew and precipitation from three distinct
climatic regions (i.e., Gobabeb in the central Namib Desert, Nice in France with Mediterranean
climate, and Indianapolis in the central United States with humid continental climate). We
examined whether dew formed in different climate settings was affected by different degree of
evaporation using observed isotopic values and evaporation models during the formation
processes, and modeled the effects of key meteorological variables (i.e., temperature and relative
humidity) on *’O-excess variations. The results showed that dew in Gobabeb experienced kinetic
fractionation associated with evaporation under non-steady state conditions during dew
formation with enriched §'®0 and low ’O-excess values. Dew formations with temperatures
over 14.7°C in Indianapolis were also influenced by evaporation under non-steady state
conditions. However, dew formation in Nice did not experience significant evaporation.
Evaporation processes (equilibrium or kinetic fractionation) occurring during nights with heavy
dew under three climate settings were mainly related to the variation of atmosphere relative
humidity. The *’O-excess tracer provides a new method to distinguish the different evaporation
processes (equilibrium or kinetic fractionation) during dew formation and our result provides an

improved understanding of dew formation.
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1. Introduction

Dew is the condensation of water vapor into liquid droplets on a substrate when the
substrate surface temperature drops below the dew point (Beysens, 2018; Monteith and
Unsworth, 2013). It usually occurs at night or in early morning when reduced input of shortwave
radiation results in a negative net radiation balance at the substrate. Dew occurs in most climate
zones. It is an important source of moisture for epiphytes and lichens with special physical
features absorbing atmospheric moisture (Gerlein-Safdi et al., 2018). Dew can reach and even
exceed annual rainfall and serve as a sustainable and stable water source to maintain plant and
small animal survival in arid and semiarid environments (Kidron et al., 2011; Tomaszkiewicz et
al., 2015; Wang et al., 2017), especially during periods of drought. Dew could even be the only
water source in a continental semiarid grassland (Aguirre-Gutiérrez et al., 2019). It is also
viewed as a small but important part of the water balance in humid areas (Ritter et al., 2019;
Tuller and Chilton, 1973). Dew significantly increased soil water potential such as in Namib
Desert (Wang et al., 2019). It can be directly absorbed by plant roots from soil, and can reduce
the evaporation loss of soil moisture to mediate water status in water-stressed plants (Aguirre-
Gutiérrez et al., 2019; Munné-Bosch and Alegre, 1999). As a water source, dew can also be
directly absorbed through leaves, and then alter leaf-level energy balance, reduce transpiration
rate, and improve photosynthesis (Grammatikopoulos and Manetas, 1994; Guo et al., 2016; Rao

et al., 2009; Zhang et al., 2019).
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Air temperature and relative humidity (RH), the environmental determinants of dew
deposition, are expected to change rapidly with climate change, and may affect the frequency
and amount of dew deposition (Cook et al., 2014; Nepstad et al., 2008; Tomaszkiewicz et al.,
2016; Vuollekoski et al., 2015). Previous studies showed that nocturnal temperatures increase
with climate change, implying a lower RH and lower dew amounts in the future (Donat and
Alexander, 2012; Martin et al., 2012). In a continental-scale study, it is found that the frequency
of dew formation at night in the grasslands is between 15% and 95% during the study period and
dew formation has a strong linear relationship with nocturnal RH (Ritter et al., 2019). Generally,
when dew forms, the RH of ambient air should be high enough (>70%), and the substrate surface
temperature should drop below the dew point due to radiative cooling (Lekouch et al., 2010).
However, recent study showed that dew may form at lower RH as long as vapor saturation occur
at the air-substrate interface (Kidron and Starinsky, 2019). For instance, a study in the semi-arid
region of Loess Plateau of China indicated that dew can form when RH is around 30% (Wang
and Zhang, 2011). Therefore, RH controls on dew formation may differ among climate regions.
Most previous research does not consider evaporation during dew formation because it occurs
during night or in early morning and evaporation is considered minimum. As a result, the role of
evaporation during dew formation is not well understood. However, evaporation during dew
formation has been observed in the past. For instance, evaporation during dew formation is
observed during 2:00 to 4:00 am in the Loess Plateau of China leading to a decreasing dew
amount (Wang and Zhang, 2011). It is also observed in Linze inland river basin (Fang and Ding,
2005). The knowledge gaps in dew evaporation during formation hinder our understanding of
dew formation mechanisms and an accurate prediction of dew formation changes under future

climates. Although the dew amount collected (traditional method) at sequential times at night or



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

in early morning can be used to indicate evaporation process, continuous dew recording is
logistically challenging and difficult to implement due to intensive labor requirement.

Stable isotopes of traditional hydrogen and oxygen (8°H and §'®0) are natural tracers to
diagnose changes in different hydrometeorological processes undergoing equilibrium and kinetic
fractionation during water phase change (Crawford et al., 2013; Cui et al., 2020; Soderberg et al.,
2012; Zhao et al., 2012). The equilibrium fractionation is determined by the saturation vapor
pressure. The kinetic fractionation is attributed to different diffusivities of different isotopes.
Generally, dew is one type of liquid condensation, supposedly dominated by equilibrium
fractionation. To the best of our knowledge, there is no effort examining the two fractionation
processes (equilibrium and Kinetic fractionation) associated with evaporation during dew
formation. Condensation can be considered as the inverse of evaporation, with similar
fractionation mechanisms between vapor and liquid. As such, isotope studies on dew
condensation mechanism can be used to better understand the two fractionation processes
associated with evaporation during dew formation process. For instance, the 50 values in
surface dew in Brazil consistently tracked atmospheric vapor 8'°0 values, which is generally
regarded as the Rayleigh equilibrium fractionation process (Zhang et al., 2009). Wen et al. (2012)
point out that the effect of equilibrium fractionation on the 8°H and §'%0 of dew is greater than
that of the kinetic fractionation although humidity deviated from the saturation conditions by up
to 120% on the leaf surface in a cropland and a grassland in China. Deshpande et al. (2013)
recognize that dew could involve a certain degree of kinetic fractionation in super-saturated
environments at a coastal village of India. These dew formation studies, based on 8°H and §*%0,
can distinguish equilibrium and kinetic fractionation processes. However, these studies are either

based on the assumption of equilibrium fractionation during condensation (Zhang et al., 2009) or
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require measuring atmospheric water vapor isotopes and dew isotopes simultaneously
(Deshpande et al., 2013; Wen et al., 2012).

Recent advance in spectroscopy have now enabled to obtain high-precision measurements
of 570 with low natural abundance. A new hydrological tracer *’O-excess became available to
provide additional constraints on the mechanisms of water phase changes (Barkan and Luz,
2007). The major advantage of *’O-excess over the conventional isotopes is its sole RH
dependence between 10°C to 45°C (Barkan and Luz, 2005; Cao and Liu, 2011), which is
confirmed by field observations (Landais et al., 2010; Li et al., 2017; Uechi and Uemura, 2019;
Winkler et al., 2012). Recent studies also show that the relationship between 520 and 'O can
be used to better reveal tap water and precipitation formation mechanisms (Tian et al., 2020;
Tian et al., 2019), differentiate synoptic drought and local drought (Kaseke et al., 2018), and
distinguish fog and dew (Kaseke et al., 2017).

According to the conceptual evaporation model, ’O-excess and the relationships between
different isotopic parameters (e.g., 8*°0 vs. §*'0; 'O-excess vs. 8®0 (or d-excess)) can be
used to infer whether water is affected by equilibrium fractionation or Kinetic fractionation
associated with evaporation under steady state or non-steady state (Barkan and Luz, 2005;
Barkan and Luz, 2007; Criss, 1999). The evaporation model under steady state condition was
based on traditional Rayleigh fractionation model. Rayleigh distillation assumes that water vapor
evaporates in isotopic equilibrium condition with no additional sources or vapor recycling
processes (e.g., evaporative recharge or atmospheric transport characteristics) (Fiorella et al.,
2019; Winnick et al., 2014). However, most natural evaporation under non-steady state condition
depends on external atmospheric vapor. Therefore, the significant difference of boundary

conditions between steady-state and non-steady state models is the existence of atmospheric
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water vapor, resulting in differently shaped evaporation trajectories (Li et al., 2015). The
relationships between different isotopic parameters have been used to estimate precipitation
evaporation processes in Africa and in the central U.S. (Landais et al., 2010; Tian et al., 2018).
The relationships have also been used to analyze evaporation loss of natural water bodies in the
Sistan Oasis, Iran (Surma et al., 2015), in central Atacama Desert, Chile (Surma et al., 2018),
and in western U.S. (Passey and Ji, 2019). Overall, ’O-excess and the relationships between
different isotopic parameters are effective to explore the detailed evaporation processes.

Dew research has been largely confined to arid and semiarid environments (Beysens, 2018;
Tomaszkiewicz et al., 2015; Uclés et al., 2015). Therefore, a large knowledge gap exists to study
dew variability among different climatic regions (e.g., arid and humid regions in the inland and
near ocean) especially for evaporation. It is important to understand the environmental factors
influencing dew formation in different climate regions and this will better inform us how these
factors will affect dew formation under climate change. Here, we investigate dew and
precipitation isotopic variations to explore the evaporation mechanisms of dew formation in
three different climate settings including Gobabeb Research and Training Center (hereafter
Gobabeb) in the central Namib Desert with desert climate, Nice in France with Mediterranean
climate, and Indianapolis in the central United States with humid continental climate. We used
70-excess and the relationships between 80 and 8’0 as well as between *’O-excess and
880 (or d-excess) to characterize evaporation dynamics under different climate settings and
examined the influence of meteorological factors (e.g., temperature and RH) on isotopes.
Additionally, two evaporation models under steady state (i.e., Rayleigh model) and non-steady
state conditions were also used to verify whether dew was affected by evaporation during its

formation. Furthermore, the sensitivity of temperature and RH, the two important meteorological
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parameters in evaporation model and the most susceptible to climate change, were also analyzed
to examine their influence on dew evaporation processes under various environmental conditions.
2. Material and methods
2.1. Site description

This study was conducted in different climatic regions (Table 1). Gobabeb Research and
Training Center (23.55° S, 15.04° E; 405 m above sea level) is located about 60 km from the
South Atlantic Ocean on the outer edge of the central Namib Desert in Namibia. The mean
annual temperature and mean annual relative humidity are 21.1°C and 50%, respectively (Qiao et
al., 2020). The annual precipitation amount is less than 20 mm (Kaseke et al., 2017). Nice
(43.74° N, 7.27° E; 310 m above sea level) in France is situated between the Mediterranean Sea
and the Alps mountains. It is Mediterranean climate associated with hot, dry summers and mild,
wet winters. The minimum and maximum of average monthly temperature are 12.4°C in January
and 19.6°C in August, respectively, with an annual average of 16.0°C, based on meteorological
data from 1981 to 2010 (http://www.meteofrance.com/climat/france/nice/06088001/normales).
The variations of average monthly RH are from 75% in February to 80% in May, with an annual
average of 78%. The mean annual precipitation is 733 mm, with over 75% of the precipitation
occurring between October and the following April. Both Gobabeb and Nice are close to the
ocean. Indianapolis (39.88° N, 86.27° W; 258 m above sea level) is an inland city in the Midwest
of the United States. Detailed meteorological characteristics in Indianapolis have been described
in our previous study (Tian et al., 2018). In brief, mean annual temperature, mean annual relative
humidity, and precipitation are 10.2°C, 69%, and 953 mm, respectively
(https://www.wunderground.com). To evaluate the degree of dryness in the three sites, aridity

index  values were extracted from the Global Aridity Index  dataset
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(https://cgiarcsi.community/data/global-aridity-and-pet-database/). The Gobabeb was hyper-arid
site with aridity index of 0.01. The Nice and Indianapolis were both humid sites with aridity
index of 0.98 and 0.96, respectively. According to the Koppen climate classification (Geiger,
1961; Koppen, 1936), the climate in Gobabeb, Nice, and Indianapolis belongs to desert climate,
Mediterranean climate, and humid continental climate, respectively.
2.2. Sample collections and isotope analysis

Event-based dew and precipitation samples were collected at each site. To reduce
evaporation effects on isotopes, all of dew samples were collected before dawn at each site and
stored in sealed glass vials (15 ml) for the samples in Gobabeb and Indianapolis or polyethylene
bottles for the dew samples in Nice. All of the precipitation samples were collected immediately
after each event or at the earliest possible time in the morning if the precipitation event was
finished after midnight. Twenty-two dew samples were collected from July 2014 to June 2017 in
Gobabeb. Five rainfall samples were collected in January, February, September 2014, and
February 2016. Four shallow groundwaters and two deep groundwaters were also collected.
Twenty-three dew samples were collected in Nice from December 2017 to April 2018. Sixty-
nine dew samples and 109 precipitation samples (including 99 rainfalls and 10 snowfalls) were
collected in Indianapolis from January 2017 to October 2017 and throughout 2017, respectively.
All dew and precipitation samples were delivered to the IUPUI Ecohydrology Lab to measure
isotopic variations using a Triple Water Vapor Isotope Analyzer (T-WVIA-45-EP; Los Gatos
Research Inc. (LGR), Mountain View, CA, USA) coupled to a Water Vapor Isotope Standard
Source (WVISS, LGR, Mountain View, CA, USA). The detailed operation and calibration
procedures were described in details by Tian et al. (2016) and Wang et al. (2009). The main

isotopic parameters reported here are: 80 = 1000 x In (5'20 +1), 5’0 = 1000 x In (8*'0 +1), A
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= 5801670, Y"0-excess = In (570 + 1) — 0.528 x In (50 + 1), d-excess = §°H — 8 x §'%0
(Barkan and Luz, 2007; Meijer and Li, 1998). Additionally, all of the isotope ratios were
normalized using two international water standards (Vienna Standard Mean Ocean Water
(VSMOW) and Standard Light Antarctic Precipitation (SLAP)) following the procedure
described by Steig et al. (2014) and Schoenemann et al. (2013). Furthermore, to ensure the
accuracy of "O-excess measurements, ’O-excess values were filtered through the methods of
Tian et al. (Tian and Wang, 2019; Tian et al., 2018). Based on the detection criterion, the
precision of our instrument was <0.80%o, <0.06%0, <0.03%o, and <12 per meg (1 per meg =
0.001%o) for 8°H, 520, 870, and *'O-excess, respectively, which was comparable with previous
studies (Berman et al., 2013; Luz and Barkan, 2010; Schoenemann et al., 2013; Steig et al.,
2014).
2.3. Meteorological variables

To examine dew formation mechanisms under different climate settings, nocturnal
temperature and RH were used for analysis associated with '’O-excess variations. The
meteorological data were available at the different meteorological stations: Gobabeb:
http://www.sasscalweathernet.org/; Nice: https://www.infoclimat.fr/;
Indianapolis: https://www.wunderground.com. The download date was about October 26",
November 30", and October 23" in 2018 for the above three websites, respectively. The
nocturnal data in this study were screened and averaged to hourly data from 12:00 am to 6:00 am.
2.4. Evaporation model description

To examine whether dew under different climate settings are affected by evaporation during
formation, two types of evaporation models (steady state and non-steady state conditions) were

used in this study. Simulated isotopic values were compared with the measured values. If most of

10


http://www.sasscalweathernet.org/
https://www.infoclimat.fr/
https://www.wunderground.com/
https://www.wunderground.com/

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

the simulated isotopic values matched with the measured values at temperature and RH
conditions close to the measurements, the model was considered as the optimal one. The choice
of steady state or non-steady state evaporation model was also verified by the observed
relationships between 520 and 5™'0 as well as between *’O-excess and §"*%0 (or d-excess).
2.4.1. Evaporation simulation without external moisture sources

The atomic ratio of the residual water "Reng under steady state condition can be calculated
by the Rayleigh fractionation model as a function of “ievep (Criss, 1999).

Rend = Rstart £ (1/%evap=1) ) 1)

where "Reng and "Rgart are the isotopic ratios (H,''O/H,*®0 or H,™®0/H,°0) of the residual water
and initial water, respectively. f is the residual fraction of liquid water. s, is evaporation

fractionation factor, a function of the RH during evaporation process (Barkan and Luz, 2007).

% _ _ ogigr teq (1-RH)
Aevap = ﬂRW/IRE "~ 1-"eqRH(Ra/Rw) , @

where aeq and  agirr are liquid-vapor equilibrium fractionation factor and the diffusion
fractionation factor for ’0/*°0 or *20/*0, respectively. Rw, Re, and Raare the isotopic ratios of
liquid, evaporating water, and air moisture, respectively. Under the steady state experimental
setup, all of the water vapor comes from the evaporating water body (i.e., no external moisture
source), which means Ra = Re. Therefore, the above equation (2) can be simplified to (Barkan
and Luz, 2007):
Wevap = teq (taisf(1 — RH) + RH) : 3
'8 0ieq and 2aieq are controlled by temperature (Horita and Wesolowski, 1994):

180, = exp[(—7.685 + (6.7123(103/T)) — (1.6664 (106/T2)) + (0.35041(10°/T3)))/10°] , (4)
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Oeq
exp[(1158.8(T3/10°%) — 1620.1 (T?/10°) + 794.84(T/103) — 161.04 +
2.9992(10°/T3))/103]. (5)

(*Paeq)*>? based on liquid-vapor equilibrium experiments

0eq Was estimated using ' oeq =
(Barkan and Luz, 2005). The *ogir was 1.0283, and *ogirr was (Pagirr)>>*® based on molecular
diffusivities of water vapor in air during evaporation experiments (Barkan and Luz, 2007). %ogis
was estimated using 2ogitr = (Pagir) from Merlivat (1978) and confirmed by Luz et al. (2009).
Therefore, in our study, the “®ogitr, Zaairr, and “‘ogir were 1.0283, 1.02486, and 1.01456,
respectively.
2.4.2. Evaporation simulation with external moisture sources

The isotopic ratios of residual water ( R,) under non-steady state condition can be
calculated by the following equation (6) (Criss, 1999):

Ry = FU(R, —RS,) + RS, , (6)

where f is the residual fraction of liquid water; the exponent u is the fractionation factor as a
function of RH:

_ 1-"0Qyap (1-RH)
U R am ’ "
where *agvap is the effective evaporation fractionation factor at 0% RH, which could be

calculated by equation (2). Rl is the isotopic ratio of initial water. "R$, is the predicted isotopic

ratio of residual water under steady exchange with atmospheric vapor (R,).

*
s _ eq RH'Ry
ﬂRW B 1_)k("gva\p (1-RH) . (8)

12
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"Ry was not directly measured in our study. It was determined either from literature value or
calculated using precipitation isotopic composition and the equilibrium fractionation factor

between liquid and vapor, as shown in equation (9) (Barkan and Luz, 2005).

* _ (801+1)
v = Sorn ’ 9

where "oy is a temperature-dependent equilibrium fractionation factor, calculated by the equation
(4) and (5). 80 = (RJ/Ryer- 1), and Rsand "Ry are the isotope ratios (e.g., *0/*°0 or *'0/*°0) of
the sample and reference, respectively.

According to the relationships between §°0 and §"'O as well as between *’O-excess and
880 (or d-excess), all of the dew in Gobabeb and some of the dew in Indianapolis were affected
by evaporation, while those in Nice were not affected by evaporation. The evaporated dew in
Indianapolis were the dew that occurred when the temperature was greater than 14.7°C (thirty-
three events, hereafter the dewrs14.7°c). As for the dewrs14.-,°%, there were significant relationships
between *’O-excess and §*°0 (or d-excess) with higher correlation coefficients (r = -0.54 (or
0.48); p < 0.01) than the ones under lower temperature. Therefore, dew in Gobabeb and
Indianapolis were simulated separately using the above two evaporation models under steady
state and non-steady state conditions, while the dew evaporation in Nice was not simulated. For
each evaporation model, different boundary conditions (including different variables and
parameters) were simulated to search for the optimal model in terms of temperature, RH, residual
fraction of liquid water (f), and isotopic values of both initial water (i.e., Rgar0r "R, for steady
state or non-steady state) and atmospheric water vapor ( *R,). Different models of dew were
simulated through fixed mean nocturnal temperature parameter and adjusted RH during the
observation period. If the adjusted RH value was close to the observed mean RH value,

corresponding to the similarity between the simulated and observed isotopic values including
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relationships between 80 and &0 as well as between ’O-excess and §"*°0 (or d-excess), the
model would be considered as the optimal one.

Generally, isotopic value of the initial water in the model was the minimum value of all the
observed values for one particular site (e.g., dew in Gobabeb under non-steady state condition)
(Table 2). However, not all models followed the above criterion because some dew with
minimum values might not be affected by evaporation. If the ideal model cannot be obtained
using the minimum value, the relatively low value will be considered as isotopic value of the
initial water (e.g., dewrs147°c in Indianapolis under non-steady state condition). With the
decreasing of residual fraction of liquid water (f), the evaporation processes increased associated
with the enriched 5'®0 and decreasing *’O-excess, which means that f also played an important
role in simulating evaporation. The equilibrium fractionation factors (ceq) were calculated by
equation (4) and (5) using average nocturnal temperature (and not daily temperature as
mentioned later on) because dew occurs at night.

The isotopic value of atmospheric water vapor was another important variable in non-steady
state model. The data can be deduced from previous study (e.g., dew in Gobabeb) (Uemura et al.,
2010). They can also be calculated by the equilibrium relationship between precipitation and
water vapor following equation (9) due to the lack of direct observational vapor data. The
equilibrium relationship has been applied in previous studies, such as for a prolonged rain event
and for monthly precipitation in Beijing, China (Wen et al., 2010). Fiorella et al. (2019) also
point out that the equilibrium assumption gives relatively accurate estimates of the isotope ratios
of evaporating waters in low latitudes (equatorward of 30°). It is noteworthy that to obtain the
isotopic values of water vapor, compared with using average nocturnal temperature as mentioned

above, the average daily temperature was used to calculate the equilibrium fractionation factor
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(ouny) @s shown in Table 2. This is because the process of converting precipitation into water
vapor occurs during both day and night. For the isotopic values of precipitation, some of them
were from the directly collected samples, and others were from empirical Online Isotopes in
Precipitation Calculator (hereafter OIPC) model. Both of them were used to calculate the water
vapor to further obtain optimal models in Gobabeb and Indianapolis. The *’O-excess of local
atmospheric vapor was assumed to be 33 per meg based on the global meteoric water (Luz and
Barkan, 2010) because the OIPC data only include 8°H and 5'®0. Additionally, for dew in
Gobabeb, the mean isotopic values of measured meteoric water included not only local rainfall
but also the shallow groundwater and deep groundwater.
2.5. Temperature and RH sensitivity analysis

To further explore the role of temperature and RH on ’O-excess variations of dew, we used
the evaporation model under non-steady state mentioned above to simulate the effects of

temperature and RH on ’O-excess in Gobabeb and Indianapolis (only dewr.147°c was used for

the Indianapolis site since they are affected by evaporation).

For the sensitivity of temperature, for both of the sites, the temperature from 1.4°C (the
minimum nocturnal value) to 30.0°C including the maximum nocturnal value (21.4°C) were used
to include all of the conditions for dew formation. For each site, the average nocturnal
temperature and the observed minimum and maximum values for dew were also simulated to test
the temperature sensitivity. For the sensitivity of RH, RH ranging from 18% to 98% with every
10% interval was used in the two sites, which include the optimal RH 78% in Gobabeb and 98%
in Indianapolis as stated in the above optimal model. The other boundary conditions were

assumed constant by using parameters (e.g.,"R,, "Ry, and f) from the optimal model.
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3. Results
3.1. Meteorological characteristics of dew days

There were different nocturnal temperature and RH ranges under three different climate
settings during the observation periods (Fig. 1). The average temperature in Nice was the lowest
(9.1°C) with the smallest range (3.6°C to 15.3°C), and the average in Indianapolis was the
highest (13.9°C) with the largest range (1.4°C to 21.4°C). The temperature in Gobabeb varied
from 3.5°C to 16.9°C with an average of 11.8°C. It is notable that the average RH in Gobabeb
was the lowest (78%) with the largest range values (35% to 98%), and the average in
Indianapolis was the highest (92%) with the smallest range values (66% to 100%). The RH in
Nice varied from 55% to 94% with an average of 80%. Additionally, for the days with
dewrs147°% in Indianapolis, the temperature varied from 14.7°C to 21.4°C with an average of
17.4°C, and the RH varied from 66% to 99% with an average of 93%.
3.2. Dew isotope variations

A largest range of dew 820 values was observed in Nice during the study period (-16.7%o
to -0.7%o) (Fig. 2). It was close to the range in Indianapolis (-13.4%o to 0.5%o0), while the smallest
range was in Gobabeb (-6.8%o to 3.2%o). The average 5'°0 value in Gobabeb was more enriched
(-1.4%0%2.6%0) than the other two sites. The average 520 value in Nice (-7.0%0+3.8%0) was
almost similar to the one in Indianapolis (-6.5%0+3.1%0), while lower than those for the
dewr=147% in Indianapolis (-5.1%0+2.6%o). The 8°H and &''O variations showed similar trends to
§'%0 in the three sites (Fig. 2).

More variable dew *"O-excess values were observed in Gobabeb (-40 to 45 per meg) (Fig.
2). The range in Nice (7 to 54 per meg) was close to the one in Indianapolis (-5 to 64 per meg).

The average *"O-excess value in Gobabeb (9+22 per meg) was the lowest, and the one in Nice
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(34+12 per meg) was almost identical to the ones in Indianapolis for all dew events (3511 per
meg) and for dews with dewr.147°c (34+14 per meg) (Fig. 2). The largest range of d-excess

values was observed in Gobabeb (-19.9%o to 26.5%o), and the smallest range was in Nice (0.1%o
to 32.3%o) (Fig. 2). The range in Indianapolis was from -5.0%o to 32.1%o. The average d-excess
value in Gobabeb was the lowest (6.4%0+10.0%0). The average in Nice was the highest
(18.1%0+8.8%0). The average for all dew events and for dewrs147°c in Indianapolis were
12.7%0%7.2%o0 and 10.3%0+5.6%o, respectively.

The slope of §*20-§*'0 (1) in Gobabeb (0.5202) was smaller than that in Nice and
Indianapolis (0.5268 and 0.5271) (Fig. 3). The slope of all the samples in the three sites was
0.5253. The "O-excess was negatively correlated with %0 in Gobabeb (r = -0.93, p < 0.001)
and for all the samples (r = -0.61, p < 0.001) (Fig. 4a). The ’O-excess was positively correlated
with d-excess (r = 0.74, p < 0.001) and the slope between *’O-excess and d-excess was 1.61 per
meg/%. in Gobabeb (Fig. 4b). The *’O-excess was positively correlated with d-excess (r = 0.50, p
< 0.001) and the slope between ’O-excess and d-excess was 0.96 per meg/%. for all the samples.
There was no relationship between *’O-excess and 820 (or d-excess) in Nice (p > 0.05). For all
dew events in Indianapolis, there was a low negative correlation between *’O-excess and §"*°0 (r
= -0.25, p = 0.037). To probe dew evaporation in Indianapolis, dew occurring under different
temperature groups were used to analyze their relationships among different isotopic variables.
The results showed that A for the dewrs1s7°c was 0.5252. The *’O-excess was negatively
correlated with 620 (r = -0.54, p = 0.001) and positively correlated with d-excess (r = 0.48, p =
0.004) associated with a slope of 1.18 per meg/%o (Fig. 5c-d). Dew with temperature below
14.7°C had the higher A (0.5280), and there was no correlation between *’O-excess and 5% (or

d-excess) (p > 0.05).
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In order to further reveal the dew formation mechanisms, the relationships between the *’O-
excess and both temperature and RH were analyzed in the three sites and for all the samples. The
results showed that there was no relationship between temperature and *’O-excess, while positive
correlation was observed between RH and *"O-excess for all of the samples (r = 0.34, p < 0.001)
(Fig. 6). Therefore, the difference in dew *"O-excess among the three sites was mainly driven by
RH differences.

3.3. Dew evaporation simulation

Hundreds of dew evaporation simulations were conducted under various boundary
conditions in Gobabeb and Indianapolis under steady state and non-steady state conditions. The
optimal evaporation models in Gobabeb and in Indianapolis for the dewrs4;,°c were both
attained under non-steady state condition. The detailed variables and parameters are shown in
Table 2. Note that the isotopic values of atmospheric water vapor were both calculated on the
basis of the equilibrium fractionation between precipitation and vapor (Barkan and Luz, 2005).
As for dew in Gobabeb, the §*°0, 570, §°H, and *"O-excess of vapor were -13.305%o, -7.047%o,
-102.898%o, and 0 per meg, respectively. These values produced better simulation results than
those from the directly observed vapor data from the South Indian and the Southern Oceans (-
15.5+2.7%o, -8.2+1.5%o, and 16 per meg for §'20, §*'0, and *'O-excess, respectively) (Uemura et
al., 2010). For precipitation in Gobabeb, comparing with the isotopic values from empirical
Online Isotopes in Precipitation Calculator model (-2.6+0.4%o and -13+4%, for 8*30 and &°H,
respectively), the mean isotopic values of measured local precipitation (including rainfall and
groundwater; -3.5+6.0%o and -25.7+41.7%o for 50 and 8°H, respectively) were used to estimate
880, and 5°H, because it could get a better match with measured values in the model. As a result,

the temperature and RH of optimal model for dew in Gobabeb were identical with those of the
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measured average nocturnal values during the observation period (11.8°C and 78%). The
simulated A (0.5199) was almost the same with the observed A (0.5202) (Fig. 5a-b). The negative
correlations between *’O-excess and 820 were similar for simulated and measured values (slope
= -8.10 and -7.76 per meg/%. for both) (Fig. 5a). The positive correlation between *’O-excess
and d-excess for the model (slope = 1.58 per meg/%o) was similar with the observed value (1.61
per meg/%o) (Fig. 5b).

As for the dewr=147% in Indianapolis, the §'°0, §*'0, 8°H, and *'O-excess of the vapor were
-14.950%0, -7.902%0, -109.725%0, and 20 per meg, respectively. The isotopic values of
precipitation were from the observed value during dew observation (-5.25%o and -33.79%o for
80 and §°H). Using the observed precipitation values could get better simulated values than
using the OIPC values (-3.20%o0 and -15.40%o). With these parameters (Table 2), RH of optimal
model in Indianapolis (98%) was found close to the measured average nocturnal values (93%)
(Fig. 5c-d). The modeled A (0.5250) was close to the observed one (0.5252). The negative
correlations between *’O-excess and 820 were similar for simulated and measured values (slope
= -3.01 and -2.84 per meg/%. for both) (Fig. 5c). The positive correlation between *’O-excess
and d-excess for the model (slope = 1.17 per meg/%o.) was almost identical to the observed value
(slope = 1.18 per meg/%o) (Fig. 5d).

3.4. The sensitivity of temperature and RH on dew *’O-excess

In order to assess the dew *’O-excess sensitivity to temperature and RH, the evaporation
models mentioned above were also used to simulate the dew ’O-excess responses to different
environmental conditions in Gobabeb and Indianapolis. The dew ’O-excess sensitivity with
respect to temperature and RH is shown in Fig. 7. The results indicated the *’O-excess were more

sensitive to changes in RH regardless the formation sites. For instance, for dew in Gobabeb,
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negative correlations were observed between *’O-excess and 20 modeled by the non-steady
evaporation model. The values of A (0.5183 to 0.5208) varied slightly with large changes in
temperature (1.4°C to 30.0°C) when RH was 78% (the optimal model parameter). However, the A
values (0.5187 to 0.5252) changed more significantly with large changes in RH (18% to 98%)
when temperature was 11.8°C (the average value during the study period) (Fig. 7a-b). Similarly,
for the dewrs147°c in Indianapolis, A only varied from 0.5238 to 0.5260 with large changes in
temperature (1.4°C to 30.0°C) when RH was 98%, while A varied from 0.5227 to 0.5255 with
large changes in RH (18% to 98%) when temperature was 17.4°C (Fig. 7c-d). It was worth
noting that A decreased with increasing temperature (1.4°C to 30.0°C) for dew in Gobabeb and
Indianapolis with dewrs4,°c, while there was no significant linear relationship between A and

RH regardless the dew formation sites.

4. Discussion
4.1. Dew evaporation mechanisms

Dew is recognized as an important contribution to the annual water balance in arid and
semiarid ecosystems (Aguirre-Gutiérrez et al., 2019; Kidron et al., 2011; Tomaszkiewicz et al.,
2015; Wang et al., 2017) even in humid region (Ritter et al., 2019; Tuller and Chilton, 1973).
The importance of dew may be magnified in arid regions to alleviate water stress on natural
ecosystems under changing climate (Rahimi et al., 2013). Dew formation obeys relatively
complex phase change processes in different environments. In reality, dew formation does not
always occur within a short time window but often lasts for several hours during the night or in
early morning. Dew is often collected before dawn for many dew researches, but evaporation is
likely to be unavoidable during dew formation. Evaporation can occur when the conditions for
dew formation are not fulfilled any more, e.g., with lower relative humidity, which decreases the
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dew point temperature with respect to air temperature, during wind gusts where heat exchange
with air is enhanced, or rise of cloud cover, decreasing radiative cooling. In the previous studies
on dew evaporation, the different fractionation processes (equilibrium or Kinetic fractionation)
are speculated based on the dew isotopic variations of condensation since evaporation and
condensation are inverse phase-change processes (Deshpande et al., 2013; Wen et al., 2012).
However, these studies did not provide direct evidence of different fractionation processes due to
the lack of real-time monitoring of vapor isotopic variation. In addition, because real-time
monitoring of vapor isotopic variation needs intensive labor and other logistics (e.g., instrument
purchase, deployment, and power consumption), it is difficult to test dew formation mechanism
at long-time scale and no research has been conducted to examine the different degrees of
evaporation. In the current study, to alleviate these constraints, we used '’O-excess and its
relationships with other isotopic parameters (e.g., 520 vs. 8*'0; *"O-excess vs. %0 (or d-
excess)) to probe whether dew is affected by equilibrium fractionation or kinetic fractionation
associated with evaporation using dew from three distinct climate settings.

The largest range of dew '’O-excess values was observed in arid Gobabeb with lowest
average 'O-excess value (9+22 per meg) and the most enriched 820 value (-1.4%0+2.6%o) than
observed in other two humid regions in Nice and Indianapolis (Fig. 2). The A value (0.5202) was
the lowest in Gobabeb, which was close to the diffusive fractionation of atmospheric water vapor
(0.5185) (Barkan and Luz, 2007) and close to previous study result at the same site (0.516)
(Kaseke et al., 2017). There were significant correlations between *’O-excess and both %0 and
d-excess in Gobabeb. The slope between *’O-excess and d-excess in Gobabeb (1.61 per meg/%o)
is similar to the values predicted by re-evaporation model in African monsoon rainfall (1.6 to 2.0

per meg/%o) (Landais et al., 2010). These indicated that the dew in Gobabeb might be more
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susceptible to kinetic fractionation associated with evaporation at non-steady state than the other
two humid regions in Nice and Indianapolis, which exerts a stronger impact on the isotopic
exchange process leading to the more enriched §'°0 values and lower *"O-excess values for
Gobabeb dew. This has been confirmed by the detailed evaporation modeling as described in
section 4.2 (Fig. 5).

The A value of dew in Nice (0.5268) is close to the equilibrium fractionation exponent
(0.529) of the liquid-vapor equilibrium and global meteoric water line (0.528) (Barkan and Luz,
2005; Luz and Barkan, 2010). It appears that Rayleigh distillation, which usually limits to the
equilibrium processes, was the main mechanism explaining the temporal variations in the dew
isotope values (Li et al., 2015; Wen et al., 2010).

For the dewr=14-°% in Indianapolis, the positive correlation between *’O-excess and §*°0
and the negative correlation between *’O-excess and d-excess (1.18 per meg/%o) was comparable
with the results of tap water in the United States (0.7 to 2.0 per meg/%o) (Li et al., 2015).
Additionally, the A value (0.5252) of the dewrs47°c Was lower than the equilibrium fractionation
exponent (0.529), with relatively high RH (93%). According to the evaporation models
mentioned by Li et al. (2015), if the evaporation process occurred under steady state with high
RH, the X would be high and close to the equilibrium fractionation exponent. This demonstrated
that the dewrs14,°c in Indianapolis likely go through evaporation at non-steady state conditions,
which is consistent with the theoretical evaporation model predictions as further discussed below.
4.2. Data-evaporation model comparison

To validate whether dew is influenced by evaporation as expected with *’O-excess and 520
observations, two evaporation models under steady state based on Rayleigh model and non-

steady state model were used to reproduce the observed results, which reflects different degrees
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of equilibrium or kinetic fractionation associated with evaporation. To evaluate the quality of
model fitting, a series of the evaporation-controlled evolution of *’O-excess over 820 (or d-
excess) had been simulated with variable boundary conditions.

In our study, dew in Gobabeb and the dewrs147°c in Indianapolis both experienced kinetic
fractionation associated with evaporation under non-steady state condition. The initial water
isotopic values were the observed minimum isotopic values in Gobabeb, while they were not the
minimum values in Indianapolis. These indicated that all of the dew samples in Gobabeb could
be included in the evaporation model and were susceptible to the evaporation, while not all of the
dewrs147°% in Indianapolis were affected by evaporation. Compared with simulated values under
Rayleigh evaporation process, isotopic variation of residual water was significantly enriched
during kinetic fractionation associated with evaporation process under non-steady state
conditions. As for dew in Gobabeb, the observed §'*0 and §'’O values were better matched with
the simulated values under non-steady state than those under steady state. To facilitate the
comparison with previous studies, the slope between ’O-excess and d-excess (or *20) for the
observed and simulated dew in Gobabeb were calculated based on linear correlations, although
the significance of quadratic relationship between "O-excess and d-excess was a little higher
than that of the linear relationship. The similar positive correlation between *’O-excess and d-
excess for the model and the observed value (1.58 per meg/%o vs. 1.61 per meg/%o.) indicated that
the isotopic variations of dew in Gobabeb should mainly occur under non-steady state
evaporation condition.

70-excess of water vapor in the optimal model in Gobabeb was 0 per meg as calculated from
the relationship between 5''O and 5'°0. This is a value that fits better with the observed data

than using the mean value of global meteoric water 33 per meg (Luz and Barkan, 2010), which is
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commonly used when direct observational data are lacking (e.g., in the Sistan Oasis, Iran (Surma
et al., 2015) and in central Atacama Desert, Chile (Surma et al., 2018)). Note that our study is the
first to use the calculated *’O-excess values of water vapor to predict the evaporation model. It
demonstrates that the mean value of global meteoric waters does not apply anywhere, especially
in arid region where other water resources other than precipitation (e.g., groundwater) have also
an important impact on the local water cycle. The optimal model temperature and RH values in
Gobabeb are found identical to the mean nocturnal temperature and RH during the observation
period (11.8°C and 78%)).

As for the dewrs14,° in Indianapolis, the optimal simulated 5'®0 and &'O values under
non-steady state condition are closer to the observation than those under steady state, resulting in
a simulated A (0.5250) similar to the observed value (0.5252) (Fig. 5c-d), thus suggesting that
evaporation under non-steady state condition is more appropriate during the study period. The
positive relationship between "O-excess and d-excess of the optimal model closely coincides
with the measured relationship (slopes 1.17 per meg/%o vs. 1.18 per meg/%o) (Fig. 5d), which
indicates that dewrs4-°% in Indianapolis with high RH (93%) experiences a certain degree of
evaporation at non-steady state condition. Therefore, if RH is close to saturation (i.e., for nearly
saturated air 100% relative humidity) and A not close to the equilibrium fractionation exponent
(0.529), the evaporation process is more likely to occur under non-steady state. This means that
if there are two evaporation processes with same RH, the lower A indicates that water is more
susceptible to evaporation under non-steady state, a result also verified by the evaporation
processes of tap waters in the U.S. (Li et al., 2015).

During the process of evaporation simulation for the dewrs14% in Indianapolis, the isotopic

values of atmospheric water vapor, without direct measurements, were also inferred based on the

24



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

assumption that vapor and precipitation condensation is an equilibrium fractionation process
(Barkan and Luz, 2005). For the isotopic values of precipitation, the precipitation events between
May and September were selected and their mean value was calculated because the dewrs47°c
mainly occurred during the period. The isotopic values of the measured precipitations were lower
than those from the OIPC model and could give better prediction. Additionally, the 1’O-excess of
water vapor in optimal model in Indianapolis was 20 per meg, which is a better value than using
the mean value of global meteoric waters 33 per meg (Luz and Barkan, 2010). This further
provides data on water vapor isotopes in Indianapolis during May and September. In
consequence, the RH of optimal model in Indianapolis (98%) was close to the observed average
nocturnal value (93%), which indicates that the optimal model at non-steady state condition can
basically simulate the observed values. The reason is that, during the late spring, summer, and
early fall, long nights and high temperature with low RH, makes evaporation more likely to
occeur.
4.3. Sensitivity of temperature and RH

Although dew formation is included in many global climate models (Rosenzweig and
Abramopoulos, 1997), the role of evaporation during dew formation in different climatic regions,
especially under climate change, is not well understood. The isotope evaporation models include
two important meteorological parameters: temperature and RH, and both are changing rapidly
under climate change with increasing temperature and decreasing RH. Lower air temperature and
higher RH are favorable meteorological conditions for the formation of dew (Beysens, 1995; Li,
2002; Ye et al., 2007). But the sensitivity of the effects of temperature and RH on evaporation
processes (indicated by ’O-excess) during the dew formation is not clear. To this end, the ’O-

excess sensitivity analysis to temperature and RH were performed based on the different
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evaporation processes under non-steady state conditions in Gobabeb and Indianapolis with the
dewrs147°c. The evaporation lines curved under non-steady states in both Gobabeb and
Indianapolis (Fig. 7). For the sensitivity of temperature, the range of slope A varied slightly by
0.0025 and 0.0022 in Gobabeb and Indianapolis, respectively. There were negative relationships
between temperature and A at both sites. The evaporation lines at both sites were clustered
together and changes slightly with the increasing of temperature from 1.4°C to 30°C at the two
sites. These indicated that the ’O-excess and §*°0 were less sensitive to temperature (from
1.4°C to 30°C), especially for "O-excess variations, which were also observed for groundwater
evaporation with no detectable change in ’O-excess from 18°C to 28°C in central Atacama
Desert, Chile (Surma et al., 2018). Surma et al. (2015) also showed that air temperature (from
10°C to 30°C) play a minor role for the isotopic composition of evaporating water of natural
water bodies in the Sistan Oasis, Iran. Notably, all of the A (ranging from 0.5183 to 0.5208) in
Gobabeb were the low, close to the diffusion fractionation (kinetic) factor for water vapor (0.518)
(Barkan and Luz, 2007). However, the A in Indianapolis (ranging from 0.5238 to 0.5260) were
higher and had less departure from the global meteoric waters line (0.528) (Luz and Barkan,
2010) and equilibrium fractionation factor for water (0.529) (Barkan and Luz, 2005). The
difference is possibly due to RH difference (78% vs. 98% at two sites). This indirectly confirms
the importance of the RH in evaporation as further discussed below in the sensitivity analysis.
Concerning the sensitivity of RH (from 18% to 98%) under fixed temperature, with the
decreasing of RH, evaporation curves tend to be more stretched (Fig. 7). This is similar to what
was observed for groundwater evaporation in central Atacama Desert, Chile (RH from 25% to
65%) (Surma et al., 2018). The slope A range of simulated dew varied widely by 0.0065 and

0.0028 for the two sites. These demonstrated that the dew *’O-excess values were more sensitive
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to the changes in RH than that in temperature regardless the location. This strengthened the view
that *’O-excess is principally influenced by RH during 10°C to 45°C, which has been confirmed
by theoretical experiments (Barkan and Luz, 2005; Cao and Liu, 2011) and previous field
observations (Landais et al., 2010; Li et al., 2017; Uechi and Uemura, 2019; Winkler et al.,
2012). Meanwhile, this confirms that RH is the principal drivers of dew formation in the
evaporation model under non-steady state. Furthermore, the *’O-excess for all of the dew data in
our study was positively correlated with RH, which is consistent with the observations in Africa
monsoon rainfall (Landais et al., 2010). However,}’O-excess has no relationship with
temperature, meaning that the local RH exerts an important influence on *’O-excess during dew

evaporation under the different climate settings.

5. Conclusions

Dew plays an increasing important role in the ecohydrological processes in many
ecosystems especially under climate change. The present report is the first to study and analyze
whether dew is influenced by different degree of evaporation by means of ’O-excess and the
relationships between different isotopic parameters (e.g., 820 vs. 5'0; 'O-excess vs. 520 (or
d-excess)). The study has been carried out in three different sites with various climate settings
(Gobabeb: desert climate, Nice: Mediterranean climate, and Indianapolis: humid continental
climate). Mean value *’O-excess of dew in hyper-arid Gobabeb (9+22 per meg) was the lowest
with the largest range, while they were similar in other two humid regions Nice (34+12 per meg)
and Indianapolis (35+11 per meg). Based on observed data and simulations, we conclude that
dew formation in Gobabeb experienced Kkinetic fractionation processes associated with
evaporation under non-steady state, as well as for some of the dew events with temperature over

14.7°C in Indianapolis, while the dew formation in Nice did not experience significant
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evaporation. The local RH difference is responsible for the evaporation difference (equilibrium
or kinetic fractionation) of dew formation, which is also supported by the sensitivity analysis.
Informed by these results, *’O-excess can be considered as a useful tracer to reveal the different
evaporation process (equilibrium or kinetic fractionation) during dew formation under different

climate settings.
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Table 1. The detailed information of the three studied sites under different climate settings.

Mean

Latitude  Longitude Elevation annual Ir\t/allea a;?vznnual Precipitation

@) ® (m,as.l) temperature humidity (%% (mm) Koppen climate
Site Country (°C) umidity (%) Aridity index classification
Gobabeb Research
and Training Center Namiba -23.55 15.04 405 21.1 50 <20 0.01 Desert climate

Mediterranean
Nice France  43.74 7.27 310 16.0 78 733 0.98 climate
United Humid continental

Indianapolis State 39.88 -86.27 258 10.2 69 953 0.96 climate
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Table 2. The variables and parameters of optimal evaporation models under non-steady state
conditions for the dew samples in Gobabeb and Indianapolis. For Indianapolis, the samples are the
ones with temperature over 14.7°C.

Variable or parameter Dew in Gobabeb Dewr.4-°c in Indianapolis
880 of initial water 6.771 9.164
8%H of initial water -27.708 -56.232
80 of initial water -3.552 -4.813

f 0.5 0.7
®0leq 1.01055 1.01001
2Oleq 1.09455 1.08745
Y eq 1.00557 1.00528
Bogifs 1.02830 1.02830
2Olgif 1.02486 1.02486
Y ougits 1.01456 1.01456
Average nocturnal temperature 11.8 17.4
Average nocturnal relative humidity 78 93
Simulated relative humidity 78 98
Average daily temperature 18.6 19.2
By 1.00990 1.00985
Zoupy 1.08600 1.08529
Yoy 1.00523 1.00520
8'%0 of precipitation -3.533 5248
8°H of precipitation -25.743 -33.791
80 of precipitation -1.857 2.745
8'0 of atmospheric water vapor -13.305 -14.950
8”H of atmospheric water vapor -102.898 -109.725
8'70 of atmospheric water vapor -7.047 7.902
8'"0-excess of atmospheric water vapor 20
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Figure 1. Daily nocturnal average temperature and relatively humidity at Gobabeb (a), Nice (b),

and Indianapolis (c).
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Figure 2. Dew stable isotope variations at Gobabeb (a), Nice (b), and Indianapolis (c). From top to
bottom: Y’O-excess, d-excess, 8*'0, 60, and 8°H.
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Figure 5. Modeled isotopic evolution of different sources at Gobabeb (a-b), and Indianapolis (c-d)
in comparison to measured dew isotopic compositions.
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Figure 6. The relationships between ’O-excess and both temperature (a) and relative humidity
(b) based on daily dew at Gobabeb, Nice, and Indianapolis.
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Figure 7. Modeled isotopic values (star) in Gobabeb and Indianapolis under different temperature
and relative humidity in comparison to measured dew isotopic compositions (circle).
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