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ABSTRACT

In this paper, a new dew model is presented which is easy to apply and requires only a very
limited amount of synoptic data, viz., cloud cover, relative humidity, air temperature and wind
velocity. In the dew model, the contribution of the fluxes of infrared radiation, sensible and
latent heat to the energy balance of a dew plate are parametarised according to detailed
micrometeorological measurements of Holtslag and De Bruin. The model is tested with
measurements of dew on the glass surface of an automatic sequential dew sampler. Results of
model calculations and measurements of dew occurrence show a fairly close correspondence.
The frequency and duration of dew deposition over a year, for 3 places in the Netherlands, have
been calculated with the model, using only synoptic data. The numbers of dewy nights and dewy
hours were calculated for the year 1987. This resulted in about 220 dewy nights and 1600 dewy
hours. Taking the hours of rain into account, it appears that about 75% of the time a surface
is wet during the nocturnal hours because of dew or rain. This fact may be important for the
quantification of the dry deposition of easily soluble air pollutants and for the effect of air

pollutants on vegetation.

1. Introduction

In order to be able to assess the effects of air
pollutants upon terrestrial ecosystems, it is impor-
tant to quantify the various processes that control
wet and dry deposition. On many locations, dry
deposition of air pollutants is quantitatively more
important than wet deposition. Due to a lower
atmospheric turbulent resistance and especially a
lower surface resistance of vegetation, dry deposi-
tion velocities of air pollutants are often higher
during the daytime than by night. Deposition
velocities of air pollutants on a surface depend not
only on atmospheric conditions or the species
involved, but also on the properties of the surface,
e.g., dry or wet (Romer et al.,, 1989). Voldner et al.
(1986) and Van Aalst et al. (1985) discuss deposi-
tion velocities of SO, as measured by Davies and

* Present address: Ministry of Housing, Physical
Planning and the Environment, P.O. Box 450, 2260 MB
Leidschendam, The Netherlands

Mitchell (1983), in different seasons, at different
times of the day and under different conditions of
the surface, i.e., wet or dry grass.

From the data in Table 1 it can be concluded
that deposition velocities of soluble gases such as
SO, above wet grass are always higher than above
dry grass. Deposition velocities above wet grass at
night are comparable to or even higher than
corresponding deposition velocities above dry
grass by day. Thus, during those periods in the
evening and at night when a surface is wet, dry
deposition of SO, could be greater than in the
daytime. Mulawa et al. (1986) found deposition
rates on a wet surface to be a factor between 2-20
times higher than on a dry surface. In a model
study, Chameides (1987) calculated low deposition
velocities of SO, onto wetted surfaces (0.03 cm/s),
but also concluded that this result depended
strongly on the presence of other gases, such as
H,0,, which are very easily soluble in thin water
films. He mentioned that the natural variability of
many of the chemical species and atmospheric con-
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Table 1. Deposition velocities (v,) of dry deposition
of SO , on 4-20 cm tall grass in England (Data from
van Aalst et al. (1985)

v4 (dry grass) vy (wet grass)

(cms™1) (cms™!)
summer day 14 12.5
night 0.6 33
winter  day 0.6 1.8
night 0.8 09

ditions involved in dew deposition, preclude an
accurate estimate of acid deposition by dew.

There is thus a considerable influence of pH-
regulating gases, such as NH 3, and SO, -oxidizing
gases, such as H,O,, on the deposition velocity of
SO,.

Because little is known about the contribution
of dew to acid deposition, a study was carried out
to investigate the chemical composition of dew and
the frequency and duration of dew occurrence in
the Netherlands.

In the past, several investigations have been
carried out into the deposition of dew. Leick
(1932) and Duvdevani (1947) measured dew on
gypsum and painted wooden surfaces by using
respectively a balance and an optical method. In
these studies, the meteorological measurements
were incomplete to investigate all components of
the energy balance of the surface. It is therefore
difficult to generalize their results. Micrometeoro-
logical measurements of downward fluxes of water
vapour associated with dew formation, were
carried out by Rider and Robinson (1951) and
Frankenberger (1955). However measurements of
dew were lacking in their studies. Theorie of dew
formation and some experimental measurements
of dew were described by Hofmann (1955).
Detailed micrometeorological measurements and
measurements of dew were carried out by
Monteith (1957). He reported results of measure-
ments and calculations of dewfall during some
14 days in 1953 and 1954, which agreed well.
But because this kind of detailed micrometeoro-
logical measurements are often lacking, these
results cannot be used to calculate deposition
of dew over a longer period. Garratt and Segal
(1988) quote some authors who recently measured
dew amounts over a range of vegetated surfaces in
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a period between 1966 and 1983. Maximum values
of the amount of dew which were measured, e.g.,
on a wheat crop in South Africa, in a forest in the
US, on grass and forest in British Columbia, on
surfaces in India and on semi-arid grassland in
Australia ranged between 0.2 and 0.6 mm per
night. But because meteorological measurements
and dew models were lacking the frequency and
duration of dew deposition over longer periods
could not be obtained.

In this paper, a simple model is presented to
calculate the frequency and duration of dew over a
year. Data on the chemical composition of dew are
published elsewhere (Romer et al., 1989).

Because it is an extensive job to study both
meteorological processes of dew together with its
chemical composition, it was decided to develop
a model which enabled an estimation of the
frequency and the duration of dew occurrence
beforehand. In order to test the model, calculated
results were compared with results of experimental
data of dew occurrence, carried out during selected
periods in the course of two years. Sampling of
dew was carried out on the glass surface of an
automatic dew sampler. During these experiments,
the duration, the amount of dew and its chemical
composition were established.

Because the intended model should be capable
of calculating both the frequency and the duration
of dew for a whole year, it should preferably use
easily obtainable synoptic meteorological data
which are available on a daily basis. The only
atmospheric parameters which are used in the
model are: cloud cover, temperature, relative
humidity and wind velocity. Predictions of the
occurrence of dew are in terms of dew (1) or no
dew (0). The amount of dew is not calculated. The
model is directly derived from results of a more
extended model described by Holtslag and de
Bruin (1988). Their model is based on a detailed
analysis of the surface energy balance and uses a
number of atmospheric parameters, such as
isothermal and net radiation, surface-sensible heat
flux, surface-latent heat flux, soil heat flux and
surface radiation temperature which have been
measured on the 200 m meteorological tower of
the Royal Dutch Meteorological Institute at
Cabauw. These data are not usually measured at
other meteorological measuring sites in the
Netherlands. In spite of the simplifications made in
our model, the frequency and duration of dew
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calculated with our model agreed reasonably well
with direct measurements of dew deposition on an
artificial surface.

Model calculations of frequency and duration of
dew for three different sites in the Netherlands for
the year 1987 show that dew occurs frequently,
with only small differences in occurrence at
different locations.

2. Experimental

2.1. Site

Measurements of frequency of occurrence,
duration and chemical composition of dew were
performed on a small meadow of 100 x 100 m sur-
rounded by low buildings of KEMA laboratories
located on the border of the city of Arnhem in the
eastern part of the Netherlands. Measurements
were carried out during the months April-October
of 1986 and September—October of 1987.

In the period September—October 1987,
measurements of dew were also carried out
simultaneously on a small meadow of 100 x 100 m
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Fig. 1. A diagram of the automatic sequential dew sam-
pler as was used during the experiments.

in between maize fields, at a rural site near the
village of Renkum about 10 km from Arnhem.

2.2. Apparatus

Dew was sampled at both measuring sites by
two identical automatic sequential dew samplers,
see Fig. 1. The dew sampler consists of a glass plate

Table 2. Results of dew measurements for nights in 1986 and 1987 during

operation of the sequential dew sampler

1 2 3 4 S 6 7
Uncertain, Too little
eg., dew for
Dew sampler Dew because chemical
in operation or rain No dew of rain analysis
Year Month (days) (days) (days) (days) (days)
1986  April 17 2 7 8 —
May 12 3 6 2 1
June 22 6 4 12 —
July 13 3 2 8 —
August 18 3 6 9 —
Sept. 15 5 4 4 2
Oct. 27 12 — 15 —
1987 Sept. 23 15 — 7 1
Oct. 26 11 10 5 —

Column (4): dew: enough dew sampled for chemical analysis (more than 3 ml).
Column (5): no dew or rain: no quantifiable amount ( <3 ml). Column (6): deposition
of dew uncertain. This was caused mainly by rain in one or more sampling periods. It
probably occurred more often than is indicated in column (7), that there was too little
dew for chemical analysis, but this presumably went unnoticed and is therefore
mentioned in column (5): no dew or rain detected.
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with a thickness of 3 mm and a surface of 0.35 m?,
on which dew can be deposited. We chose for a
thin dew plate to obtain a surface with a small heat
capacity. The dew plate is mounted on an ordinary
refrigerator and isolated underneath, to prevent
a heat flux flowing to the glass plate from below.
The refrigerator is used to collect and store the
dew samples at about 5°C. After a previously
established (adjusted) sampling period of 2 or 3 h,
dew which is deposited on the top side of the dew
plate, is transported by a wiper to a teflon collection
chute. Subsequently, the dew sample is transported
by a tubing pump to a fraction collector, which is
placed ‘in the refrigerator. The dew plate is rinsed
by a sprinkler which is mounted on the wiper
holder. Next, the plate is wiped dry as the wiper
returns to its starting-point, and the next cycle
begins. The minimum amount of dew needed for
the chemical analysis was about 3 ml which
corresponds with dew deposition over a period of
2to 3h of 3 g or about 0.010 mm of dew.

2.3. Sampling period

In 1986, sampling took place during the night
for a period of 10 h between 21h00 and 07h00. In
that period dew was collected 5 times, always after
a sampling period of 2 h. The number of nights in
1986 during which the sequential dew sampler was
in operation is shown in Table 2. In 1987, sampling
took place during the period of 12h between
20h00 and 08h00. Dew was collected 4 times,
always after a sampling period of 3 h. The number
of nights in 1987 during which the sequential dew
sampler was in operation is shown in Table 2.

3. The model

3.1. Description of the model

In order to model the deposition of dew, we start
with the energy balance of the dew plate (see
Fig. 2):
H+lE+G+M=0Q, (1)
in which H and AFE are the fluxes of sensible and
latent heat respectively (defined positive upwards),
G is the heat flux from the underlying material to
the dew plate and Q the net radiation (all units
Wm ~2). The latter two energy densities are defined
positive downwards. 4 is the heat of condensation
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Fig. 2. The different terms of the energy balance of a sur-
face at night (Q <0). H and AFE are the fluxes of sensible
and latent heat respectively (defined positive upwards),
G is the heat flux from the underlaying material to the
dew plate and Q the net radiation (all units Wm~2).
The latter two energy densities are defined positive
downwards. M is the change of the heat content of the
dew plate.

of water vapour (Jkg~') and E the water vapour

flux (kg H,O m~2s~1). M is the rate of change of

the heat content of the dew plate. The net radiation

Q is the net radiative energy loss during the night

that cools the dew plate in relation to the air.
During the night, Q is given by:

Q=L.-L_. 2)

Here L, denotes the incoming long-wave radia-
tion from the atmosphere, which is generally
governed by cloud cover and temperature and
humidity in the atmosphere. L_ denotes the
outgoing long wave radiation flux from the
surface, which depends primarily on the surface
temperature according to the law of Stefan-
Boltzmann.

In our model and our experimental set-up, we
were primarily interested in the condensation of
water vapour from the air column above the sur-
face, i.e., dew deposition or dew fall, and not in
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condensation of water vapour coming from the
soil, i.e., distillation (Monteith, 1957). The dew
surface mounted on the refrigerator is isolated
from the ground to prevent a heat flux flowing to
the glass plate from below. So in a first approxima-
tion, the heat flux G in equation (1) is ignored.
Next, because of the small heat capacity of the
glass plate, the term M in equation (1) is also
ignored. Eq. (1) then becomes:

H+1E=Q, 3)

and dew deposition occurs as the condition

0—-H<0 (4a)
or
AE<0 (4b)

is satisfied.

In our dew model, the contributions of the
fluxes of net radiation Q, sensible heat H and
latent heat AE to the energy balance of a dew
plate are parameterized according to detailed
micrometeorological measurements and model
calculations by Holtslag and de Bruin (1988).
They used a large data set of micrometeorological
measurements carried out in the night at the 200 m
meteorological tower at Cabauw in the central
part of the Netherlands.

Based on measurements of net radiation and
cloud cover, Holtslag and de Bruin (1988) derived
a relation between the values for Q and cloud
cover (n) as given in Table 3.

The contribution of the sensible heat flux to the
energy balance of the dew plate is parameterized
by using the friction velocity u* and the specific

Table 3. Relation between cloud cover and net
radiation during the night as suggested by Holtslag
and de Bruin (1988)

Cloud cover Net radiation

(n) (Wm~?)
0<n<2? 0<-83
2<n<6 ~38<Q< 83
6<n<8 -38<Q
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humidity deficit. In our model the friction velocity
u* is estimated from the wind velocity u, using the
equation:

u* =u/10, (5)

which applies to a rather flat terrain with only a
few small obstacles as in our case. The wind
velocity is the velocity measured at a height of
10 m.

Specific humidity deficit dg (gkg™!) is derived
from the difference between the saturated value of
the specific humidity at the prevailing air tem-
perature T, and the saturated value of the specific
humidity of the temperature at dew point T:

dg=4q(T,)—q(Ty). (6)

In their paper, Holtslag and de Bruin (1988) give
relations between the latent heat flux (AE) and
friction velocity (u*) for several values of Q and
several values of specific humidity deficit (dg); see
Fig. 3. Deposition of dew occurs if there is a
downward (negative) flux of latent heat (AE) to the
dew plate: AE<0. As is shown in Fig. 3, limit

0.7 1
U*N (ms_1)

Fig. 3. The relations between AE and friction velocity
(u*) for several values of Q and several values of specific
humidity deficit (dg), as calculated by Holtslag and De
Bruin (1988). (I) Net radiation Q= —83 Wm~2 (n<2)
and a specific humidity deficit of: (a)dg=0 gkg~!; (b)
dg = 066gkg™"; (c) dg = 22gkg™'; (d) dq =
1.5gkg™". (II)Net radiation Q= —38 Wm™2 (n>6)
and a specific humidity deficit of (¢) dg = 1.5 gkg~".
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values of the friction velocity (u#*) below which
the latent heat flux is negative (1E<0), can be
derived. They depend on cloud cover (n) and
specific humidity deficit (dg). For n<2 and 4
values of specific humidity deficit, the curves
(a)—(d) apply. The limit values for u* for these four
cases are: 0, 0.1, 0.3, and 0.7 ms ! for the curves
(a)~(d), respectively, see Fig.3. For n>6 and a
value of specific humidity deficit of 1.5 g/kg, the
curve (e) in Fig. 3 applies, which yield a limit value
for u* of 0.1 ms .

Using the eqgs. (7)—(9), the limit values for «* for
dew deposition can be calculated for a range of
values of specific humidity deficit and cloud covers.
These equations have been derived by inter-
polating the values of specific humidity deficit
and cloud cover between the curves (a) and (e).

From Fig. 3 can be derived that dew deposition,
i€, AE<O, occurs if the friction velocity u* is
lower than the limit value of u* (u*,,) which for
clear skies (n <2) is given by:

n<2: u* < (1.5/dgq) x0.3. )
In the eqgs. (7)—(9), the factor (1.5/dg) is an inter-
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measured values of specific humidity deficit to the
values of specific humidity deficit which belong to
the curves in Fig. 3.

The factors 0.3, 0.2 and 0.1 in the egs. (7)-(9)
respectively, serve to incorporate the effect of
cloud cover on dew deposition. These factors are
also derived by an interpolation of the values given
by Holtslag and de Bruin (1988); see also Fig. 3.

Subsequently, to be able to calculate dew
deposition for various atmospheric conditions,
relations equivalent to eq. (7) which holds for clear
skies, also equations for cloudy skies have to be
derived.

In their paper, Holtslag and de Bruin (1988)
show some model calculations for the relation
between friction velocity and dew deposition for
cloudy skies (n> 75 % their Fig. 8), however, for
only one value of the specific humidity deficit.

In our model, we suppose, by interpolation
between their values, that for cloudy skies, dew
deposition occurs, ie., AE<O0, if the friction
velocity u* is lower than the limit value of u*
(u¥..) which is given by:

polation factor, which serves to standardize the #7>6:  u*<(1.5/dg)x0.1. (8)
1986
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Fig. 4. Results of measurements (gm ~2) and model calculations (dew = 1 and no dew = 0) for several months in 1986
and 1987. Dt is the temperature difference between air and dew point (°C). (a) For dew deposition in May and June
1986. (b) For dew deposition in July, August and October 1986. (c) For dew deposition in July and September 1987.
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1988
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Fig. 4 (continued)

In accordance with equations (7) and (8), we 3.2, Calculation of dew deposition
assume that for cloud covers between 2 and
6 octals, dew deposition occurs if the friction
velocity u* is lower than the limit value of u*
(u*.,) which is given by:

Deposition of dew can be calculated with our
model using only easily obtainable synoptic data,
in the following manner.

First, calculate specific humidity deficit (gkg ')
2<n<é6: u* < (1.5/dq) x0.2. (9) witheq. (6) using only air temperature and relative
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humidity measured at one height as input
parameters.

Secondly, determine cloud cover. If n <2, use
eq.(7);if 2<n<6, use eq. (9); if n> 6, use eq. (8),
to calculate the limit value of the friction velocity:
Umax-

Thirdly, dew deposition occurs if the measured
wind velocity (U, ) is smaller than 10 x u*,, .
Uneas < 10X uX, .. (10)
The wind velocity (i) is the velocity measured
at a height of 10 m.

Using these results, the contributions of the net
radiation, sensible and latent heat flux to the
energy balance of the dew plate are parameterized
using measurements of cloud cover, wind speed,
relative humidity and temperature.

4. Results and analysis

4.1. Model calculations and measurements

In our dew model, a limit value of u* is
calculated below which deposition of dew occurs.
Therefore, the results of the model calculations
are: dew (1) or no dew (0), and the amount of
dew is not calculated. The frequency and duration
of dew deposition were calculated on the basis of

415

the model and compared with results of dew
deposition measurements with the dew samplers
(Table 2).

Results of measurements and model calculations
for sampling periods in 1986 and 1987 are shown
in Fig. 4. In general, the agreement between the
dew frequency and duration measured and
calculated was rather good. Because of the
reasonable agreement between measurements and
model calculations, model calculations were
extended. Frequency and duration of dew were
calculated for the whole year 1987, for which a
complete database of synoptic meteorological
data, including data of the occurrence of rain, was
available.

First the hours during which the radiation
balance Q was negative were selected as “noctur-
nal” hours. Secondly, the nocturnal hours during
which there had been rain and hours when the air
temperature was below 0°C were excluded from
the calculations. For all remaining nights the
occurrence and duration of dew deposition were
calculated. The results of these model calculations
for 1987 are shown in Table 4. Detailed results of
the calculations on a hourly basis for the months
September and October are given as an example in
Tables 5a and 5b.

The results of these calculations show that dew
deposition on thin surfaces that are freely exposed

Table 4. Monthly number of dewy nights, dewy hours, hours of rain and hours

without wet deposition (rain or dew)

Month Hours with

1987 Dew nights Dew hours rain Dry Total
Jan. 18 151 148 140 439
Feb. 24 193 73 20 286
March 17 122 68 29 219
April 15 101 37 75 213
May 14 86 60 58 204
June 22 93 50 26 169
July 19 89 i) 49 209
Aug. 19 125 62 57 244
Sept. 20 154 108 44 306
Oct. 18 170 116 95 381
Nov. 19 173 189 73 435
Dec. 19 170 180 85 435
total 224 1627 1162 751 3540

The last column refers to the total number of hours during which the radiation balance

was negative in that particular month.
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is a very common phenomenon in the Netherlands
and occurs during more than 200 nights. The
calculated number of 224 dew nights is somewhat
more than the 140 nights measured in Potsdam
(Poland) by Antonik (Hofmann, 1955) but it is of
the same order of magnitude.

Based on the figures in Table 4, we may
conclude that if we also take hours of rain into
account, then a surface or vegetation in the
Netherlands is wet because of dew or rain for
about 75% of the nocturnal hours, ie., hours
during which the radiation balance was negative.
Periods with and without dew differ markedly with
respect to meteorological conditions. Relative
humidity, air temperature, dew point, average

L. H. J. M. JANSSEN AND F. G. ROMER

wind velocity and the limiting wind velocity for
dew and non-dew periods are shown in Table 6.

5. Conclusions

In this paper, a simple dew model is presented,
which is easy to apply and uses only a limited
number of synoptic data, viz., cloud cover, relative
humidity, air temperature and wind velocity.
Calculated frequency and duration of dew deposi-
tion proved to be in fairly good agreement with
measurements of dew on a surface of an automatic
sequential dew sampler.

The model has the advantage that only

Table Sa. Dew calculated (d), rain measured (r) and dry hours calculated (n) for

each hour in September 1987
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Table Sb. Dew calculated (d), rain measured (r) and dry hours calculated (n) for

each hour in October 1987
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Table 6. Average meteorological parameters for dew and dry periods in the

months September and October of 1987

September October

dew period  dry period dew period  dry period
relative humidity 95 85 94 80
(%)
air temp. 11 15 715 1
°0)
dew point 10.5 13 6.5 8
(°C)
wind velocity 1 2.5 1.6 42
(ms™")
limiting wind L5 0.2 1.5 0.2
velocity for dew fall
(ms~!)
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meteorological parameters are used and properties
of the dew plate do not have to be taken into
account. In this model, the heat flux (G) to the dew
surface from below and the change of the heat con-
tent of the dew plate (M) are ignored. The model
is therefore applicable to thin surfaces (with a
small heat capacity and therefore small value of
M) which are badly connected (low conductance
for heat transport, i.e., a small value for G) to a
larger body with a greater heat capacity. This is for
instance the case for grass or leaves of vegetation.
Because our dew sampler does not meet these
requirements perfectly, small values of M and G
will result in a small extra contribution to the
energy balance of the surface. Frequency and dura-
tion of dew will then be somewhat overestimated.
Based on our measurements and model calcula-
tions, we conclude that this amounts to about
10-20% at most. Another aspect is the fact that
the minimum observable quantity of dew which
has to be deposited on the dew plate in a period of
2 or 3 his about 3 ml or 3 g. The amount of water
deposited by dew on a surface is always very small.
If it is below the detection limit or is already
evaporated in the measuring period, no dew is
registrated, although it did occur and will correctly
be calculated by the model. This improves the
performance of the model.

From the number of calculated dew nights,

L. H. J. M. JANSSEN AND F. G. ROMER

which is over 200, it is concluded that a surface is
wet for most of the time during the nocturnal
hours. This result is important in quantifying the
dry deposition in particular of easily soluble air
poliutants and may influence the effect of air
pollutants on vegetation.
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