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A B S T R A C T

Non-rainfall water (NRW, mainly dew and fog) and night-time evapotranspiration (ETnight) are opposite phe
nomena which induce water gain and water loss of ecosystems, respectively. However, how NRW inputs and 
ETnight vary across spatial scales, and what drives their flux magnitude is less clear. In this study, we combined 
highly accurate micro-lysimeters with environmental measurements to investigate the spatial variability of NRW 
inputs and ETnight at nine grasslands as well as the most important drivers of their flux magnitude. Further, we 
explored the influence of NRW inputs and ETnight on net ecosystem CO2 exchange in the morning hours. Our 
results showed that changes in NRW inputs and ETnight were independent of elevation, but strongly affected by 
terrain. Moreover, NRW inputs and ETnight were controlled by different environmental drivers, with NRW inputs 
mainly driven by air temperature changes and event duration, while ETnight was mainly driven by dew point 
depression, soil moisture, and wind speed. Net ecosystem exchange in the early morning hours did not benefit 
from NRW inputs during the previous night. Our study revealed that the relevance of NRW inputs for temperate 
grasslands was low, but increasing ETnight losses due to climate change will pose additional challenges to 
grasslands in the future.

1. Introduction

Non-rainfall water (NRW), defined here as dew, fog, hoar frost, and 
rime, is a potential water source for terrestrial ecosystems. In drylands, 
dew can occur on more than half of the days of the year, and contribute 
more than 5 % of annual precipitation (Jia et al., 2019; Yokoyama et al., 
2021). In temperate grassland ecosystems, annual NRW inputs were 
reported to be between 4 and 7 % of total precipitation (Groh et al., 
2018; Xiao et al., 2009), which is a rather small amount compared to 
annual rainfall. However, during rain-free periods, NRW can compen
sate 20 % of water loss by evapotranspiration, and can thus be an 
important water source for plants (Li et al., 2021; Munné-Bosch and 
Alegre, 1999). Plants can benefit from NRW inputs via foliar water up
take, via water vapor exchange with a high-humid atmosphere (Boucher 
et al., 1995; Dawson and Goldsmith, 2018; Goldsmith, 2013; Limm 
et al., 2009), and via NRW evaporative cooling (Eugster et al., 2006; 
Minnis et al., 1997).

While NRW inputs were extensively studied in arid regions (Jacobs 

et al., 2002; Malek et al., 1999; Ucles et al., 2013), only few studies have 
focused on NRW in temperate regions (Groh et al., 2018; Jacobs et al., 
2006; Xiao et al., 2009). Eddy-covariance methods can reliably quantify 
ecosystem water vapor fluxes (Baldocchi, 2014), but have large un
certainties to quantify NRW gains due to the occurrence of NRW inputs 
mostly on nights with a stably-stratified boundary layer (Jacobs et al., 
2006). Weighing lysimeters and micro-lysimeters have been widely used 
hydrometric methods to quantify NRW gains (Agam and Berliner, 2006; 
Riedl et al., 2022). Due to logistical reasons, many lysimeter-based 
studies focused on single (Jacobs et al., 2006; Xiao et al., 2009) or two 
rather similar sites (Groh et al., 2018). However, NRW inputs can be 
spatially highly variable due to climatic conditions, soil characteristics, 
vegetation types and thus related canopy structure and phenology, as 
well as ecosystem management practices (Tomaszkiewicz et al., 2017; 
Zhang et al., 2009). Thus, quantification of NRW inputs and their spatio- 
temporal variability in amount and frequency along a spatial gradient is 
still scarce, limiting the assessment of NRW inputs at regional scales.

While water can be gained during nights via NRW inputs, water can 
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also be lost due to nocturnal evapotranspiration (ETnight). ETnight was 
reported to range from 3.5 to 25 % of daytime evapotranspiration (Caird 
et al., 2007; Groh et al., 2019; Guo et al., 2023; Padron et al., 2020). 
Groh et al. (2019) reported that ETnight in temperate grasslands was 
mostly related to evaporation from surfaces. However, other studies 
showed evidence of nocturnal stomatal opening across many plant 
species and functional types (Li et al., 2023b; Resco de Dios et al., 2019; 
Yu et al., 2019), and water loss via nocturnal transpiration of plants. For 
example, ETnight of Arabidopsis was shown to equal up to 43 % of its 
daytime transpiration (Christman et al., 2009). But insights into ETnight 
fluxes at ecosystem scale are limited.

Moreover, effects of NRW inputs or ETnight losses on carbon relations 
in ecosystems, such as temperate grasslands, are not well understood. 
While NRW inputs clearly induce water gain for an ecosystem, they were 
reported to also improve the carbon gain of forests during fog by alle
viating leaf water deficits (Simonin et al., 2009). On the contrary, ETnight 
caused water loss without any carbon gain (Resco de Dios et al., 2019). 
However, evaporation of dew water was reported to reduce CO2 uptake 
of plants during the day (Gerlein-Safdi et al., 2018b; Misson et al., 2005), 
but also to induce CO2 loss in a post-fire marine pine forest (Oliveira 
et al., 2021). Thus, the influence of NRW inputs on temperate ecosystem 
carbon budgets are highly variable, maybe also across spatial and ele
vational gradients.

In this study, we present highly accurate NRW quantifications at 
central European grassland ecosystems, ranging over wide spatial and 
elevational gradients. We quantified two opposing processes, i.e., NRW 
inputs resulting in water gains, and ETnight leading to water loss. 
Focusing on rain-free periods, we studied the ecohydrological effects of 
both processes on temperate grassland ecosystems, with the specific 
objectives 

(1) to quantify high-temporal resolution NRW inputs and ETnight over 
wide spatial and elevational gradients across Switzerland and the 
Italian-Swiss border during rain-free periods,

(2) to identify environmental drivers of NRW inputs or ETnight, and
(3) to assess the effects of NRW inputs and ETnight losses on net 

ecosystem CO2 exchange of temperate grasslands.

2. Methods

2.1. Field sites

Measurements of NRW inputs and ETnight losses were carried out at 
nine grassland sites, covering wide spatial and elevational (from 400 to 
2000 m a.s.l.) gradients (Fig. S1; Table 1). Eight sites were located in 
Switzerland (Chamau, CH-Cha; Mettmenstetten, CH-Met; Vordemwald, 
CH-Vor; Eschikon, CH-Esc; Früebüel. CH-Fru; Loco, CH-Loc; Zernez, CH- 
Zer; Alp Weissenstein, CH-Aws), and one site at the Italian-Swiss border 
area (Lichtenberg, IT-Lic). Our study was carried out between May 2019 
and December 2020, with varying study durations across sites due to 
logistical reasons (i.e., time consuming instrument installation) and 
unavoidable data gaps at remote locations. The grassland site 

management varied from intensive management with five to six cuts per 
year (e.g., CH-Cha) to extensive alpine grazing (e.g., CH-Aws). The long- 
term (1981–2020) average air temperature and annual precipitation 
during 1981–2020 were derived from the nearby MeteoSwiss stations.

2.2. Nocturnal water balance measurements with micro-lysimeters and 
ancillary sensors

Each grassland site was equipped with agrometeorological mea
surements for air temperature (Tair in ◦C), relative humidity (RH in %), 
and wind speed (U in m s− 1) at 2 m a.g.l. Three micro-lysimeters (ML) 
with ancillary sensors were installed at each site to detect and quantify 
NRW and ETnight events. The methods of soil monolith preparation in the 
ML systems are described in Riedl et al. (2022). The ML systems with a 
size of 25 cm diameter × 25 cm depth allowed quantifying ML mass 
changes with an accuracy of ±0.005 mm and having minor effect on the 
soil micro-environment (Riedl et al., 2022). Ancillary sensors at each site 
included a visibility sensor (MiniOFS, Optical sensors Sweden AB, 
Gothenburg, Sweden) installed at 1 m a.g.l., and a leaf wetness sensor 
(PHYTOS 31, Meter Group AG, Munich, Germany), complemented by 
soil temperature and moisture sensors (5TM, Meter Group AG, Munich, 
Germany) installed in 15 cm soil depth inside and outside each ML. Data 
were recorded with 1 min resolution. ML mass changes were recorded in 
g and converted to mm.

Our study focused on rain-free periods only. Leaf wetness and pre
cipitation sensors distinguished NRW events from rainfall periods. Vis
ibility sensors detected fog events when visibility was <1000 m. ML 
mass changes at each site were calculated as average of three ML sys
tems. Negative ML mass changes over a night represent water loss, and 
the corresponding nights were defined as nocturnal evapotranspiration 
(ETnight) events. On the contrary, positive ML mass changes over a night 
represent water gain, and the corresponding periods were defined as 
NRW events. We note that the duration of an ETnight event was the entire 
night-time period; but when NRW inputs and ETnight occurred on the 
same night, the night-time period with NRW input was excluded from 
the duration of ETnight event. On the other hand, NRW events could be 
longer than a night-time period when NRW inputs started before sunset 
and/or lasted after sunrise. Sunset and sunrise times at each site were 
computed using the Python package “Astral v2.2”.

We differentiated among six types of NRW inputs: 

(1, 2) Dew or hoar frost: A dew or hoar frost event was indicated by a 
net ML mass gain, increased leaf wetness, and no rainfall during a 
night; the event was defined as dew when air temperature was above 
0 ◦C, otherwise as hoar frost.
(3, 4) Fog or rime: A fog or rime event was indicated by a net ML 
mass gain, increased leaf wetness, a visibility <1000 m, and no 
rainfall during a night; the event was defined as fog when air tem
perature was above 0 ◦C, otherwise as rime.
Combined dew and fog: Dew and fog intermittently occurred during 
the same NRW event.

Table 1 
Overview of grassland sites: site abbreviations, elevation, latitude and longitude, AND geographical region. Average air temperature and annual precipitation during 
1981–2020 were derived from nearby MeteoSwiss stations.

Site Elevation (m a.s.l.) Latitude (◦N) Longitude (◦E) Geographical region Average air temperature (◦C) Annual Precipitation (mm)

CH-Cha 393 47.2102 8.4104 Swiss Plateau 9.6 1013
CH-Met 468 47.2510 8.4618 Swiss Plateau 9.6 1013
CH-Vor 473 47.2688 7.9108 Swiss Plateau 9.3 1113
CH-Esc 550 47.4516 8.6827 Swiss Plateau 9.6 1112
IT-Lic 950 46.6501 10.5631 Southern Alps 7.3 1064
CH-Fru 982 47.1158 8.5378 Pre-Alps 6.6 1556
CH-Loc 1000 46.2109 8.6722 Southern Alps 8.0 1445
CH-Zer 1899 46.6639 10.2311 Alps 1.0 879
CH-Aws 1978 46.5833 9.7904 Alps 3.6 1341
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Combined hoar frost and rime: hoar frost and rime intermittently 
occurred during the same NRW event.

To compare NRW and ETnight across all sites, we selected a com
parison period (from 28 August 2019 until 1 November 2019) which had 
simultaneous, high quality data at all sites (only 24-hour data gap on 10/ 
11 September 2019 at CH-Loc site existed). The total evapotranspiration 
(ETtotal) during the comparison period was derived from nearby 
MeteoSwiss stations, whilst ETnight was quantified by our ML 
measurements.

2.3. Eddy covariance measurements of net ecosystem CO2 exchange 
(NEE)

To assess the effects of NRW inputs and ETnight losses on net 
ecosystem CO2 exchange (NEE), we used eddy-covariance (EC) data 
measured at CH-Cha, CH-Fru, and CH-Aws. The EC setup at CH-Cha 
consisted of a 3-D sonic anemometer (R3-50, Gill Instruments Ltd., 
Lymington, UK) and an open-path infrared gas analyser (LI-7500, Li-Cor, 
Lincoln, USA) installed at 2.4 m a.g.l. (Fuchs et al., 2018). The EC setup 
at CH-Fru consisted of a 3-D sonic anemometer (R3-50, Gill Instruments 
Ltd., Lymington, UK) and an open-path infrared gas analyser (LI-7500, 
Li-Cor, Lincoln, USA) installed at 2.55 m a.g.l. (Rogger et al., 2022). The 
EC setup at CH-Aws consisted of a 3-D sonic anemometer (HS-50, Gill 
Instruments Ltd., Lymington, UK) and an enclosed-path infrared gas 
analyser (LI-7200RS, Li-Cor, Lincoln, USA) installed at 1.3 m a.g.l. (Li 
et al., 2023a).

EC data were measured at 20 Hz, and processed to 30 min averages 
using the EddyPro software (Version 7.0.4; LI–COR, 2019), following 
established community guidelines (Aubinet et al., 2012; Pastorello et al., 
2020). To remove EC measurements with insufficient turbulence, 
u*-filtering (u*, friction velocity) of EC fluxes was conducted following 
the methods described in Feigenwinter et al. (2023). EC data include 
CO2 fluxes (in μmol m− 2 s− 1), longwave incoming radiation (LWin), and 
longwave outgoing radiation (LWout). Vapor pressure deficit (VPD) was 
quantified from ancillary Tair and RH measurements with the Python 
module “meteolib”. Volumetric soil water content (SWC) was measured 
at 5 cm depth (CH-Cha and CH-Fru: ML2x sensors, Delta-T Devices Ltd., 
Cambridge, UK; CH-Aws: EC-5, Decagon Devices, Inc., Pullman, WA, 
USA). NEE was derived from CO2 fluxes measured with EC technique, 
with negative values denoting net CO2 uptake, and positive values 
denoting net CO2 emissions. Photosynthetic photon flux density (PPFD 
in μmol m− 2 s− 1; PARlite, Kipp & Zonen B.V., Delft, The Netherlands) 
measurement at 1.3 m agl every 10 s was averaged to 30-min intervals.

2.4. Surface and dew-point temperature

Vegetation surface temperature (T0) was calculated with Eq. (1)
using Stefan–Boltzmann’s law (Li et al., 2021; Moene and van Dam, 
2014) as: 

T0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅
LWout

ε • σ
4

√

− 273.15, (1) 

where an emissivity (ε) of 0.98 was used for wet leaves (T0 indexed as 
T0w during NRW input events) and of 0.96 for dry leaves (T0 indexed as 
T0d during ETnight events) following López et al. (2012); σ is the Stefan- 
Boltzmann constant equalling 5.67 ⋅ 10-8 W m− 2 K− 1. Suggested by 
Moene and van Dam (2014), LWout was corrected with Eq. (2) and 
calculated as: 

LWout = LWout − (1 − ε) ⋅ LWin. (2) 

Dewpoint temperature (Tdew) was determined with the Magnus 
equation (Alduchov and Eskridge, 1996) as: 

Tdew =
243.12 ⋅ H
17.62 − H

, (3) 

with 

H =
log10(RH) − 2

0.4343
+

17.62 ⋅ Tair

243.12 + Tair
(4) 

The temperature difference (ΔT) between T0 and Tdew was then deter
mined with Eq. (5): 

ΔT = T0 − Tdew (5) 

2.5. Environmental drivers of NRW inputs and ETnight losses

To investigate the influence of meteorological variables on the 
amount of NRW inputs and ETnight losses, we used three datasets to 
separately build random forest (RF) regressor models: 1) NRW inputs, 2) 
ETnight losses, and 3) combined NRW–ETnight events. RF models can 
capture non-linear relationships between environmental variables and 
ML water gains or losses, handle large numbers of input variables 
without prior variable selection, and assess the importance of environ
mental variables on ML water gains or losses (Breiman, 2001). RF 
models were built using the Python module “scikit-learn” (Pedregosa, 
2011). Feature importance of environmental variables was simulated by 
permutation importance to assess the influence levels of environmental 
variables on ML water gains or losses (Strobl et al., 2007).

The following environmental variables were used as model inputs: 
ΔTair (changes of air temperature during an event), RH, U, LWin, LWout, 
SWC, Tsoil, VPD, visibility, and ΔT. For NRW input events, their duration 
was used as an additional input variable. At CH-Cha, CH-Fru, and CH- 
Aws sites, full datasets of these environmental variables were 
measured, and were thus used as model inputs during the period of April 
2019 to December 2020.

All environmental variables were used as event averages as defined 
in Section 2.2. Event periods with data gaps were excluded. Variables 
were standardized using “StandardScaler “(removing the mean and 
scaling to unit variance) in the Python module “scikit-learn” (Pedregosa, 
2011). Model performance was quantified by the values of R2 and root 
mean squared errors (RMSE). Higher R2 and lower RMSE indicated 
better performance of models.

2.6. Statistical analysis

A pairwise t-test was used to compare NEE during the daytime period 
after individual NRW input events and ETnight nights among the three EC 
sites CH-Cha, CH-Fru and CH-Aws during the vegetation period (May 
until September) in 2019 and 2020. The relationships of NEE with Tair 
and PPFD were assessed by ordinary least square regressions. Statistical 
tests were performed using the Python package “statsmodels” (Seabold 
and Perktold, 2010).

3. Results

3.1. Determination of non-rainfall water (NRW) inputs and nocturnal 
evapotranspiration (ETnight) losses with micro-lysimeters (ML)

Using MLs, grassland water inputs and losses during rain-free periods 
were quantified during the course of our study. The increase in ML mass 
due to water gain, for example, during a night, was used to quantify 
NRW inputs (Fig. 1). On the contrary, decreasing ML mass indicated 
water loss and thus ETnight losses. During an observation period at the 
CH-Aws site from 12 September 12:00 to 18 September 12:00 in 2019, 
three ETnight events followed by three NRW input events were observed, 
based on ML mass changes. During the three ETnight events, water loss 
varied between 0.2 and 0.32 mm per event, while during the three 
subsequent NRW input events, water gain varied from 0.04 mm to 0.23 
mm per event. During this period, diel water loss was larger than the 
water gain by NRW inputs, hence the final ML mass decreased 
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substantially compared to the beginning of this period.
However, NRW inputs and ETnight losses did also take place succes

sively in a single night (Fig. 2). During the night 22/23 May 2019 at CH- 
Fru, water evaporated until about midnight, as long as the meteoro
logical conditions were conducive to ETnight (Fig. S2). From midnight 
onwards, when meteorological conditions changed to be conducive to 
NRW inputs, the grassland gained water. Switching from ETnight to NRW 
input reduced the overall grassland water loss, but a net water loss of 
0.05 mm was measured from sunset until the termination of NRW input 
early in the morning.

3.2. Amounts and occurrence of non-rainfall water (NRW) inputs and 
nocturnal evapotranspiration (ETnight)

Amounts and occurrences of NRW input and ETnight events varied 
among the nine sites, with NRW input events dominanting at the sites 
CH-Cha, CH-Vor, CH-Esc, CH-Fru, and CH-Aer, but ETnight events dom
inanting at the sites CH-Met, IT-Lic, CH-Loc, and CH-Aws (Fig. 3). Based 
on 917 measured NRW events, NRW water gains were on average 0.14 
± 0.10 mm event− 1 and ranged up to 0.70 mm event− 1 (Fig. 3; Table S1). 
NRW input events persisted for 0.5 to 18.1 h, with an average duration 
of around 9 h event− 1. There was no clear seasonal pattern for the 
occurrence of NRW inputs. Correspondingly, based on 966 measured 
ETnight events, nocturnal water loss by ETnight was on average 0.24 ±
0.16 mm night− 1, and ranged from 0.0003 to 2.28 mm night− 1 (Fig. 3; 
Table S2). Due to the seasonal variability of nocturnal periods, the 
duration of ETnight events varied from 8.1 to 15.6 h event− 1.

To compare NRW inputs across all sites, we selected a comparison 
period from 28 August 2019 until 1 November 2019 (grey shaded pe
riods in Fig. 3), with simultaneous and high-quality data for all sites at 
different elevation, temperature and precipitation conditions (Fig. 4a, b, 
c). During this comparison period, total NRW gains were up to 6.98 mm 
at CH-Esc, but as low as 0.12 mm at IT-Lic (Fig. 4d). Furthermore, most 
NRW input events were observed at CH-Esc, on 45 % of all days, per
sisting for 4.5–13.6 h event− 1 (Fig. 4e, f). Least NRW input events 
occurred at IT-Lic, on 8 % of days lasting for 1.9–6.8 h event− 1. During 
this comparison period, the highest NRW gains per event were observed 
at CH-Zer, with 0.64 mm during a hoar frost event occurring on 13/14 
September 2019. Across all sites, average NRW input ranged from 0.02 
to 0.33 mm event− 1 (Fig. 4g). Among the different types of NRW events, 
dew most frequently occurred at all sites, except for CH-Cha and CH-Vor, 
where combined dew and fog were the most common NRW events 
(Fig. 4e). NRW amounts ranged from 0.1 % at CH-Loc to 3.0 % at CH-Esc 
of the total rainfall during the comparison period (Fig. 4h).

Moreover, during the comparison period, cumulative ETnight was up 
to 13.39 mm at IT-Lic, but only 0.09 mm at CH-Cha (Fig. 4d). ETnight 
occurred on 58 % of all days at IT-Lic, with durations of 10.5–13.8 h 
event− 1, but on only 3 % of all days at CH-Zer and CH-Vor, with dura
tions of 10.4–11.2 h event− 1 (Fig. 4e, f). Most water loss per event 
occurred at CH-Aws during the night of 21/22 October 2019, with 1.24 
mm event− 1 (Fig. 4g). Across all sites, average ETnight water loss ranged 
from 0.01 to 0.95 mm event− 1 (Fig. 4g). ETnight lost 0.04 % at CH-Cha 
but 15.2 % at IT-Lic of total rainfall during the comparison period 
(Fig. 4h). Thus, ETnight contributed 0.1 % to 11.6 % of ETtotal during the 
comparison period, with highest contribution at IT-Lic but lowest 
contribution at CH-Cha (Table 2).

Occurrences of ETnight (on average, 24 % of all days) were as frequent 
as those of NRW input events (on average, 25 % of all days) during the 
comparison period (Fig. 4e). However, the average water loss during 
ETnight events (0.3 mm event− 1) was four times the average water gain of 
NRW input events (0.07 mm event− 1). At four out of nine sites (CH-Aws, 
CH-Loc, CH-Met and IT-Lic), the total water gain by NRW inputs was on 
average lower than the water loss during ETnight periods (Fig. 4d). 
However, at the other five sites (CH-Cha, CH-Esc, CH-Fru, CH-Vor and 
CH-Zer), the opposite pattern was observed.

3.3. Elevational and spatial variability of non-rainfall water (NRW) 
inputs and nocturnal evapotranspiration (ETnight)

The cumulative NRW gain was independent of elevation (Fig. 5a), 
and showed no clear spatial pattern during the comparison period 
(Fig. 5b). However, cumulative NRW inputs were strongly affected by 
geographical variations (Fig. 5b). Compared to the total amount of NRW 
gain on the Swiss plateau (CH-Met, CH-Mor, CH-Cha, and CH-Esc), the 
amount of NRW gain in the Southern Alps (IT-Lic and CH-Loc) was much 
smaller, but at similar levels as in the Alps (CH-Aws and CH-Zer). Cu
mulative ETnight loss was also independent of elevation (Fig. 5c), but 

Fig. 1. An example of mass changes of the water stored by a micro-lysimeter 
(ML) system over a period from 12 September 12:00 to 18 September 12:00 
in the year 2019 at CH-Aws site. ML mass changes were averaged over three ML 
systems. The grey shaded periods indicate night-time. Negative changes in 
water mass indicatenet water loss due to evapotranspiration, while positive 
changes indicate net water gain by non-rainfall water (NRW) input events. The 
duration of an ETnight event equals to the night-time period (grey shaded pe
riods); blue dots indicate the start and the end of a NRW input event. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 2. An example of a night (22/23 May 2019, at CH-Fru site) when 
nocturnal evapotranspiration (i.e., net water loss, ETnight) and non-rainfall 
water (NRW) input (i.e., net water gain) occurred successively. Water evapo
rated until midnight, followed by NRW input, before ET started again during 
the next day. The grey shaded period indicates night-time. Circles indicate the 
start and the end of the NRW input period. The amount of water changes during 
this combined ETnight and NRW input event is given in mm.
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tended to be higher in alpine regions (IT-Lic and CH-Loc in the Southern 
Alps; CH-Aws in Alps; Fig. 5d).

Across the comparison period, regions with more NRW events had 
generally higher cumulative NRW input amounts (p < 0.05; Fig. 6a); 
similarly, regions with more ETnight events had generally higher cumu
lative ETnight losses (p < 0.001; Fig. 6b). The amount of cumulative 
ETnight losses tended to be slightly higher at sites with smaller amounts 
of cumulative NRW inputs (statistically insignificant, p > 0.05; Fig. 6c). 
Correspondingly, regions with more frequent NRW events tended to 
have lower chance of ETnight occurrence (statistically insignificant, p >
0.05; Fig. 6d).

3.4. Influence of environmental drivers on non-rainfall water (NRW) 
inputs and nocturnal evapotranspiration (ETnight)

Compared to ETnight occurrences, the periods of NRW input occurred 
under conditions with larger air temperature changes (ΔTair), higher 
RH, and thus lower VPD values, weaker wind, negative ΔT (i.e., T0 <

Tdew) and higher SWC (Table 3). NRW inputs with conditions of <1000 
m visibility were due to fog occurrence (Table 3).

Using combined NRW–ETnight event data, the RF model (R2 = 0.95; 
RMSE = 0.04; Fig. S3) delivered better results to model NRW gains and 
ETnight losses than the linear-mixed model (R2 = 0.63; RMSE = 0.11; 

Fig. 3. Non-rainfall water (NRW) inputs and nocturnal evapotranspiration (ETnight) at nine sites during the observation period from May 2019 until December 2020. 
Positive values indicate water gain by NRW inputs (blue), and negative values indicate water loss by ETnight (black). Observation periods varied among sites due to 
logistical reasons and data gaps. The grey shaded area indicates the comparison period with simultaneous and high-quality data at all sites, used for comparing NRW 
and ETnight events. (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. S3). Therefore, we used RF models to simulate the relative impor
tance of variables on ML mass changes during NRW input, ETnight and 
combined NRW–ETnight events. More than 87 % of the events could be 
explained with RF models (Fig. 7). The variable importance in the RF 
regressor models differed by event type, indicating different environ
mental drivers that affected the occurrence of NRW inputs, ETnight and 

combined NRW–ETnight (Fig. 7). The most important drivers of NRW 
gain were ΔTair, followed by NRW duration, while U, ΔT, LWout, SWC, 
Tsoil, VPD, visibility, RH and LWin were less important (Fig. 7a). In 
contrast, the most important variables for ETnight water loss were ΔT, 
SWC and U, followed by less important variables visibility, RH, LWout, 
VPD, ΔTair, Tsoil and LWin (Fig. 7b). Similarly, for combined 

Fig. 4. Environmental conditions and non-rainfall water (NRW) inputs and night-time evapotranspiration (ETnight) at nine sites during the comparison period from 
28 of August 2019 until 1 November 2019. Positive values (blue) indicate NRW inputs, negative values (black) indicate ETnight. a) Elevation. b) Average air tem
perature, c) Total rainfall. d) Total water gain by NRW inputs and water loss by ETnight. e) Occurrence frequency of different NRW events (i.e, dew, dew & fog, fog, 
hoar frost) and ETnight events. f) Average duration of NRW input events and ETnight events. g) Average water amount gained per event by NRW inputs and lost by 
ETnight. h) Ratio of total NRW amounts and ETnight amounts to total rainfall. (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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Table 2 
Night-time evapotranspiration (ETnight) and total evapotranspiration (ETtotal) at nine sites during the comparison period from 28 August 2019 until 1 November 2019. 
The total evapotranspiration (ETtotal) during the comparison period was derived from the nearby MeteoSwiss stations, and ETnight was quantified by our micro- 
lysimeter (ML) measurements.

Site Geographical region Elevation (m a.s.l.) ETnight (mm) ETtotal (mm) ETnight/ETtotal (%)

CH-Cha Swiss Plateau 393 0.09 113 0.1
CH-Met Swiss Plateau 468 2.20 113 1.9
CH-Vor Swiss Plateau 473 0.95 116 0.8
CH-Esc Swiss Plateau 550 0.60 120 0.5
IT-Lic Southern Alps 950 13.39 115 11.6
CH-Fru Pre-Alps 982 2.53 110 2.3
CH-Loc Southern Alps 1000 6.55 127 5.2
CH-Zer Alps 1899 0.61 108 0.6
CH-Aws Alps 1978 11.49 110 10.4

Fig. 5. Spatial variations of cumulative non-rainfall water (NRW) gains and cumulative nocturnal evapotranspiration (ETnight) losses at nine sites during the 
comparison period from 28 August 2019 until 1 November 2019. a) Cumulative NRW gain along an elevation gradient. b) Spatial distribution of cumulative NRW 
input gain indicated in dot sizes and histogram heights; c) Cumulative ETnight loss along an elevational gradient. d) Spatial distribution of cumulative ETnight loss 
indicated in dot sizes and histogram heights. Base map on panels b) and d) was extracted from Swisstopo.
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NRW–ETnight events, the most important variables were ΔT, SWC and 
RH, followed by less important variables U, ΔTair, visiblity, VPD, Tsoil, 
LWout and LWin (Fig. 7c).

3.5. Effects of non-rainfall water (NRW) inputs and nocturnal 
evapotranspiration (ETnight) on net ecosystem CO2 exchange (NEE)

During nights following NRW inputs (143 events) or ETnight nights 
(87 events), grassland NEE within the first two hours after sunrise 
showed significant differences between these two conditions (t-test; p <
0.01 within one hour after sunrise; p < 0.05 within two hours after 
sunrise) (Fig. 8a). Beyond these two hours after sunrise, no significant 
differences between daytime NEE after NRW inputs and NEE after 
ETnight nights were found until 12 h after sunrise (Fig. 8a). Within the 
first hour after sunrise, NEE after NRW input was lower by 4.75 µmol 
m− 2 s− 1 compared to that after ETnight nights, within the first two hours 
after sunrise by 3.17 µmol m− 2 s− 1, indicating lower net ecosystem CO2 
losses in the early morning hours after NRW inputs. Focussing on day
time NEE within two hours after sunrise following NRW input or ETnight 
nights showed no strong relationship of NEE with Tair. However, when 
NEE were binned into eight bins of equal widths with 2 ◦C intervals of 
Tair, a clear trend emerged (Fig. 8b). Daytime NEE within two hours after 
ETnight nights increased with temperature (Fig. 8b; R2 = 0.48; p < 0.05), 
indicating higher net ecosystem CO2 losses, while daytime NEE within 
two hours after NRW input events showed no clear relationship with Tair 
(Fig. 8b; R2 = 0.03, p > 0.1). Under the same Tair conditions, NEE after 
ETnight nights tended to be higher than NEE after NRW input nights 
(Fig. 8b), representing higher net ecosystem CO2 losses. In contrast, 

Fig. 6. Relationships of cumulative non-rainfall water (NRW) gain and nocturnal evapotranspiration (ETnight) loss with number of events at nine sites during the 
comparison period from 28 August 2019 until 1 November 2019. a) Cumulative NRW gain vs. number of NRW events. b) Cumulative ETnight loss vs. number of ETnight 
events. c) Cumulative NRW gain vs. cumulative ETnight loss. d) Number of NRW events vs. number of ETnight events.

Table 3 
Environmental conditions during the occurrence of non-rainfall water (NRW) 
inputs and nocturnal evapotranspiration (ETnight) at CH-Aws, CH-Cha and CH- 
Fru during the entire study period from April 2019 until December 2020. 
Mean ± standard error is given. ΔTair, changes of air temperature during an 
event; Tsoil, soil temperature at 5 cm depth; ΔT (= T0 – Tdew), temperature dif
ference between vegetation surface temperature (T0) and the dewpoint tem
perature of atmospheric air (Tdew); RH, relative humidity; VPD, vapour pressure 
deficit; LWin, longwave-incoming radiation; LWout, longwave-outgoing radia
tion; U, horizontal windspeed; SWC, volumetric soil water content at 5 cm depth; 
horizontal visibility < 1000 m indicating fog occurrence;. “n.a.” not applicable.

NRW input ETnight Difference of NRW and 
ETnight

ΔTair (◦C) 5.5 ± 0.3 4.2 ± 0.2 1.3 ± 0.1
Tsoil (◦C) 12.4 ± 0.4 10.4 ± 0.4 2.0 ± 0.0
ΔT (◦C) − 1.3 ± 0.1 2.3 ± 0.2 − 3.6 ± 0.1
RH (%) 88 ± 1 72 ± 1 16 ± 1
VPD (hPa) 1.95 ±

0.12
3.47 ±
0.19

1.53 ± 0.06

LWin (W m− 2) 298 ± 2 292 ± 3 7 ± 1
LWout (W m− 2) 344 ± 2 340 ± 2 5 ± 0
U (m s− 1) 0.74 ±

0.03
1.50 ±
0.10

− 0.76 ± 0.07

SWC (m3 m− 3) 0.42 ±
0.01

0.39 ±
0.01

0.03 ± 0.00

Visibility <1000 m 
(m)

597 ± 41 n.a. n.a.
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daytime NEE within two hours after sunrise following NRW input or 
ETnight nights was not related to PFFD (Fig. 8c), even when NEE was 
binned into eight bins of equal widths with 10 µmol m− 2 s− 1 interval of 
PPFD.

4. Discussion

4.1. NRW inputs and ETnight losses varied substantially at local and 
regional scales

For our comparison, we chose the period from 28 August 2019 until 1 
November 2019 falls within the growing season, and coincides with a 
period of relatively low precipitation (see Fig. S4a for monthly precip
itation at CH-Cha site). Although our observations cover only two 
months, they fall within a period when NRW is likely to have high 
ecological significance.

Overall, the gain and occurrence of NRW inputs in this study were 
slightly lower than previously reported for European temperate grass
lands (Groh et al., 2018; Jacobs et al., 2006), most likely due to the years 
of our study, two of the warmest and driest years on record (MeteoSwiss, 
2025). Groh et al. (2018) reported that dew gains were 1.6–16.3 % of 
monthly precipitation in Austrian and German grasslands, which was 
higher than our observation that NRW yields were 0.1–3.0 % of rainfall 
during the comparison period (Fig. 4h). Jacobs et al. (2006) found that 
dew occurred on 70 % of nights in a year in a Dutch grassland, which 
was also higher than our observation with a NRW occurrence on 8–45 % 
of days during the comparison period (Fig. 4e). Lower NRW gain and 
occurrence frequency in our study could be due to the very dry 

conditions during 2019 in Europe compared to humid years in 2004 for 
Jacobs et al. (2006) and 2014 for Groh et al. (2018) (Fig. S4b; Boergens 
et al. (2020). However, focusing on the event scale, up to 0.7 mm 
event− 1 of dew gain in this study was in line with studies in semi-arid 
(Aguirre-Gutiérrez et al., 2019) and temperate grasslands (Groh et al., 
2018).

Previous studies showed variations in NRW inputs across larger 
spatial scales, i.e., dry, temperate and tropical grasslands (Aguirre- 
Gutiérrez et al., 2019; Jacobs et al., 2006; Ritter et al., 2019). In our 
study, NRW inputs varied across local and regional scales, probably due 
to geographical variations in the complex terrain in our study area that 
can induce different local-scale circulations (Stoll et al., 2013). How
ever, NRW inputs were independent of elevation (Fig. 5a). For instance, 
IT-Lic and CH-Fru sites were located at similar elevations, but much 
higher ETnight water loss than NRW gain was observed at IT-Lic than at 
CH-Fru (13.39 mm period-1 vs. 0.12 mm period-1, respectively; Fig. 4d), 
maybe due to IT-Lic being located on a slope where moisture can be 
advected downward to the valley bottom instead of contributing to NRW 
gain (Whiteman et al., 2007). On the contrary, at CH-Fru, higher NRW 
gain than ETnight water loss (4.30 mm period-1 vs. 2.53 mm period-1, 
respectively) could profit from the location on a mountain plateau in the 
Swiss Pre-Alps (Fatichi et al., 2014; Riedl et al., 2022), conducive to 
moisture accumulation and thus frequent occurrences of NRW inputs 
(Scherrer and Appenzeller, 2014). Moreover, CH-Cha and CH-Met, two 
sites located on the Swiss Plateau, were only 6 km away from each other, 
and had similar total dew gains during the comparison period 
(1.35–1.75 mm; Fig. 4d). However, compared to CH-Met with dew as the 
dominant NRW type (Fig. 4e), at CH-Cha fog or combined dew and fog 

Fig. 7. Importance of environmental variables based on random forest (RF) regressor models for a) non-rainfall water (NRW) inputs, b) nocturnal evapotranspiration 
(ETnight), and c) combined NRW–ETnight events during the study period from April 2019 until December 2020 at CH-Aws, CH-Cha, and CH-Fru sites. Input variables 
include longwave-incoming radiation (LWin, W m− 2), longwave-outgoing radiation (LWout, W m− 2), relative humidity (RH, %), volumetric soil water content at 5 cm 
depth (SWC, m3 m− 3), changes of air temperature during an event (ΔTair, ◦C), the temperature difference between vegetation surface temperature and the dewpoint 
temperature of the air (ΔT, ◦C), soil temperature at 5 cm depth (Tsoil, ◦C), horizontal wind speed (U, m s− 1), horizontal visibility (Visibility, m), and vapor pressure 
deficit (VPD, hPa). For models of NRW input events (a) duration was also used as an input variable. Total number of events (n), model score, and root mean squared 
error (RMSE) of RF models are given.
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conditions occurred more frequently, maybe due to its location at a 
broad valley bottom where cold air drainage contributes to the moisture 
supply of fog development under saturated conditions (Eugster and 
Siegrist, 2000; Li et al., 2021).

ETnight losses were highly variable across space as well (Fig. 5d), with 
higher ETnight at three of the four sites in the alpine region compared to 
sites in lower-elevation regions, probably due to the generally stronger 
turbulence in the alpine region. ETnight was independent of elevation 
(Fig. 5c) for grassland ecosystems in our study, which corresponds to the 
results by Allan et al. (2021) for Australian savannas, despite a smaller 
elevation gradient in their research compared to this study. Sites with 
high ETnight losses seemed to have low NRW inputs and vice versa 
(Fig. 6c). Existing studies reported varying ETnight/ETtotal ratios, with 
6.3 % globally (Padron et al., 2020), 4.9–11.1 % in Australian savannas 
(Han et al., 2021), and 3.3–9.0 % in German grasslands (Groh et al., 
2019). However, our data based on ML measurements showed larger 
variability in ETnight/ETtotal ranging from 0.1 % to 11.6 % (Table 2), 
which corresponded to 1.7–14 % found in alfalfa growing cycles (Malek, 
1992). The spatial heterogeneity might cause the large variability of 
ETnight/ETtotal, which could be further induced by uncertainties of using 
eddy-covariance and hydrometric approaches to quantify ETnight 
(Jacobs et al., 2006).

ETnight in temperate grasslands was found to be mostly related to 
evaporation (Groh et al., 2019), but some studies also showed evidence 
of partial stomatal opening at night, indicating the importance of tran
spiration for ETnight (Li et al., 2023b; Padron et al., 2020; Yu et al., 2019; 
Zeppel et al., 2014). Moreover, contrary to the fact that elevated CO2 
reduces daytime stomatal conductance, nocturnal stomatal conductance 
might increase with elevated CO2 in the future due to the increased sap 
flow, potentially increasing water loss and susceptibility to drought 
(Zeppel et al., 2012). While transgenerational effects of elevated CO2 
were found to improve daytime plant water use efficiency under drought 

stress (Li et al., 2017), there is still a clear lack of evidence how elevated 
CO2 will affect nocturnal evapotranspiration.

4.2. Environmental variables influencing NRW input and ETnight losses

Chen et al. (2013) suggested that meteorological conditions for dew 
formation differed significantly among various studies, and thus resul
ted in different NRW inputs. In our study, ΔTair was indeed the main 
driver of NRW gains (Fig. 7a), because any change in air temperature 
(ΔTair) during NRW input events indicates the strength of radiative 
cooling (Li et al., 2023b; Monteith, 1957). Moreover, with a specific 
condensation rate, longer duration of NRW events would induce higher 
NRW gains (Ritter et al., 2019), supported by our RF model with dura
tion as the second most important driver of NRW gains (Fig. 7a). Wind 
speed was one of the important drivers of NRW gains as well (Fig. 7a), 
most likely because dew and radiation fog occur on clear and calm 
nights with a stable stratified nocturnal boundary layer (Garratt and 
Segal, 1988); as dew condensation is positively related with the wind 
speed gradient (Monteith, 1957). Despite the fact that dew occurs when 
surfaces cool below dew point temperature, radiative cooling and 
condensation heat release induce fluctuations of ΔT (Monteith, 1957). 
Therefore, ΔT was not directly linked to NRW gain, but was nevertheless 
recognized as the fourth important driver of NRW inputs (Fig. 7a). 
Although NRW occurred under high-humidity and saturated conditions 
(Monteith, 1957), VPD and RH were less important to explain NRW 
inputs (Fig. 7a), probably due to the general higher RH and lower VPD 
with the occurrence of NRW. Thus, depending how these meteorological 
conditions change in the future, e.g., under climate change or with 
different management practises for grassland use, the relevance of NRW 
inputs might increase, although the overall NRW input is very low.

According to the Penman-Monteith equation, evaporation is corre
lated with the vapor pressure gradient between saturated vapor pressure 

Fig. 8. Relationships of non-rainfall water (NRW) inputs and nocturnal evapotranspiration (ETnight) with net ecosystem exchange (NEE), air temperature (Tair), and 
photosynthetic photon flux density (PPFD) based on data from CH-Aws, CH-Cha, CH-Fru during the vegetation period (May until September) in 2019 and 2020: a) 
NEE vs. time after sunrise, following NRW inputs or ETnight nights; symbols indicate hourly averages; shaded areas (blue or grey) indicate 95 % confidence intervals. 
Significant differences between NEE after NRW and ETnight nights are given with p < 0.05 and p < 0.01 representing the daytime NEE within two hours and one hour 
after sunrise, respectively. b) Relationship between Tair and NEE within two hours after sunrise, following NRW inputs or ETnight; dots represent individual data 
points, and squares show the averages of data bins. Regression coefficients and p-value of regression analyses are given. c) Relationship between PPFD and NEE 
within two hours after sunrise, following NRW inputs or ETnight nights; dots represent individual data points, and squares show the averages of data bins. Regression 
coefficients and p-value of regression analyses are given. (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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and atmospheric vapor pressure, and thus the difference between air 
temperature and dew-point temperature (Widmoser, 2009). Therefore, 
ΔT was recognized as the most important driver of ETnight in our study 
during the absence of solar irradiation (Fig. 7b). Soil moisture is typi
cally the main water source of ETnight and can thus promote ETnight 
(Padron et al., 2020). Indeed, SWC was recognized as the second most 
important driver of ETnight losses across our nine sites (Fig. 7b). In 
contrast, Groh et al. (2019) found only a weak positive correlation be
tween SWC and ETnight. Nevertheless, although the average difference in 
SWC between NRW inputs and ETnight losses was only 2.99 ± 0.14 m3 

m− 3, SWC was not only an important variable for ETnight, but also for the 
combined NRW–ETnight events (Fig. 7c). In contrast to the occurrence of 
dew and radiation fog on clear and calm nights, ETnight events were 
observed under conditions with much stronger wind speed (Table 3), 
reflecting turbulent conditions strongly promoting ETnight (Whiteman 
et al., 2007). Independent of the dominant process of ETnight, transpi
ration or evaporation, water loss during the night will further increase in 
the future, since not only soil water supply, but also increasing tem
peratures and VPD, as reported globally (Qiao et al., 2023), will increase 
ETnight, with potentially negative effects on grassland performance.

ΔT showed negative values during NRW inputs, but positive values 
during nights ETnight losses (Monteith, 1957), thus ΔT was recognized as 
the most important driver for the grassland water changes during 
combined NRW–ETnight events (Fig. 7c). SWC was slightly higher during 
NRW input events compared to that during ETnight events (Table 3). 
Thus, SWC was not directly linked to NRW inputs, but was the main 
driver of ETnight events (Padron et al., 2020), and thus recognized as the 
second most important driver for combined NRW–ETnight events 
(Fig. 7c). RH and U are important conditions for distinguishing NRW and 
ETnight events (Li et al., 2021; Monteith, 1957), also recognized as third 
and fourth important drivers of water change during combined 
NRW–ETnight events. The accuracy of using these important variables to 
predict nocturnal water gain and/or loss still needs to be tested for 
different locations and ecosystem types to show their applicability for 
simulating NRW gains or ETnight water losses.

4.3. NRW inputs and ETnight affected net ecosystem exchange in the early 
morning hours

The NEE in the first two hours after sunrise was significantly reduced 
following a NRW input event compared to the morning hours following 
an ETnight event (Fig. 8a). Compared to ETnight events, higher CO2 gra
dients from air towards the canopy after NRW events might intensify 
plant carbon uptake (Ben-Asher et al., 2010), and thus lower NEE in the 
morning hours at same levels of PPFD as after ETnight events (Fig. 8c). 
Besides, the clogging of stomata by NRW droplets might suppress CO2 
emissions, and lower NEE after NRW input nights (Gerlein-Safdi et al., 
2018a; Gerlein-Safdi et al., 2018b; Oliveira et al., 2021). Despite a small 
amount of water compared to rainfall, NRW plays a key role in main
taining ecosystem functionality by lowering transpiration thanks to low 
leaf-to-air vapor pressure gradient, promoting photosynthesis attributed 
to high air-to-canopy CO2 gradient, and providing additional water 
sources, especially during dry spells. In California redwood forest, fog 
was found to contribute 34 % of hydrological inputs, and provide up to 
66 % of plant water for understory plants (Dawson and Goldsmith, 
2018). Photosynthetic rates during leaf wetting and drying processes 
were found to vary across many species, and species that hold more 
water on the surface tend to have a higher net photosynthesis 
(Aparecido et al., 2017). Harvesting dew water was found to be suffi
cient for irrigating tree seedling and mitigating tree mortality in dry 
regions (Tomaszkiewicz et al., 2017). In this study, we only focused on 
the influence of NRW on NEE in early morning hours. The diel and 
seasonal influence of NRW on NEE was not investigated. It still needs 
further methods to explore the long-term meaning of NRW on ecosystem 
NEE.

Early morning NEE increased significantly with air temperature 

following an ETnight event, while the relationship with PPFD was not 
significant, indicating an increased risk of climate change on ETnight. 
Schoppach et al. (2020) reported that increased night transpiration can 
lead to wheat yield reduction, whereas increased predawn transpiration 
can improve yield. However, Resco de Dios et al. (2015) stated that 
circadian controls can reduce water loss and foster carbon uptake. Other 
research indicated the variable response of night-time transpiration to 
increasing VPD (Tamang et al., 2019). Therefore, the effect of night-time 
evapotranspiration on NEE is influenced by the variability of nocturnal 
(e.g., night or predawn) environmental conditions.

5. Conclusions

Our study showed that water gains and losses of NRW inputs and 
ETnight did not change along the elevation gradient, but was affected by 
terrain. Sites with higher occurrence frequency and gains of NRW inputs 
tended to have lower occurrence frequency and water loss of ETnight. The 
most important drivers of NRW gains were air temperature changes, 
duration of NRW, and wind speed, while the temperature difference 
between surface and dew-point temperatures, soil moisture, and wind 
speed were the most important drivers of ETnight water loss. Soil mois
ture was the main source of ETnight, and was thus one of the important 
indicators of predicting NRW–ETnight events. These environmental var
iables used for simulating nocturnal grassland water budgets still need to 
be tested at global scales and for different ecosystem types. Grassland 
NEE did not profit from NRW gains within two hours after sunrise. Thus, 
relevance of NRW inputs in terms of water amounts for temperate 
grasslands was low, while increasing occurrence and higher rates of 
ETnight will pose additional risks to grasslands in the future.
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Eichelmann, U., ElKhidir, H.A.M., Eugster, W., Ewenz, C.M., Ewers, B., Famulari, D., 
Fares, S., Feigenwinter, I., Feitz, A., Fensholt, R., Filippa, G., Fischer, M., Frank, J., 
Galvagno, M., Gharun, M., Gianelle, D., Gielen, B., Gioli, B., Gitelson, A., Goded, I., 
Goeckede, M., Goldstein, A.H., Gough, C.M., Goulden, M.L., Graf, A., Griebel, A., 
Gruening, C., Grünwald, T., Hammerle, A., Han, S., Han, X., Hansen, B.U., 
Hanson, C., Hatakka, J., He, Y., Hehn, M., Heinesch, B., Hinko-Najera, N., 
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