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Abstract: Dew is an important source of water which significantly influences the physiological
status of vegetation and the microclimate environment. For quantifying the characteristics of dew
events and analyzing the underlying mechanism of dew formation in different ecosystems, we
measured, based on the flux-profile method, the amount, frequency and duration of dew events in
two croplands, an arid artificial oasis cropland in Zhangye, Gansu province and a sub-humid
cropland in Luancheng, Hebei province in China. The results showed that dew events were
observed in a total of 69 days in Zhangye, which accounted for 59% of the growing season (from
28 May to 21 September, 2012), while 128 days in Luancheng, which accounted for 79% of the
growing season (from 5 April to 13 September, 2008). The frequencies of dew events were 2.8 and
2.4 times of those of precipitation in Zhangye and Luancheng, respectively. In addition, the dew
amount reached up to 9.9 and 20.2 mm in Zhangye and Luancheng, which accounted for 9.5% and
4.1% of precipitation, respectively. The average amount of dew was 0.14 and 0.16 mm/night in
Zhangye and Luancheng, respectively and the duration of dew events ranged from 0.5 to 12.0 h in
the two study sites. Dew amounts were associated with the gradient of atmospheric water vapor
concentration and dew duration (P<0.001) in both the two sites. The result implies that dew events
play a more important role in crop growth in arid areas in comparison to sub-humid areas
considering the dew occurrence frequency and the amount per night.
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Dew formation is a widespread meteorological, hydrological and ecological phenomenon that
occurs in both arid and humid areas. Moreover, dew is an important source of water that may
significantly influence the physiological status of vegetation and microclimate environment (Xu
et al.,, 2013; Uclés et al., 2014). Although the amount of dew is very small, it is extremely
important in arid areas and during dry period in humid areas (Agam and Berliner, 2006).
Nevertheless, dew can relieve water stress in some cropland ecosystems (Beysens et al., 2005).
Dew plays a more important role as a hydrological input in arid areas than in humid areas
(Beysens et al., 2007; Sharan et al., 2007). For example, in the Taklimakan Desert, the amount of
dew accounted for 66.7% of the total precipitation (19.3 mm) in summer (Hao et al., 2012). The
amount of dew was found to contribute 94% of the total precipitation (0.8 mm) during the dry
period in the Mediterranean (Uclés et al., 2014). In comparison, in a humid area such as
Wageningen in Netherlands, the average annual amount of dew only accounted for approximately
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4.5% of the annual precipitation (more than 800 mm) (De Roode et al., 2010). Similarly, in a
semi-humid area such as the Sanjiang Plain in China, the average amount of dew only accounted
for 4.9% of the annual precipitation (410 mm) (Yan and Deng, 2004).

Because of the increasing atmospheric humidity, the frequency of dew is likely to increase in
the future (Dai, 2006; Willett et al., 2007). It is more important to measure the frequency and
duration of dew events than the dew amount (Dietz et al., 2007; Kabela et al., 2009). For example,
the frequency and duration of dew in Wageningen, Netherlands were 70% and 16.4 h/night,
respectively, even though the amount of dew was quite small compared to the volume of
precipitation (De Roode et al., 2010). The frequency and duration of dew events in the Negev
Desert, an arid area, were 55% and 7.6 h/night, respectively (Zangvil, 1996); and in a semi-arid
area such as Almeria in Spain, the frequency and duration were 50% and 6.5 h/night, respectively
(Moro et al., 2007).

Dew events can change the micrometeorological environment for crop growth. The presence of
dew on leaves can increase the local humidity and reduce transpiration rate (Barradas and
Glez-Medellin, 1999). It promotes photosynthesis and delays the wilting of leaves (Cosh et al.,
2009), promotes the absorption of nutrients (Xu et al., 2013) and increases aboveground growth
of plants (Zhuang and Ratcliffe, 2012). Dew can also alter the predawn water potential of leaves
(Kim and Lee, 2011) and the isotopic composition of leaf water (Wen et al., 2012). The
condensation and evaporation of dew can change the distribution of latent and sensible heat
transfer from leaves and reduce the possibility of freezing injury to crops (Madeira et al., 2001).
However, dew-covered plant leaves are more vulnerable to diseases than those under dry
condition (Wilson et al., 1999; Agam and Berliner, 2006).

In all, dew is an important supplement water source in arid and semi-arid areas (Xu et al., 2013,
Pan and Wang, 2014), and the frequency of dew events is likely to increase and exert different
impacts in different climate areas in the future under the worldwide increasing trend of
atmospheric humidity (Dai, 2006; Willett et al., 2007). In this research, two croplands were
selected in different climate areas for the purpose of comparison. One cropland is in Zhangye,
Gansu province, which is an arid artificial oasis zone. The other was in Luancheng, Hebei
province, which is a sub-humid area. In this study, a comprehensive comparison was made
between these two sites to analyze the amount, frequency and duration of dew events, as well as
the underlying mechanism of dew formation and to illustrate the differences in the characteristics
of dew events. The results may provide scientific data for better understanding the importance of
dew in arid and sub-humid croplands in China.

1 Materials and methods

1.1 Study area

The experiment was carried out in an arid artificial oasis cropland in Zhangye, Gansu province,
and a sub-humid cropland in Luancheng, Hebei province, China.

The study in Zhangye (100°22'E, 38°51'N; 1,550 m asl) is part of the Heihe Watershed Allied
Telemetry Experimental Research (HiWATER) program (Li et al., 2013). During the past 50 years,
the annual average temperature was 7.4°C and annual precipitation was 128.7 mm. The local
cropping system is single crop per year, and the crop is spring maize. The main water source for
the crops is irrigation. During the study year 2012, the cropland in Zhangye was flood irrigated
four times: 6 June, 2 July, 28 July and 25 August. Film mulching was used to conserve soil water
and the coverage rate was 60%. Spring maize was planted on 20 Agril and harvested on 22
September in 2012. The maximum leaf area index (LAI) was 5.6 m*/m” and the canopy average
height was 2.1 m. The experiment was conducted between 28 May and 21 September in 2012.
More details of the study site can be found from Huang and Wen (2014) and Yang et al. (2015).

The other study site located in Luancheng (114°40'E, 37°49'N; 50 m asl) is part of the Chinese
Ecosystem Research Networks (CERN) of the Chinese Academy of Sciences. During the past 50
years, the annual average temperature was 13.5°C and mean annual precipitation was 520.7 mm.
The crops for the double-cropping system were winter wheat and summer maize. In this study,
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winter wheat was sown from 23 to 25 October in 2007 and harvested from 16 to 19 June in 2008.
Summer maize was planted inside the mature wheat crop from 9 to 13 June and harvested on 2
October in 2008. The cropland was flood irrigated tw1ce the beginning of April and the middle of
July. The maximum LAI of wmter wheat was 4.2 m*/m’ and the canopy average height was 0.75
m, and they were 4.5 m*/m? and 2.7 m for summer maize, respectively. The observation was
conducted between 5 April and 13 September in 2008. More details about the study site could be
referred from Wen et al. (2012) and Xiao et al. (2012).

1.2 Water vapor flux and micrometeorological observation

In this study, the flux-profile method was used to measure the water vapor flux in Zhangye
(Huang and Wen, 2014), which was based on the data taken from wavelength-scanned cavity
ring-down spectroscopy (Model L1102-i, Picarro Inc., USA) and tunable diode laser absorption
spectroscopy (Model TGA100A, Campbell Scientific Inc., USA) in Luancheng (Wen et al., 2012).
In the experiment, the two intakes were set to 0.5 and 1.5 m above the canopy and adjusted
following the canopy growth. In Zhangye, the heights of the two intakes increased from 0.6 and
1.6 m at the beginning to 2.55 and 3.55 m at the end of growing season. In Luancheng, the heights
of the two intakes increased from 0.6 and 1.6 m at the beginning to 1.1 and 2.1 m at the end of the
growing season for winter wheat, and increased from 1.1 and 2.1 m at the beginning to 3.2 and
4.2 m at the end of the growing season for summer maize. The flux footprint in the measurement
is affected by the property of the upwind source area, which can be weighted by the footprint
function (Zhang and Wen, 2015). In the study sites, the effective fetch is over 200 m, which is
enough for the measurement.

The eddy covariance system consists of a 3-axis ultrasonic anemometer (Model CSAT-3,
Campbell Scientific Inc., USA), a CO, and H,O concentration analyzer (Model LI-7500, Licor
Inc., USA) and a data acquisition system (Model CR5000, Campbell Scientific Inc., USA). The
system was installed at 4.5 m height above surface ground in Zhangye and 3.5 m in Luancheng.
The auxiliary micrometeorological observation data include net radiation, air temperature, relative
humidity, wind direction, wind speed, atmospheric pressure and precipitation.

1.3 Calculation of net ecosystem H,O flux

We established the flux-profile method based on the Monin- Obukhov (MO) similarity theory
(Businger et al., 1971). The net ecosystem H,O flux (Fir, g H,O/(m%s)) between vegetation and
atmosphere is deﬁned as:

Where p is the air density (g/m3); K, is the eddy diffusivity (mz/s); z; and z; are the upper and
lower intake heights (m), respectively, and ¢, and ¢, are the specific humidity (g/g) at z; and z,
heights, respectively,

quku*(z—d)/@. 2
Where k is the von Karman constant (0.4); u« is the friction velocity (m/s); and d is the
displacement height (m), which equals to 0.65 times the canopy height. &, is a dimensionless

universal function and the semi-empirical formulas (Dyer, 1974) that describe it under neutral (Eq.
3), unstable (Eq. 4) and stable (Eq. 5) conditions are,

¢,(z/L)=1. (3); 4,(2/L)=¢,(2/L)=(1-16(z/ 1)) @
¢,(z/L)=¢,(z/L)=1+5(z/L). (5% Lo (6)
K&
0 pc,
Where L is the Obukhov length (m), H is the sensible heat flux (w/m?), 6 is the potential
temperature (K) and ¢, is the specific heat of air at a constant pressure (1.004 J/kg). In addition,

some definitions need to be specified here,
Aw= (Wg—Wl)/(hg—hl). (7)
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Where Aw is the atmospheric water vapor concentration (mmol/(mol-m)), w, and w; are
atmospheric water vapor concentration in the upper and lower layers, respectively (mmol/mol),
and 4, and 4, are the heights of the upper and lower layers, respectively (m).
Frequency of dew is defined as:
Frequency=(Dew days/Observation days)*100%. (8)
Dew amount is the cumulative amount of dew for the three timescales of hourly (mm/h), daily
(mm/night) or during the entire observation period (mm).

2 Results

2.1 Seasonal variations of environmental variables

Figure 1 showed the seasonal variations of the daily mean air temperature, precipitation, daily
average atmospheric water vapor concentration and gradient of average atmospheric water vapor
concentration in Zhangye and Luancheng. The daily mean air temperature ranged from 9.4°C to
27.0°C in Zhangye, while it ranged from 9.5°C to 36.0°C in Luancheng. During the crop
growing season, the precipitation occurred at 25 days in Zhangye and 54 days in Luancheng.
However, the total amount of precipitation in Luancheng (498 mm) was almost five times of that
in Zhangye (104 mm). The atmospheric water vapor concentration in Luancheng (from 6.1 to
31.2 mmol/mol) was higher than that in Zhangye (from 4.5 to 21.7 mmol/mol), but the gradient
of atmospheric water vapor concentration was similar in Zhangye (ranging from —0.94 to —0.05
mmol/(mol-m)) and Luancheng (ranging from —1.52 to 0.13 mmol/(mol-m)).
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Fig. 1 Seasonal variations of daily average air temperature (T), precipitation (P), average atmospheric water
vapor concentration (w) and gradient of average atmospheric water vapor concentration (Aw). (a) and (b) from
28 May to 21 September in 2012 (Day of year, DOY 149-265) in Zhangye, (c) and (d) from 5 April to 13
September in 2008 (DOY 96-257) in Luancheng.

2.2 Seasonal variations of dew amount and frequency

Figure 2 showed the seasonal variations of the amount of dew in Zhangye and Luancheng. Over
the 117-day observation period (from 28 May to 21 September) in Zhangye, the amount of
dewfall first increased and then decreased, and the dew event occurred in 59% of the observation
period. In Luancheng, the amount of dew was relatively more evenly distributed across the
162-day observation period (5 April to 13 September), and dew occurred in 79% of the
observation days. In addition, the frequency of dew events was 2.8 times of the precipitation in
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Zhangye and 2.4 times of the precipitation in Luancheng. However, the peak of dew happened in
July in both Zhangye and Luancheng, in which dew events accounted for 81% (25 days) and 87%
(27 days) of the days in July, respectively. The maximum monthly dew amount also occurred in
July, which was 4.4 and 4.8 mm in Zhangye and Luancheng, respectively.

During the observation days, the total amount of dew reached 9.9 mm in Zhangye, which
accounted for 9.5% of precipitation. In comparison, the amount of dew was 20.2 mm in
Luancheng, which accounted for 4.1% of precipitation. In the dew event days, the average dew
amount in Zhangye and Luancheng was 0.14 and 0.16 mm/night, respectively, and the difference
was only 0.02 mm/night. It is noteworthy that the largest daily dew amount (0.83 mm/night) in
Zhangye occurred from 20:30 on 30 July to 09:00 on 31 July (there was no dew formation for half
an hour), and the gradient of average water vapor concentration was 0.48 mmol/(mol-m), which
was suitable for condensation.
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Fig. 2 Seasonal variations of dew amount (a) from 28 May to 21 September in 2012 (DOY 149-265) in
Zhangye, (b) from 5 April to 13 September in 2008 (DOY 96-257) in Luancheng

2.3 Diurnal variations of dew amount and frequency

A similar trend of diurnal variations of dew amount and frequency was found in both sites (Fig. 3).
The dew amount increased at the beginning of the midnight, and then decreased after 04:00 or
05:00. The peak of dew amount occurred between 04:00 and 05:00 at each night, and the dew
amount was 0.022 and 0.020 mm/h in Zhangye and Luancheng, respectively. The maximum
frequency of dew events occurred between 04:00 and 05:00 in Zhangye, and between 03:00 to
04:00 in Luancheng, which accounted for 46.2% and 54.9% of the days during the entire
observation period, respectively.

2.4 Seasonal variations of the duration of dew events

In Zhangye, dew began to condense on leaf at the earliest 21:00 and terminated by 09:00 the next
morning. In comparison, the dew occurred an hour earlier and ended an hour later in the next
morning in Luancheng (Fig. 4). The duration of dew events ranged from 0.5 to 12 h in Zhangye,
while 0.5 to 12 h in Luancheng. The average durations were approximately 5.0 and 5.4 h in the
two sites. Among the observation days, the longest duration of dew events occurred from 20:30
on 30 July to 09:00 on 31 July in Zhangye and from 19:00 on 4 May to 07:00 on 5 May in
Luancheng, respectively.
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Fig. 3 Diurnal variations of dew amount (a, ¢) and dew frequency (b, d) from 28 May to 21 September in 2012
in Zhangye (a, b), and from 5 April to 13 September in 2008 in Luancheng (c, d)
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Fig. 4 Seasonal variations of the duration of dew events (a) from 28 May to 21 September in 2012 (DOY
149-265) in Zhangye, (b) from 5 April to 13 September in 2008 (DOY 96-257) in Luancheng

2.5 Environmental variations in the presence and absence of dew

The diurnal variations of relative humidity, temperature, wind speed and the Bowen ratio in
presence and absence of dew during observation period (excluding rainfall days) in the two sites
were shown in Fig. 5. The micro-climate environment affects the dew formation, but evaporation
could create a feedback to the micro-climate environment. As seen in Fig. 5, the impact of
evaporation on relative humidity, temperature and wind speed was more significant in Zhangye
than in Luancheng. There was a significant difference of Bowen ratio between the presence and
absence of dew at night. Besides, Bowen ratio was controlled by sensible and latent heat. The
diurnal variations of sensible heat and latent heat were not synchronous. At night, the average
value of sensible heat was negative in both presence and absence of dew. The average value of
latent heat was positive during absence of dew, and negative during presence of dew, which led to
the change of Bowen ratio.
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Fig. 5 Diurnal variations of relative humidity (a, e), temperature (b, f), wind speed (c, g) and the Bowen ratio
(d, h) in the presence and absence of dew from 28 May to 21 September in 2012 (excluding rainfall days) in
Zhangye (a, b, ¢ d), and from 5 April to 13 September in 2008 (excluding rainfall days) in Luancheng (e, f, g, h)

2.6 Mechanisms of dew formation

The results showed that dew amount was associated with the gradient of atmospheric water
vapor concentration and dew duration (P<0.001) in both study sites, in which the former
mattered more in Zhangye, and the latter mattered more in Luancheng. Therefore, the data were
grouped with dew duration (Fig. 6a) in Zhangye and the gradient of atmospheric water vapor
concentration (Fig. 6b) in Luancheng. In Zhangye, dew amount was significantly correlated with
the gradient of atmospheric water vapor concentration in general, except when dew duration was
less than 7 h, especially less than 2.5 h (Fig. 6a). In comparison, duration of dew significantly
influenced dew amount in Luancheng, whereas this relationship was not significant when the
gradient of atmospheric water vapor concentration was lower than 0.10 mmol/(mol-m) (Fig. 6b).

3 Discussion

3.1 Three sources of dew formation

Dew is, fundamentally, a result of a phase transition in which water vapor is transformed into
liquid water when it contacts a surface (Agam and Berliner, 2006). Three sources of water vapor
can be involved in the formation of dew in an ecosystem (Garratt and Segal, 1988; Wen et al.,
2012). The water vapor presenting in the lower atmosphere is the dominant source (Wen et al.,
2012). Dew from this source is generally called dew deposition, which is a type of fresh water
input to plants or land surfaces. The second source of dew is water vapor from soil, which
typically maintains a higher temperature than the foliage and the dew point temperature (Richards,
2004; Wen et al., 2012). The last source is transpiration, which originates from the leaves in the
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Fig. 6 Relationships between dew amount and gradient of atmospheric water vapor concentration for different
dew duration events in Zhangye (a), and between dew amount and duration of dew events for gradients of
different atmospheric water vapor concentration in Luancheng (b)

lower canopy (Monteith and Unsworth, 1990). Dew from soil evaporation and plant transpiration
is known as distillation (Welp et al., 2008).

The amount of dew observed above the canopy by the flux-profile method is actually a net
ecosystem water vapor flux, which is the balance of the movement of water vapor from the
atmosphere downward and the flux of evapotranspiration from the lower canopy and soil upward.
The ratio between the real dew flux and the net water flux was 1.17 in Luancheng, which was
estimated with an isotopic labeling method (Wen et al., 2012). In this study, if the result was
underestimated as suggested by Wen et al. (2012), then the corrected amount of dew would be
11.6 mm, which would account for 11.2% of precipitation in Zhangye. Similarly, the corrected
dewfall amount would be 23.6 mm, accounting for 4.7% of precipitation in Luancheng.

3.2 Differences in the amount, frequency and duration of dew between arid and
sub-humid croplands

The amount, frequency and duration of dew are influenced by the geographical location, weather,
vegetation and irrigation conditions (Kidron, 1999; Kalthoff et al., 2006; Kidron and Temina,
2013). The amount and frequency of dew in Zhangye were lower than those in Luancheng. This is
reasonable because the higher wind speed and lower relative humidity, common to arid areas,
inhibit the formation of dew. In contrast, the higher relative humidity in humid areas is more
favorable to the formation of dew (Beysens et al., 2005).

The flux-profile method has been used in micro-climate for many years, but it is still a new try
to quantify dew events. We compared the results with the dew in some similar climate zones
measured with traditional ways, and found a good consistency. For example, the dew amount in
Zhangye was close to the annual amount of dew in the Elqui valley (also an arid area), which
ranged from 5 to 10 mm (Kalthoff et al., 2006). However, the dew frequency in Zhangye was
lower than that in a desert riparian forest ecosystem on the eastern edge of the Taklimakan Desert
in China (73%), and the dew amount was higher than the desert area (0.12 mm/night) (Hao et al.,
2012). This is because the temperature gradient was higher for dew formation in Taklimakan
Desert, but the atmospheric water vapor concentration was lower. The average of daily dew
amount in Luancheng was close to that in the soybean and corn farmlands (0.19—0.30 mm/night)
(Yan et al., 2010), less than that in rice paddy field (0.49—0.67 mm/night) (Xu et al., 2013) of
Sanjiang Plain. The atmospheric water vapor concentration in rice paddy field was higher. The
amount of dew in the dry farmland and the rice paddy field of the Sanjiang Plain accounted for
4% and 10% of precipitation, respectively, during the same period.

The duration of dew events did not differ significantly between Zhangye and Luancheng. But
in some previous studies, the difference of dew durations in different areas could be significant.
For example, the duration of dew at a desert oasis ecotone in northwestern China was 2 h (Zhuang
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and Zhao, 2014), and that in Utah, a semi-arid area in the USA, could be as long as 14 h during
the irrigation period of the alfalfa growing season (Malek et al., 1999). In Balsa Blanca, a
semi-arid area, the duration of dew could last as long as 9.6 h in a grass ecosystem (Uclés et al.,
2014). The weather condition and artificial measurement could be the causes of these differences.
For example, irrigation is beneficial for dew.

4 Conclusions

In conclusion, although the precipitation between Zhangye (an arid area) and Luancheng (a
sub-humid area) was significantly different, the occurrence frequency and the amount per night in
the two sites were similar. Therefore, dew in arid area accounted for more of the local water
source and played a more important role in the local agroecological system. The gradient of
atmospheric water vapor concentration and the duration of dew were the two primary factors
determining the daily dew amount in both sites, but the former was more important in the arid
area.
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