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ARTICLE INFO ABSTRACT

Keywords: Fog is tied to surface energy and water budgets. However, our knowledge about the processes leading to fog
Radiation fog evolution evolution is still fragmentary, and their adequate representation in numerical-weather-prediction and climate
Cond?nsation models remains challenging. Water vapor isotopes are widely used to investigate Earth’s water cycle dynamics
E:;r:;::s: and can provide process-based insights into fog evolution. Although isotopes of water vapor and droplets during

radiation fog have been reported, the intra-event isotope dynamics and the mechanisms controlling water vapor
isotope variability during radiation fog evolution have hardly been investigated. We use water vapor isotopes
(82Hy, dy) combined with meteorological and eddy-covariance measurements, plus vertical profiles from a high-
resolution numerical-weather-prediction model (COSMO-1), to study the processes that influence radiation fog
evolution. Variability in surface-humidity and water vapor isotopes is tied to the different stages (shallow,
transitional, and deep fog) of radiation fog evolution and affected by condensation, turbulent entrainment, fog
droplet deposition at the surface, and evaporation processes. Strong water vapor isotopic fluctuations during
radiation fog are linked to fog lifting to stratus-clouds during nighttime that lead to fog dissipation at ground
level. Our results reveal highly correlated atmospheric-specific-humidity (q,) and water vapor isotopes during
dew formation which is typical before the onset of radiation fog and in combination with fog; whilst during fog
periods, 3°H, and d, show larger temporal variability than g, due to their sensitivity to fog dynamics. Particu-
larly, during fog growth, entrainment of air from the fog-top caused increasing dy, which was otherwise constant
during condensation. Furthermore, 5°H, variability during the transition into deep fog likely indicated the
alternation of condensation-induced-decrease and entrainment-induced-increase of 5?H,. Compared to the
temporal isotope variability (with a magnitude of 34.6%o for &2H,) associated with large-scale cold-frontal-
clouds, radiation fog evolution is found to be associated with isotope variability of a similar amplitude (24.6%o
for 62Hv).

Water vapor isotopes
Cold frontal clouds

1. Introduction in the inherently uncertain microphysics (Roman-Cascon et al., 2019)

and turbulence parametrizations in numerical models (Pithani et al.,

Fog is an important meteorological phenomenon with atmospheric
water input into ecosystems (Dawson, 1998), but is also associated with
its negative impact on society and natural environment affecting
transportation systems and air quality (Bruijnzeel et al., 2006; LaDochy
and Witiw, 2013). Effective measures to address low visibility condi-
tions and deteriorating air quality require accurate fog forecasts. Despite
advances in recent years, it is still a challenge to precisely predict fog
using numerical weather models (Castillo-Boton et al., 2022;
Roman-Cascon et al., 2019; Westerhuis, 2020). Uncertainties oroginate
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2019), coarse vertical (Philip et al., 2016) and horizontal (Boutle et al.,
2016) resolutions, and complexity of the terrains (Miiller et al., 2010).

Among different types of fog that are categorized by the mechanisms
of their formations (e.g., radiation fog and advection fog), radiation fog
driven by radiative cooling is common in areas where cold air can sink to
ground level on clear and calm nights (Eugster, 2008; Smith et al.,
2018). Smith et al. (2018) classified radiation fog into three stages, i.e.,
shallow fog, fog transition, and deep fog. During shallow radiation fog
with depths of 1 m to 10 m (Smith et al., 2018; Stull, 1988), the surface is
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Fig. 1. Schematics and photos of (a) shallow radiation fog, and (b) deep radiation fog at the grassland site Chamau (CH-CHA). The schematics of temperature profile
(T) and radiative cooling were adapted from Smith et al. (2018). RHayy, is relative humidity measured at 2 m a.g.l.; Top, is air temperature measured at 2 m a.g.1.; RHy
is normalized surface relative humidity for quantifying the transport potential of water vapor from atmosphere onto the surface at surface temperature (To).

the primary location for radiative cooling, and condensation occurs in
the near-surface atmosphere when the surface cools below the
dew-point temperature of the air (Fig. 1a). When fog becomes optically
thick (up to 100 m), i.e., opaque to thermal radiation in the wavelength
range of 8-12 pm, the fog-top becomes the primary region of radiative
cooling. Fog-top cooling produces negatively buoyant air that eventu-
ally sinks towards the surface (Smith et al., 2018). Consequently, the
newly formed fog layer prohibits surface cooling in the further evolution
of the fog event. This induces the development of a saturated well-mixed
(i.e., moist-adiabatic) temperature profile at the bottom of the atmo-
spheric boundary layer (Smith et al., 2018). With the surface being
generally warmer than the overlaying atmospheric air in such a situa-
tion, surface sensible heat fluxes contribute to the development of a deep
radiation fog layer (Fig. 1b). Half of the radiation fog events in Central
England have been found to successfully transition from shallow to deep
fog, and this transition process takes on average 2 h (Price, 2011).
Shallow radiation fog tends to dissipate shortly after sunrise, whilst deep
radiation fog can persist longer (Price, 2011).

Since the IPCC ARS report, there has been increasing recognition of
the need to better understand the role of land-atmosphere coupling and
related feedbacks (Allan et al., 2021). The evolution of radiation fog is
tightly associated with surface-atmosphere interactions. Before fog de-
velops, dew formation deposits water vapor from the near-surface air
mass to the ecosystem surfaces (Price et al., 2018). Heat released by
condensation during dew formation can warm up the surface and
interrupt the formation of fog (Price et al., 2018). If fog forms, deposi-
tion of fog droplets from the fog layer to the surface can induce fog
erosion (Beswick et al., 1991; Mazoyer et al., 2017; Price and Clark,
2014). Additionally, overlying clouds strongly reduce radiative cooling
and can induce fog dissipation during the night; this effect is more sig-
nificant in cases with low-level clouds, due to enhanced downward
longwave warming (Guo et al., 2021; Waersted et al., 2017). Clouds
forming at middle and high levels may prolong the fog lifetime after
sunrise, because the overlying clouds (and partly the deep fog layer it-
self) can increase the reflection of solar radiation and consequently
weaken the surface heating from solar radiation (Guo et al., 2021).
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Fig. 2. Schematics of fog evolution during four fog events. LW, longwave radiation. SW, shortwave radiation. Entrainment: entrainment of air from overlaying

atmosphere into the fog layer.

As compared to traditional meteorological variables (e.g, specific
humidity) in the near-surface atmosphere, stable water isotopes are
more sensitive to the different processes affecting the fog’s dynamics,
and have been used in the past to investigate the sources and formation
mechanisms of fog (Fischer et al., 2016; Kaseke and Wang, 2022; Kaseke
et al., 2017; Spiegel et al., 2012). The retrieval of TH?H'%0 in atmo-
spheric water vapor supported by satellite-based remote sensing
(Lacour et al., 2017; Diekmann et al. 2021; Schneider et al. 2022), allows
to assimilate water isotopes into general circulation models, which may
potentially improve weather prediction (Tada et al., 2021; Toride et al.,
2021), and local uncertainties of reconstructing paleo-climate through a
better process-understanding (Breil et al., 2021). The most important
isotopologues of water in the hydrological cycle are major and lighter
isotopologue 'H3%0, as well as minor and heavier isotopologues
'H?H'°0 and 'HA®0. The isotopic composition of hydrogen or oxygen in
water is expressed in the delta notation 8 = (Rsample/Rstandard—1) Te-
ported in per mil (%o), where Rstandard and Rsample are the molar ratios of
either 2H/'H or 180,/1°0 for the standard (Vienna Standard Mean Ocean
Water, V-SMOW) and the sample, respectively (IAEA, 2009). With this
definition, 5!80 and &2H of samples are expressed as %o deviations from
the standards. Dew and fog formation affect the near-surface atmo-
sphere and land surface moisture budgets, and are associated with phase

changes (i.e., condensation and evaporation processes). During these
phase changes, due to the lower saturation vapor pressure, heavier
isotopologues will be enriched in liquid phase but depleted in gaseous
phase, leading to 5'0 and &%H being higher in the liquid phase and
lower in the gaseous phase. These changes in isotopic composition are
termed isotopic fractionation (Criss, 1999; Merlivat and Jouzel, 1979;
Urey, 1947). There are two kinds of isotopic fractionation related to dew
and fog processes: (1) Dew and fog formation in saturated atmospheric
conditions are dominated by equilibrium-fractionation, with the vari-
ability of §'%0 and §2H following a 1:8 ratio derived from different
saturation vapor pressure of the two isotopologues (Dansgaard, 1964).
Previous research found that radiation fog processes are mainly associ-
ated with equilibrium-fractionation (Delattre et al., 2015; Kaseke et al.,
2017; Li et al., 2021), which most likely refer to shallow radiation fog
events with limited dew deposition and supersaturation with respect to
the surface. In this study, we show that non-equilibrium conditions can
occur in some stages during the evolution of the studied fog events and
can complicate isotope variability through non-equilibrium fraction-
ation effects and mixing processes. (2) With dew formation in unsatu-
rated atmospheric conditions, a near-surface humidity gradient
(reflected in the relative humidity with respect to surface temperature)
induces net removal of water molecules from the liquid-vapor interface,
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hence the faster diffusion of 'H?H'®0 than 'H3%0 leads to the additional
changes in 580 and §2H deviating from the 1:8 ratio, which is termed
non-equilibrium fractionation. Therefore, the secondary variable
deuterium excess (d = §%H — 86180), which does not change during
equilibrium fractionation with the changes of 520 and §2H by 1:8 ratio,
is defined to quantify non-equilibrium fractionation.

Different processes affect the isotopic variability of atmospheric
water vapor, which is the main source of radiation fog water. Entrain-
ment of water vapor (i.e., through the mixing of environmental air into
the fog layer) from the air above the fog layer usually leads to an in-
crease in water vapor d in the near-surface atmosphere (Parkes et al.,
2017). This is mainly because the free tropospheric water vapor reser-
voir (1) has in general a different origin than the boundary layer water
vapor; (2) is associated with a longer residence time in the atmosphere;
and (3) has a larger probability of having formed clouds and precipita-
tion during transport. Depending on the share of soil evaporation and
plant transpiration (Aemisegger et al., 2014), local evapotranspiration
can lower d in the near-surface atmosphere (Parkes et al., 2017) when
compared to local precipitation, which is the primary source of local
evaporation. Elevated water vapor d was observed during cold frontal
passages (Spiegel et al., 2012), which could be explained by the water
vapor originating from evaporation sites with low relative humidity.
Cold frontal passages induced decreasing §2H in the atmospheric water
vapor, whilst 52H slowly recovered after cold fronts (Aemisegger et al.,
2015; Spiegel et al., 2012; Wen et al., 2008). In contrast, increasing §°H
was observed during warm frontal passages (Spiegel et al., 2012; White
and Gedzelman, 1984). These signals result from a combination of
large-scale warm and cold advection associated with these systems and
the local fluxes triggered by the advection of these air masses over a
relatively colder or warmer surface (Thurnherr et al. 2021).

With respect to the §2H-5'%0 regressions for local precipitation (i.e.,
local meteoric water line, LMWL), radiation fog water is found to be
generally enriched in heavy isotopologues, because i) radiation fog often
condenses from local vapor whilst precipitation forms at higher levels in
the troposphere (Scholl et al., 2011); and ii) due to their suspended
nature, fog droplets are generally exposed to enhanced evaporative
enrichment. Furthermore, advective fog events are found to have higher
d in fog water compared to radiation fog and local precipitation (Kaseke
et al., 2017). However, the intra-event water vapor isotopic dynamics
associated with the formation, growth and dissipation of radiation fog
have never been investigated to the best of our knowledge. A full life
cycle of radiation fog includes temperature and humidity changes at
both the surface and in the near-surface atmosphere, which can induce
water vapor isotopic variability.

In this study, we investigate the intra-event variability of water vapor
isotopes to obtain valuable insights into the land-atmosphere water
exchange relevant for radiation fog formation, growth, and dissipation.
Our study is based on the following event analyses (Fig. 2): (1) Event 1
was a shallow radiation fog event occurring and dissipating around
sunrise. (2 & 3) Event 2 and event 3 were radiation fog events tran-
sitioning from shallow to deep fog and persisting longer after sunrise;
the difference between the two events is the dominance of condensation
vs. fog-top entrainment during fog transition. (4) Event 4 started as a
shallow radiation fog and consequently lifted into stratus clouds during
the night. (5) Event 5 had no fog with cold frontal clouds.

With these event-based analyses, we provide a systematic interpre-
tation of the water vapor isotopic signal in the near-surface atmosphere
over a wide spectrum of conditions affecting fog evolution.

2. Materials and methods
2.1. Study site
The Chamau site (CH-CHA; 47°12/36.8” N, 8°24'37.6” E) is a

temperate grassland at 393 m a.s.l. located on the bottom of a broad (16
km wide) valley in Switzerland. Instruments for the long-term eddy
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covariance (EC) measurements since 2005 consist of a three-
dimensional ultrasonic anemometer-thermometer (model R3-50, Gill
Instruments, Lymington, UK) and an open-path infrared gas analyzer
(IRGA, Li-7500, Li-Cor, Lincoln, NB, USA). The EC setup isat 2.4 m a.g.l.
The EC measurements recorded at 20 Hz were processed to 30 min av-
erages for dew-point temperature (Tqew in°C), sensible heat flux (H in W
m~2), latent heat flux (LE), horizontal wind speed (ugpy in m s H and
friction velocity (u* in m s h using EddyPro Version 7.0.6 (LI-COR,
2019) following established community guidelines (Aubinet et al.,
2012). Ground heat flux (G in W m~2) was measured at 0.02 m depth
with two heat flux plates (HFPO1 heat flux sensor, Hukseflux, Delft, the
Netherlands).

Ancillary meteorological instruments were installed at 2.0 m a.g.l..
Measurements were taken every 10 s and then aggregated to 30 min
averages for air temperature (Top, in°C), relative humidity (RHyp, in %)
(a shaded, sheltered and ventilated HydroClip HC2A-S3, Rotronic AG,
Basserdorf, Switzerland), as well as long-wave and short-wave outgoing
and incoming radiation (LWyyt, LWip, SWoy, and SWy, in W m'z; ob-
tained from a ventilated 4-way CNR1 radiometer, Kipp & Zonen B.V.,
Delft, The Netherlands). Precipitation was measured every 30 min at 0.5
m a.g.l. (model 15188H, Lamprecht meteo GmbH, Gottingen, Germany).
The horizontal visibility (in m) was measured at 2 m a.g.l. every 10 s
with a fog sensor (MiniOFS, Optical Sensors Inc., Goteborg, Sweden) and
a present weather detector (PWD10, Vaisala Oyj, Vantaa, Finland), and
was then processed to 1 min averages.

Net radiation flux (Rn, W m™%; Eq. 1) is quantified as:

Rn = LW;, + SWi, — LWy — SWoy @
The energy balance of the grassland surface (Eq. 2) is expressed as:

Rn = H 4+ LE + G + AQ 2)

where AQ is the budget closure term which accounts for all unmeasured
advective fluxes and for the measurement errors of the measured fluxes.
When fog occurs or dew drips to the optical windows of the IRGA, LE
measurements become unrealistic and cannot be analyzed
quantitatively.

The surface temperature (Tp; Eq. 3) is determined following Ste-
fan-Boltzmann’s law as (Moene and van Dam, 2014):

T, = (/L—W“‘ _8(1 ;”'Lwh ~273.15, ®)

where 6 is Stefan-Boltzmann constant at 5.67 - 108 Wm 2 K. We are
interested in the meteorological variability during fog periods, so we
simply assume wet vegetation surfaces given an emissivity (¢) of 0.98
following Lopez et al. (2012) for interpreting Tp.

The saturation specific humidity (go in g kg-1; Eq. 4) at surface
temperature (T in°C) is given by (Garratt, 1992):

622 -
qo =

p—0.378 - ey, 4)

€50

where p in hPa is air pressure, and ey in hPa is saturation vapor pressure
at Tp given by Eq. 5 (Garratt, 1992):

1
esp=6.112 - exp( Ty + 243.5) 5)

0

Fog was thought to occur when visibility was shorter than 1000 m;
photos were taken by two thermal webcams (INSTAR Deutschland
GmbH, Hiinstetten, Germany), and the images were used to remove
artifacts in visibility measurements related to disturbance by anthro-
pogenic and animal activities; temperature (Ton, > T at the beginning of
fog stages during nighttime) and humidity (RHz, = 100%) measure-
ments was used to double check the occurrence of fog. Dew was detected
to occur when Ty, > T, and combined dew and fog with the additional
conditions of visibility < 1000 m (excluding anthropogenic and animal
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disturbances by thermal cameras).
2.2. Isotope measurements

The isotopic composition (6'%0, and 5°H,) and the volumetric mix-
ing ratio (ry in mmol mol™!) of the atmospheric water vapor were
measured at 0.5-1 Hz using a cavity ring-down laser absorption spec-
trometer (L2130-i, Picarro Inc., Santa Clara, CA, USA). Ambient air was
pulled into the L2130-i through a PTFE-filter inlet (FS-15-100 and TF50,
Solberg International Ltd., Itasca, IL, USA) fixed at 6 m a.g.1., and a PTFE
intake hose (1/4 inch of outer diameter; thermally isolated and heated
using a resistive heating wire to prevent condensation and minimize the
response time of the inlet system). An external membrane pump with a
flow rate of 9 L min ! (N022, KNF Neuberger GmbH, Freiburg, Ger-
many) was used to maintain turbulent flow in the tube to minimize
memory effects of the inlet system. Measurements of 6180\,, 62Hv and ry
were made using a flow split with a flow rate of 300 mL min~! through
the L2130-i cavity. The response time of the L2130-i in this setup was on
the order of 10 s according to Aemisegger et al. (2012). To correct for
instrument drifts and to normalize the data to the international
VSMOW-SLAP (Standard Light Antarctic Precipitation) scale, the raw
data were calibrated using a Standard Delivery Module (SDM; A0101,
Picarro Inc., Santa Clara, CA, USA) by performing two-point calibrations
using two liquid standards (Aemisegger et al., 2012). The overall
random uncertainties of §'%0, and §?H, measurements were 0.2%o and
0.8%o, respectively. For more details about the uncertainty quantifica-
tion, see Aemisegger et al. (2012). According to our previous study (Li
et al., 2021), the isotope compsition of fog droplets taken from vegeta-
tion surfaces measured by an isotope ratio mass spectrometer (IRMS,
DELTAplusXP, Finnigan MAT, Bremen, Germany) were in equilibrium
with water vapor isotopes measured by L2130-i, indicating the reli-
ability of our water vapor isotope measurement used for investigating
fog evolution.

Calibrated 880, and §°H, were then averaged over 10 min intervals,
and the corresponding dy (Eq. 6) is calculated as (Clark and Fritz, 1997;
Dansgaard, 1964):

d =8"H - 85"%0 (6)

The transport potentials of water are taken as normalized relative
humidity values. This relative humidity is defined as the ratio of specific
humidity at any altitude, to that of saturated air at the pressure and
temperature of the interface (Craig and Gordon, 1965). Following this
concept, atmospheric specific humidity (g, in g kg™}) was derived from
ry, hence the surface relative humidity (RHy in %; Eq. 7) is given by:

RHO _ & _ ry - My - a+ Md’ (7)
90 90

where M, = 0.018015 kg mol ! is the mole weight of water vapor, Md =
0.028965 kg mol~! is the mole weight for dry air, and ‘a’ is a unit
conversion factor (10~° mol mmol~! - 103 g kg’l). We note that with
dew and fog formations, the transport potential of water vapor is
directed from atmosphere to the surface, hence RHy can be > 100%
under these conditions.

2.3. Temperature profile and cloud interpretation

To get an estimate for the evolution of the atmospheric boundary
layer above the CH-CHA site, we extracted vertical profiles of temper-
ature and liquid water content (LWC) from COSMO-1 (Consortium for
Small-scale Modeling) analyses. COSMO-1 is the operational numerical
weather prediction model run by the Federal Office of Meteorology and
Climatology in Switzerland (MeteoSwiss). COSMO-1 analyses describing
the current state of the atmosphere are obtained from a continuous
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observation assimilation cycle employing a nudging algorithm (Schraff
and Hess, 2012). Temperature and humidity observations from both
radio soundings and surface stations are assimilated. Fog, especially
local-scale shallow fog, is challenging to be modeled accurately.
COSMO-1 is known to have a systematic tendency to underestimate fog
occurrence; this is however less severe for the analyses compared to
forecasts (Westerhuis et al., 2020).

COSMO-1 analysis temperature profiles were used to illustrate
shallow temperature inversions and their transition to well-mixed
adiabatic layers in the near-surface atmosphere. For cases featuring
substantial clouds, i.e. frontal clouds or extensive low stratus, the
presence of clouds was interpreted from the maximum LWC (LWCjp,ay) >
0 in a LWC profile. Vertical profiles of the LWC were used to depict the
transition from fog which lifts into elevated low stratus.

When interpreting model data, its resolution has to be kept in mind:
COSMO-1 features a horizontal resolution of 1.1 km and has 80 vertical
levels with a spacing of 20-170 m in the lowest 3 km. The difference
between the elevation of the grid cell (408.5 m a.s.l.) closest to CH-CHA
(393 m a.s.l.) and the measurement site itself is 15.5 m due to deviations
in the representation of topography in the COSMO-1 model from the real
topography. The modelled temperature and LWC profiles start at 10 m
above the surface, thus resulting in a height difference of ~20 m be-
tween the isotopic measurements (6 m a.g.l. at CH-CHA) and modelled
variables.

In addition to the COSMO-1 analyses, the locally measured surface
energy fluxes at CH-CHA (LWj, and H) were analyzed to identify the
presence of fog or clouds. Furthermore, together with the visibility
measurements, they were used to check the validity of the selected
model profiles. Additionally, cloud base height (Fig. A1; data was pro-
vided by REGA - Swiss Air-Rescue) retrieved from a ceilometer (CL31,
Vaisala, Bonn, Germany) located at Nottwil, (22 km in the southwest of
the CH-CHA site) was consulted to corroborate the regional-scale cloud
evolution.

2.4. Fog and cloud events

In 2018, we selected four radiation fog events on 28-29 July (event
1), 10-11 October (event 2), 26-27 September (event 3), and 19-20
October (event 4), as well as one cloudy event on 23-24 September
(event 5). Precipitation was absent during the 24-h observation periods
of each event (i.e., from 12:00 to 12:00 CET the next day). Times are
reported in CET (UTC + 01:00). All fog events (events 1-4) in this study
occurred in conditions with saturated air at 2 m a.g.l. (RHay = 100%).
According to the atmospheric (RHap) and humidity conditions (RHy),
we classified the five events as:

(1) Event 1 was shallow radiation fog occurring shortly before sun-
rise with RHap, = 100% and RHy > 100%, and fog dissipated shortly
after sunrise when RHy < 100%.

(2) Event 2 and event 3 started from shallow radiation fog during
nighttime with RHop, = 100% and RHy > 100%; transition of fog was
characterized by RHy, = 100% and decreasing RHy from levels
>100% to <100%; deep fog developed when RHyy, = 100% and RHy
< 100%.

(3) Event 4 started from shallow radiation fog during nighttime
which gradually became denser with RHyp, = 100% and RHy >
100%; fog lifted to stratus cloud around midnight with RHy, = 100%
and RHy < 100%.

(4) Event 5 had no fog with cloud frontal clouds in conditions of
RHs, = 100% and RHy < 100%.
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Fig. 3. Isotopic and meteorological variables
during event 1 (28-29 July 2018) with shallow
radiation fog occurring and dissipating around
sunrise: (a) Fog occurrence with horizontal
visibility < 1000 m (1-min averages) measured
at ground level; visibility higher than 1000 m
was shown as 1000 m. (b) 30-min relative hu-
midity (RHp,) measured at 2 m a.g.l, and
simulated surface relative humidity (RH,) at
surface temperature (Tp). (¢) 30-min incoming
longwave radiation flux (LW;,) measured at 2 m
a.g.l.. (d) 30-min specific humidity (q,) derived
from volumetric water vapor mixing ratio
measured at 6 m a.g.l.. (e-f) 10-min isotopic
composition (secondary variable d, = §°H, —
85'%0,, and measured §°H,) of atmospheric
water vapor at 6 m a.g.l.

(10)

1—-f e

hy (1%)]
1—h,

The 8H,~q, relations can be simulated by Eq. 8 using a Rayleigh
condensation model (Noone, 2012):

S
SH, ~ 8°H, o + “

aly + g —a(1-€) (ga — quo)

—1] x In]

1-a(l-€) aly +qao

where deposition efficiency (€) is the deposition rate of condensate
proportional to condensation rate; [ is the mass of condensate; subscript
‘0’ represents initial state values at the beginning of condensation; a is
the effective fraction calculated from equilibrium fractionation factor a,
(Majoube, 1971) at dew-point temperature given by Eq. 9:

a = (1 + @)a., (C)]

where ¢ is the degree to which o deviates from equilibrium; considering
the case when some fraction of the precipitation (f) evaporates, ¢ is
given by Eq. 10:

The h; is the relative humidity near the dew or fog droplets; o is the

(€))

kinetic fractionation (Dongmann et al., 1974); Ry, is the isotope ratio of
the vapor through which the droplets deposit; R is the isotope ratio of
condensed vapor; here both Ry, and R are assumed as the isotope ratio of
atmospheric water vapor in the near-surface air parcel.

The mass of condensate 1 (Eq. 11) can be calculated as:

lh =1 + (1 =€) (a0 — ¢) an

With fog formation, € is lower than unity (here given € = 0.1 as
extreme condition), hence the condensation process for fog formation is
regarded as a closed-system Rayleigh condensation model.

With dew formation, € is unity (€ = 1), and the condensation process
for dew formation is regarded as an open-system Rayleigh condensation
model (Eq. 12) approximate as:
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Fig. 4. Vertical profiles of air temperature during the
four fog events using COSMO-1 analyses. (a) Event 1 on
29-30 July 2018: Shallow radiation fog occurring and
dissipating around sunrise. (b) Event 2 on 10-11
October 2018: Shallow radiation fog transitioned into
deep radiation fog which persisted after sunrise. (c)
Event 3 on 26-27 September 2018: Shallow radiation
fog transitioned to deep radiation fog which persisted
after sunrise. (d) Event 4 on 19-20 October 2018: Fog
lifted to stratus clouds. With the occurrence of deep
radiation fog in events 2 and 3, a moist adiabatic
temperature profile developed as marked in blue;
adiabatic temperature profile in event 4 developed
during the elevated stratus period.

Summary of specific humidity (g,) and isotopic (5°H, and d,) changes during four fog events 1-4 and one cloudy event 5. The mean =+ standard deviation indicates

constant or fluctuated variables in %o and g kg

~1 whilst the formats in the unit of %o

h'andgkg ' h~

!indicate the increasing or decreasing trends of variables. The

magnitudes of temporal variability in §?H, and d, are the difference between the respective maximum and minimum during the fog periods for events 1-4 and during
the cloudy period for event 5. RHy, normalized surface relative humidity quantifying the transport potential of water at land-atmosphere interface. Dense fog period in
event 4 might be deep fog but below the vertical ranges of COSMO-1 analyses that we used for interpreting moist adiabatic temperature profile as the indicator for deep

fog.
Event Date Sunrise Fog stage  Period [CET] Changes of g, Changes of Changes of Change Dissipation
[CET] dy SZHV magnitude
Eventl 28-29Jul  05:01 shallow 03:00 to -0.17 gkg? -8.7+0.3%0 ~0.9%0 h™! 3.5%o for §2H,; RH, < 100%
sunrise h! 1.4%o for d,
Sunrise to 0.61gkg'h™'  -8.5+0.6%0 3.5% h~!
06:00
Event2  10-11 06:39 shallow 03:00 to 04:30  -0.16 g kg ™! —0.4%0 h™! ~1.1% h™?! 10.1%o for 5°Hy; RH, < 100%
Oct h! 5.2%o for d,
transition ~ 04:30 t0 05:30  0.74gkg 'h™!  4.1% h~! 1.6%0 h~!
deep 05:30t010:00 0.38gkg 'h™!  6.840.5%0 1.9%0 h!
Event3  26-27 06:20 shallow 22:00 to 02:00 -0.27 gkg ! —2.740.5%o —2.2%0 h™? 24.6%o for 8%H,; RHy < 100%
Sep h! 11.3%o for d,
transition  02:00 to 03:30  5.94+0.11 g 4.0%0 h~! ~1.2%0 h™!
kg!
deep 03:30 to -0.12 gkg™? 3.6+0.5%0 ~2.3%0 h™!
sunrise h?!
deep Sunrise to 057gkg 'h™?  1.2%h! 6.5% h~!
10:00
Event4  19-20 06:52 shallow 18:30 t0 20:00  —0.46 g kg™ 3.140.8%o ~2.0%0 h™! 9.4%o for 5%Hy; Lifting to stratus clouds
Oct h! 4.0% for d
dense 20:00 to 00:00  6.02+0.23 g 0.6%0 h! —0.9%0 h™?
kg!
Event5  23-24 06:16 no fog 20:00 to 00:00  —0.37 g kg! —2.2%0 h™1 ~3.4%0 h™1 34.6% for 5%H,; No fog with cold frontal
Sep h! 9.3%o for d, clouds
00:00 to 06:00  —0.37 g kg™! 8.3+1.2%0 ~147.943.2%0
h71
06:00 to 10:00  —0.37 g kg! 1.7% h! ~5.7%0 h™!
hfl
layer, and is given by Eq. 13:
SH, ~ &H, o + (@ —1) In (q—> 12)
o FH, = g0 (FHy —FH ) — + FH, p, (13)

During the fog transition stage, 52H, was simulated from g, by an air
mass mixing model with the entrainment of air from aloft into the fog

where subscript ‘F’ denotes the flux into the near-surface air parcel,
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level; visibility higher than 1000 m was shown
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hence 8%H,_F equals the values of 52H, at the beginning of condensation
(i.e., dew formation).

3. Results

In the following sections the isotope signals and moist processes
affecting the different stages of radiation fog evolution, i.e., shallow
radiation fog (event 1, Section 3.1), transition to deep fog with domi-
nating entrainment (event 2, Section 3.2), transition to deep fog with
dominating effect of condensation (event 3, Section 3.3), fog lifting
(event 4, Section 3.4), and no fog with frontal clouds (event 5, Section
3.5) are interpreted.

3.1. Shallow radiation fog around sunrise

On a clear and calm night (uzy < 0.6 m s Fig. A2) during Event 1
(28-29 July), shallow radiation fog (visibility < 1000 m; Fig. 3a)
intermittently occurred with dew formation from 03:00 to 06:00 with a
temperature inversion within 110 m above the surface (Fig. 4a). The fog
occurred in conditions of RHyy, = 100% and RHg = 112%+2% (Fig. 3b),
and LWj, fluctuated around 324 W m2 (Fig. 3c). Fog occurrence
induced decreasing g, and §°H, combined with constant d, (~8.70.3%o)
at low levels of the 24-h period due to ongoing condensation (Fig. 3;
Table 1).

The low values of dy (Fig. 3e) during the fog period were reached due

121416182022 0002040608 1012

11-Oct

Hour of day [CET]

to continuous dew formation before the appearance of the fog (Fig. 2a).
With slightly decreasing LWj, from around sunset to 03:00, linearly
decreasing g, and §%H, went along with dew formation in conditions of
RHyp, < 100% and RHy > 100% (Fig. 3). The variability of d, during this
pre-fog period is strongly tied to the variability in RH, values. With RHp
increasing above 100%, d, exponentially decreased and §2H, decreased
linearly (Fig. 3) due to condensation on the surface with the air being
super-saturated with respect to the surface temperature. When the
shallow radiation fog appeared, d, remained constant with constant RHy
>100% and RHyp, = 100% (Fig. 3), suggesting that continued conden-
sation (dew formation) in equilibrium conditions promoted fog
formation.

The shallow fog dissipated at 06:00 in conditions of RHyy, = 100%
and RHp < 100% (Fig. 3b), due to the evaporation of dew and fog
droplets occurring after sunrise due to SW warming (Fig. 2a). During a
short period before fog dissipation, i.e., from sunrise to 06:00 (Fig. 3), ga
and 52H, rapidly increased by the respective rate of 0.61 g kg h™! and
3.5%0 h™!, while d, stayed low (-8.5%0), indicating that fog droplets
previously formed from low dy started to evaporate (Fig. 2a) and thus
imprinting their high §°H (and low d,) on the near-surface atmospheric
vapor. Later on, after the fog dissipated completely, d, increased
(Fig. 3e) as well, which can be explained by the onset of evapotranspi-
ration (Fig. 2a) as indicated in the steep increase in g, (Fig. 3d).
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3.2. Radiation fog transitioning from shallow to deep fog, and fog-top
entrainment dominating over condensation during fog transition

While the fog during event 1 lasted only for 3 h (Fig. 3), event 2
(10-11 October) is characterized by a longer lasting radiation fog. Fog in
event 2 formed at 03:00, lasted for 7 h, and dissipated 4 h after sunrise at
10:00 (Fig. 5). This fog period was associated with clear-sky conditions,
above. The life cycle of the radiation fog in event 2 features three stages,
i.e., shallow fog (from 03:00 to 04:30; Fig. 5) with a temperature
inversion in the near-surface atmosphere (Fig. 4b), fog transition (from
04:30 to 05:30; Fig. 5), and deep fog (from 05:30 to 10:00; Fig. 5) with a
moist adiabatic temperature profile in the lowermost layer (50 m) of the
atmospheric boundary layer (Fig. 4b).

Shallow fog occurred intermittently (Fig. 5) with dew formation
from 03:00 to 04:30 with RHy;,, = 100% and constant RH, at values
>100%. During this stage, g, and 8°H, decreased, combined with
slightly decreasing d (Fig. 5; Table 1).

The transition stage occurred from 04:30 to 05:30 with RHypp =
100% (Fig. 5b). RHy strongly decreased from >100% down to 97%
(Fig. 5b). During the fog transition, the steeply increasing LWj, from 281
to 354 W m~2 (Fig. 5¢) indicates the gradual thickening of the fog layer.
In the shallow fog stage condensation caused decreasing g, and 52H,
(Fig. 5d, f), while in the transition period, q,, dy, and 5°H, strongly
increased (Fig. 5; Table 1). This can be explained by the entrainment of
air at fog-top that dominated over condensation. Details will be dis-
cussed in Section 4.1.

After 2.5 h of fog onset, the environmental conditions were charac-
terized by RHap = 100% and RHp < 100% (Fig. 5b). While the fog
during event 1 dissipated under exactly these environmental conditions,
in this case, fog developed from 05:30 and persisted until 10:00 in event
2 (Fig. 5b). During this deep fog stage, q, linearly increased combined
with constant d, and slightly increasing §2H, (Fig. 5; Table 1), which can
be explained by the evaporation of fog droplets due to SW warming after
sunrise in the fog-top region and entrainment of this negatively buoyant
air induced by evaporative cooling (Fig. 2b). Decreasing LWj, and
improving visibility (Fig. 5a, c) indicated fog erosion, which we can
attribute to the deposition of fog droplets to the surface and the evap-
oration of fog droplets (Fig. 2b).

After fog dissipation at 10:00, the variability in d, and 5*H, (Fig. 5b,
c) remained similar as during the deep fog stage. SWj, (Fig. A3a) showed
similar levels as during the foggy period, which might be due to the slow
evaporation of dew and deposited fog droplets (Fig. 2b) from the surface
as also indicated by the very low level of LE (Fig. A3f).

3.3. Radiation fog transitioning from shallow to deep fog, and
condensation dominated over fog-top entrainment during fog transition

Compared to event 2 (Fig. 5), radiation fog started earlier at 22:00
(Fig. 6) during event 3 (26-27 September), and fog persisted until 4 h
after sunrise (10:00; Fig. 6a). The earlier starting of fog in event 3 might
be attributed to the weaker turbulence as indicated in usy, (0.24+0.1 m
s_l,) and u* (0.054+0.02 m s_l) as compared to that in event 2 (ugm: 0.3
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transforming to elevated stratus; cloud was
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+0.1 m s~} u*: 0.08+0.06 m s~ %; Fig. A2). The fog period in event 3
shows three stages (Fig. 6): (1) shallow fog (from 22:00 to 02:00) with a
temperature inversion (Fig. 4c) in the near-surface atmosphere; (2) fog
transition (from 02:00 to 03:30); and (3) deep fog (from 03:30 to 10:00)
with a moist adiabatic temperature profile in the lowermost layer (50 m;
Fig. 4c) of the atmospheric boundary layer.

During event 3, shallow fog occurred from 22:00 to 02:00 with RHypy,
= 100% and constant RHy >100% (Fig. 6b). Condensation during this
fog stage induced steeply decreasing g, and 5?H,, combined with con-
stant dy at low values of the 24-h period (Fig. 6; Table 1). In contrast to
the shallow fog during event 1 (Fig. 3) and event 2 (Fig. 5) which
intermittently occurred, shallow fog during event 3 was rather stable
with visibility always <1000 m (Fig. 6a). This can be explained by
stronger condensation that enhanced fog persistence during event 3 and
thus the fog layer was not disturbed by condensation-induced heat
release. The stronger condensation is reflected in an enhanced
decreasing rate of 5°H, (-2.2%0 h! for event 3, Fig. 6f; Table 1)
compared to event 1 (-0.9%o hl Fig. 3f; Table 1) and event 2 (-1.1%o
h’l; Fig. 5f; Table 1).

During fog transition from 02:00 to 03:30 in event 3 with RHyy, =
100% and steeply decreasing RHy at >100%, LW, steeply increased
(Fig. 6). The q, varied around 5.94+0.11 g kg’1 (Fig. 6; Table 1) com-
bined with a steeply increasing d, (4.0%. h™1) and slightly decreasing
62HV (-1.2%o h’l). This was different from the fog transition during
event 2 with increasing q,, dy and §%H, (Fig. 6). The different humidity
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and isotopic changes during the transition stages of event 2 and event 3
can be explained by a difference in the relative importance of conden-
sation compared to entrainment of fog-top air (Fig. 2b), with the former
dominating in event 3 (Fig. 6), while the latter dominated in event 2
(Fig. 5). Details will be discussed in Section 4.1.

The deep fog in event 3 developed after 5.5 h of fog onset (Fig. 6).
This fog stage was further split into two sub-stages: (1) From 03:30 to
sunrise, decreasing q, and §°H, combined with constant d, (Fig. 6;
Table 1), indicating continued condensation. (2) Whereas, from sunrise
to 10:00, increasing g, and 52H, combined with slightly increasing dy
(Fig. 6; Table 1) can be induced by fog droplet evaporation combined
with limited entrainment of evaporatively cooled air at fog-top (Fig. 2b).
The stable visibility at 190 m and increasing LWj, (high up to 343 W
m~?) after sunrise (Fig. 6) indicated stronger condensation as compared
to the deep fog period before sunrise.

With the dissipation of fog after 10:00 in event 3, dy steeply increased
(Fig. 6e), in contrast to the constant dy after fog dissipation in event 2
(Fig. 5e). This can be attributed to the strength of turbulent mixing
(Fig. A2b), surface fluxes (H and LE; Fig. A3e, f), and entrainment from
the free troposphere. Details will be discussed in Section 4.1.

3.4. Fog lifted to stratus cloud on the night

Fog formed at 18:30 on 19 October (event 4; Fig. 7) and lifted to
stratus clouds around midnight (Fig. 7a; Fig. 2¢). The fog period in event
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4 included two stages: (1) intermittent shallow fog (from 18:30 to
20:00); and (2) transition towards dense fog (from 20:00 to 00:00) with
a temperature inversion (Fig. 4d).

In conditions of RHyp, = 100% and RHy > 100% from 18:30 to 20:00,
intermittent shallow fog induced decreasing g, and 62Hv combined with
constant dy (Fig. 7; Table 1). From 20:00 till midnight with RHy, =
100% and RHy > 100%, fog became denser with almost constant visi-
bility at around 80 m and a dramatic increasing LWj;, from 282 to 347 W
m~2 (Fig. 7). During this dense fog stage, RHp showed a decreasing trend
combined with strong fluctuation, and g, also varied considerably
(Fig. 7). These conditions coincided with an increasing d, with strong
fluctuations, and a decreasing 8°H, with strong fluctuations (Fig. 7;
Table 1). This humidity and isotopic variability combined with the
dramatic increase in LWj;, (Fig. 7c) indicates that shallow fog has tran-
sitioned into deep fog (from 22:00 to 00:00), but a moist adiabatic
temperature profile can be seen in the COSMO-1 analysis at 02:00
(Fig. 4d). This suggested that the modelled LWC evolution shows a time
lag of 4 h, but can nicely illustrates the transition from fog to low stratus
clouds (Fig. 8a). COSMO-1 shows fog from 01:00 to 04:00 (corre-
sponding to observations from 21:00 to 00:00) with LWC,,x in the range
of 0.11 to 0.32 g kg~ (Fig. 8a). The fog lifted to low stratus from 05:00
to 09:00 (corresponding to observations from 01:00 to 05:00) with LWC
= 0 at the lowest model level (Fig. 8a).

After fog lifting to stratus clouds, with RHyy = 100% and RHy <
100% from 00:00 to 09:00 (Fig. 7), both g, (0.16 g kg* h™?!) and &%H,
(1.1%0 h™1) increased in combination with fluctuating dy (6.040.8%o).

11

This can be explained by the evaporation of fog droplets in the fog layer
and droplet deposition at the surface (Fig. 2¢). LWy, increased to 355 W
m~2 with fog lifting (Fig. 7c). The lifting of the fog to low stratus is
associated with an increase of horizontal visibility to above 1000 m at
ground level (Fig. 7a).

3.5. No fog with cold frontal clouds

Fog could not develop on the night of 23-24 September (event 5;
Fig. 9) with cold frontal (Fig. A5e) clouds passing by at 1100-6300 m a.
g.l. (Fig. 8b) and much stronger winds of up to 7.3 m s~! (Fig. A2a)
compared to the four fog events. Although RHy, remained constant at
100% (Fig. 9b) from midnight until around sunrise in event 5, RH, was
<100% (Fig. 9b) due to higher Ty than Top, (Fig. A4e). These conditions
suggested that water vapor in the near-surface atmosphere could not
condense and consequently fog failed to develop. During the cloudy
period from 20:00 to sunrise, g, almost linearly decreased (Fig. 9d;
Table 1), whilst the changes of d, and 52H, were related to atmospheric
and surface humidity conditions in combination with the influence of
the cold frontal clouds (Fig. A5e). From 20:00 to midnight, with LWCpax
ranging from 0.05 to 0.33 g kg™! at 1100-6300 m a.g.l. (Fig. 8b) and
decreasing LWj, from 395 to 375 W m~2 (Fig. 9¢), RHyp was <100%,
and RHj steeply increased to values slightly below 100% (Fig. 9b) due to
the faster cooling of the surface compared to the air during the cold
frontal passage (Fig. ASe). These conditions induced steeply decreasing
dy and 62HV (Fig. 9; Table 1). However, from 00:00 until 06:00 in event
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Fig. 9. Isotopic and meteorological variability
during event 5 (23-24 September 2018)
without fog but cloud frontal clouds; cloud was
interpreted using COSMO-1 analyses when the
maximum values of liquid water content
(LWCpay) in a vertical profile was higher than
zero: (a) No fog with horizontal visibility >
1000 m (1-min average) measured at ground
level; visibility higher than 1000 m was shown
as 1000 m. (b) 30-min relative humidity (RHzp,)
measured at 2 m a.g.l., and simulated surface
relative humidity (RHy) at surface temperature
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(To). (c) 30-min incoming longwave radiation

flux (LWj,) measured at 2 m a.g.l.. (d) 30-min
specific humidity (g,) derived from volumetric
water vapor mixing ratio measured at 6 m a.g.l..
(e-f) 10-min isotopic composition (secondary
variable d, = 8°H, — 856'%0,, and measured
52H,) of atmospheric water vapor at 6 m a.g.l.
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5, with LWCay increasing to 0.32-1.05 g kg ~* (Fig. 8b) at 1100-3600 a.
g.1.,, RHypy, reached 100% and RHy varied around 87+2% (Fig. 9b). These
environmental conditions during rain-free period induced fluctuating dy
around its 24-hour minimum value and §2H, reached a plateau at -147.9
+3.2%o (Fig. 9; Table 1). After the disappearance of clouds from around
sunrise to 10:00 (Fig. 9), LWj, dramatically decreased from 364 to 339
W m~2, with decreasing RHy, increasing dy (1.7%o h™!) in combination
with decreasing 62HV (=5.7%0 h™1).

3.6. Comparing measured isotope signals with modelled signals using air
parcel cooling and mixing models

Fig. 10 shows a comparison of §°H,~q, retrieved from measurements
(dots) and simulations (lines) with a Rayleigh condensation model
simulating condensation during fog formation with different deposition
efficiencies. The measured and modeled SZH‘,—qa match well for events 1
and 3 with shallow radiation fog and transitioning to deep fog domi-
nated by condensation, but differ for shallow fog transitioning to deep
fog when entrainment dominating (events 2), or fog lifting to stratus
cloud (event 4). This points out the challenge of modeling water vapor
isotopes in transitioning fog layers when the influence of entrainment
from fog-top plays an important role. In this case, advection in atmo-
spheric layers that are decoupled from the surface plays an important
role during fog transition into deeper fog layers.

The dominance of condensation or entrainment during fog transition
was confirmed by comparing the measured 5H, with simulated 5%H,

121416182022 0002 0406 08 1012

24-Sep

Hour of day [CET]
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using a Rayleigh mixing model. During the transition fog stages, the
predicted &%H, using a Rayleigh mixing model matches well with
measured §°H, in event 2, indicating that mixing processes, i.e., the
entrainment at fog-top was dominant over condensation during the fog
transition in event 2 (Fig. 11a). As a comparison, the predicted 62Hv was
higher than the measured §2H, during the fog transition in event 3,
which can be explained by condensation dominating over entrainment
as indicated by the stronger decrease in measured §2H, (Fig. 11b).

4. Discussion
4.1. Effect of humidity on fog evolution

Radiation fog in our study and in previous research (Kidron and
Starinsky, 2019; Li et al., 2021; Smith et al., 2018) is found to occur in
conditions of RHy, = 100% (Fig. A6a), but once atmospheric humidity
reached saturation, the fog evolution was closely linked to the vari-
ability of surface humidity conditions (RHy; Fig. A6b). This stands in
agreement with a recent study about dew deposition in oceanic envi-
ronments (Thurnherr and Aemisegger, 2022). Conditions with RHoy, =
100% in event 1 caused the dissipation of shallow fog at around sunrise
when RHj < 100% (Fig. 3b). As a comparison, in event 2 (Fig. 5b) and
event 3 (Fig. 6b), when deep fog successfully developed in conditions of
RHy < 100%, the unsaturated surface conditions were associated with
fog persistence after sunrise due to the negatively buoyant air sinking
from fog-top (Fig. 2b), thereby supplying water vapor to the
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Fig. 10. Comparing the 5°H,~q, relations predicted from a Rayleigh condensation model with measured data during the four fog events. Event 1 was a shallow
radiation fog occurring and dissipating around sunrise; event 2 and event 3 were radiation fog events transiting from shallow to deep fog; event 4 started from a
shallow radiation fog, and fog became denser and lifted to stratus cloud during nighttime.
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Fig. 11. Comparing the 5°H, during fog transition period in event 2 and event 3 with the simulated results by air parcel mixing model.

near-surface atmosphere. Fog lifting to stratus cloud resulted in prohibited the formation of fog in event 5 with RHpy, = 100% in com-
increasing downwelling longwave radiation (LWjy,; Fig. 2b) in event 4, bination with unsaturated surface conditions (RHy < 100%; Fig. 9b),
which caused the immediate dissipation of fog at ground level when RHy due to strong winds.

< 100% (Fig. 9b). Contrastingly, cold frontal clouds (Fig. ASe)

13



Y. Li et al.
4.2. Effect of fog evolution on water vapor isotopic signal

Intermittent occurrence of shallow fog has previously been attrib-
uted to the latent heat release by condensation (Price et al., 2018),
which may have played a role during the fog period of event 1 (Fig. 3),
and the shallow fog stage in event 2 (03:00 to 04:30; Fig. 5). Intermittent
shallow fog was often associated with dew formation (Li et al., 2021).
This kind of intermittent shallow fog occurring at around sunrise at the
CH-CHA site is frequently observed in summer and early autumn given
its location on a valley bottom (see more examples of this fog type in
Fig. A7). Both dew and fog processes induced a linear decrease in §2H,
(Fig. 3f; Fig. 5f) due to condensation.

The transitional fog stages following shallow fog and before it
evolves to deep fog in event 2 (Fig. 5), event 3 (Fig. 6), and event 4
(Fig. 7) were due to the sinking of negatively buoyant air from the fog-
top to the ground surface (Smith et al., 2018) that imported additional
water vapor from the overlaying atmosphere to the fog layer. Therefore,
condensation during the transition stage was combined with a mixing
effect (Fig. 2b) driven by entrainment (that further increases the sta-
bility of the near-surface layer) due to cloud top cooling. Equilibrium
condensation with RHyp, = 100% generally does not change d, but can
induce a decrease in §2H,. Contrastingly, the effect of mixing air (as
compared to the near-surface atmosphere) from the fog-top into the
near-surface layer can cause increases in §%H, and d, in the near-surface
atmosphere. The negatively buoyant air originating from the fog-top
region may be associated with a higher &2H, and d, compared to
near-surface air due to fog droplet evaporation, which could even
evaporate fog droplets close to the ground surface. Furthermore,
advection of moist and warm air from remote (e.g. more southerly areas;
Fig. A5b) might also have contributed to the increase of §°H, during this
transition stage in event 2. With the combination of condensation and
mixing processes, a steeply increasing 52H, (Fig. 5f) during the transi-
tion stage of event 2 suggests that the mixing effect dominated over the
condensation process. As a comparison, during the transition stage in
event 3, a slight decrease in 8°H, (Fig. 6f), and a steeply increasing dy
(Fig. 6e) indicate that the condensation process dominated over the
mixing process. Simulated 52H, by the air parcel mixing model matched
well with the measured values during fog transition in event 2, but
overestimated 5°H, during the corresponding period of event 3 (Fig. 11).
This result from simple isotope modelling confirms the respective
mixing-dominant and condensation-dominant transition fog stages for
event 2 and event 3.

Entrainment brought unsaturated air from the fog-top to the near-
surface fog layer which consequently induced evaporation of fog drop-
lets (Gultepe et al., 2007; Waersted et al., 2017). The second sub-stage of
deep fog period (from sunrise to 10:00; Fig. 6) in event 3 might be due to
the combined effect of fog evolution and entrainment from the tropo-
sphere. Entrainment acts to increase dy in the near-surface atmosphere
(Huang and Wen, 2014; Parkes et al., 2017). Therefore, in the second
sub-stage of deep fog in event 3, entrainment caused a slightly
increasing dy (Fig. 6e).

The effect of entrainment from the troposphere on atmospheric
water vapor dynamics was reflected in the changes of d, after fog
dissipation in event 2 (Fig. 5e) and event 3 (Fig. 6e). With the dissipation
of fog after 10:00 of event 3, d, steeply increased (Fig. 6e) which was in
contrast to the constant dy, after fog dissipation in event 2 (Fig. 5e). These
different temporal evolutions in d, with fog dissipation were probably
due to the different strength of the coupling between the entrainment
from the free troposphere and surface fluxes as indicated by the higher
SWj, (601+114 W rn’z; Fig. A3a) pointing towards stronger entrain-
ment in event 3 compared to that in event 2 (SWj,: 161+7 W m~2,
Fig. A3a).

Fog transition in event 2 (from 04:30 to 05:30; Fig. 5e) and event 3
(from 02:00 to 03:30; Fig. 6e) showed linearly increasing dy, but the
transition stage in event 4 showed increasing d, in combination with
strong fluctuations (Fig. 7e). This strongly fluctuating dy in event 4 may
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be explained by condensation in the fog layer combined with evapora-
tion at the bottom of the fog layer, and thus might be an indicator for fog
lifting to stratus clouds in the following hours (after 01:00; Fig. 7). Fog
lifting to stratus clouds in event 4 might be due to the warming of latent
heat release at the surface that eroded the bottom of fog layer, whilst
latent heat release could not erode the fog in event 2 and event 3.

4.3. Drivers of water vapor isotope variability

Given the local vapor sources for radiation fog in our study,
52H-8'80 pairs distributed on the right-hand side of the LMWL (repre-
senting the §2H-5'80 pairs of precipitation; Fig. A8) at CH-CHA site due
to the non-equilibrium evaporative effect of local water which was
originally from precipitation (Li et al., 2021). When compared to the
corresponding LMWL, Kaseke et al. (2017) reported that advective fog
had higher d due to remote vapor sources. For the radiation fog events in
this study, the water vapor isotopic variability was mainly affected by
local land-atmosphere interactions. However, the cold frontal clouds
induced decreasing 5°H, in event 5, which was of similar amplitude as in
previous studies (Aemisegger et al., 2015; Spiegel et al., 2012; Wen
et al., 2008).

In our study, we found that radiation fog evolution, although driven
by local land-atmosphere interaction, caused similar temporal vari-
ability in water vapor isotope amplitudes (events 1-4: 24.6%o for §°H,
and 11.3%o for dy; Table 1) as that induced by large-scale cold frontal
passages (event 5; 34.6%o for SZHV and 9.3%o for dy; Table 1). This reveals
that water vapor isotope dynamics induced by processes controlling
radiation fog evolution are as important in continental Europe as large-
scale frontal passages. Isotopes can therefore likely provide invaluable
constraints in addition to traditional meteorological measurements and
modelling for improving the representation of fog dynamics in numer-
ical weather prediction models.

5. Conclusions

Our event-based investigation of different radiation fog evolution
cases and their stable water vapor isotope signature combined with
meteorological and EC measurements highlight the relevance of
different processes affecting the water budgets and evolution of radia-
tion fog. We discussed the impact of dew and fog formation, fog droplet
deposition, entrainment of air from the environment during fog growth,
and evaporation of fog droplets after sunrise on the water vapor isotope
signal in the near-surface atmosphere. Additionally, with the help of
vertical profiles extracted from a high-resolution numerical weather
prediction model analysis dataset (COSMO-1), the situation of fog lifting
to stratus clouds could be interpreted. Fog identified using ground-level
visibility measurements was found to occur only when the atmospheric
air at standard height of 2 m a.g.l. was saturated. While shallow radia-
tion fog dissipated at around sunrise, successful transition of radiation
fog from shallow to deep fog allowed fog to persist for 3.5-4.0 h after
sunrise in some cases. Fog lifting to stratus clouds caused immediate fog
dissipation at ground level due to reduced surface longwave cooling and
increased longwave warming by clouds.

During shallow radiation fog events dominated by equilibrium
fractionation processes, the atmospheric water vapor showed a constant
dy at low values of the diel variability and linearly decreasing g, and
§2H, mainly controlled by the rate of condensation. The transition of
radiation fog from shallow to deep fog complicated the temporal vari-
ability of water vapor isotope signal mainly due to the combined in-
fluence of condensation, fog droplet deposition, the entrainment of air at
fog-top, and the evaporation of fog droplets. The water vapor isotopic
signal during the transition and deep radiation fog stages was charac-
terized by a combination of condensation and mixing processes with
negatively buoyant air bringing warmer air from the fog-top layer into
the fog layer. The water vapor imported into the fog layer during this
growth stage led to an increase in d, while 5%H, depended on the
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dominance of either condensation or entrainment. The temporal evo-
lution in the d—5°H, phase space thus provided useful insights into the
relative importance of these two processes. After sunrise, the evapora-
tion of fog droplets led to latent cooling. These negatively buoyant air
parcels entrained water vapor formed from fog-top droplet evaporation
into the fog layer, thereby mixing down water vapor enriched in heavy
isotopes. Consequently, a substantial increase in 5°H, could be observed
in our data during the fog dissipation period after sunrise.

Water vapor isotope dynamics associated with radiation fog evolu-
tion were found to induce variability of similar amplitude as the vari-
ability induced by large-scale cold frontal clouds. Our analysis showed
that isotope measurements in the near-surface atmosphere combined
with isotope-enabled modeling could provide invaluable additional
constraints for achieving an improved representation of radiation fog
dynamics in numerical models. To gain further insights into the radia-
tion fog dynamics and lifetime, isotope observations in fog droplets,
ambient water vapor from multiple vertical levels and from the depos-
ited dew and fog droplets combined with high resolution isotope-
enabled numerical modeling would be very valuable.
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Fig. A3. Energy fluxes during the five events.
(a) Short-wave incoming radiation (SWjy). (b)
Short-wave outgoing radiation (SWoyu). (c)
Long-wave outgoing radiation. (d) Net radia-
tion (Rn). (e) Turbulent sensible heat flux. (f)
Turbulent latent heat flux. Fog occurs with
visibility < 1000 m (1-min averages). Cloud
coverage was extracted from COSMO-1 ana-
lyses when the maximum of LWC (LWCj,,y) in a
liquid water path was non-zero; the cloud
coverage extracted from the nearest grid cell of
CH-CHA site is shown in orange; the cloud
coverage extracted from the eight neighboring
grid cells of CH-CHA site is shown in red. Cloud
was interpreted using COSMO-1 analyses when
the maximum values of liquid water content
(LWCpay) in a vertical profile was higher than
zero.

Fig. A4. Atmospheric temperature (Toy,) at 2 m
a.g.l., surface temperature (Tp) computed from
longwave radiation measurements, and dew-
point temperature (Tdew). Fog occurs with
visibility < 1000 m (1-min averages). Cloud
presence was extracted from COSMO-1 analyses
when the maximum of LWC (LWCpa.y) in a
liquid water path was non-zero; the cloud
coverage extracted from the nearest grid cell of
CH-CHA site is shown in orange; the cloud
coverage extracted from the eight neighboring
grid cells of CH-CHA site is shown in red. Cloud
was interpreted using COSMO-1 analyses when
the maximum values of liquid water content
(LWCpay) in a vertical profile was higher than
zero.



Y. Li et al. Agricultural and Forest Meteorology 334 (2023) 109430

(a) Event 1: 01:00 CET 29 July 2018 (b) Event 2: 01:00 CET 11 October 2018
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Fig. A5. Geopotential height (gray contours; m a.s.l.) and equivalent potential temperature (6,; K) at 700 hPa at 01:00 CET during the five events extracted from
ERAS reanalysis data by European Centre for Medium-Range Weather Forecasts (ECMWF). The location of CH-CHA site is marked with green cross symbols.
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Fig. A6. Correlation between deuterium excess (d,) of atmospheric water vapor with (a) atmospheric relative humidity (RHs,,) at 2 m a.g.1l. and (b) surface relative
humidity (RHp). The data for fog periods are shown in blue, and no-fog periods are shown in black.
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Fig. A8. The §°H-5'80 pairs of near-surface atmospheric water vapor during
fog periods (dots) in respect to local meteoric water line (LMWL; line) repre-
senting the 52H-5'%0 of precipitation at CH-CHA site (Prechsl et al., 2014).
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