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Abstract Observations in the semi-arid Loess Plateau area of north-west China are utilized
to reveal the characteristics and variations in the seasonal distribution of dewfall (frost) and
the influence of micrometeorology, precipitation, and other weather conditions. Precipitation
is the dominant water source in the Loess Plateau; however, non-rainfall water accounts for
13 % of the total land-surface water source. Dew is the second largest non-rainfall component
next only to soil adsorption water. Observations show that dew (frost) occurrence is likely to
occur when an inversion occurs between the heights of 1 and 4 m with a temperature difference
of 0.25K, surface wind speed of 1.5ms ™!, and surface relative humidity greater than 80 %.

Keywords Dew - Evapotranspiration - Micrometeorological conditions -
Non-rainfall water - Semi-arid region - Water respiration

1 Introduction

In a water-limited environment, the availability of surface water has significant effects on crop
yield (Wallin 1967; Zhang and Huang 2004; Cai et al. 2011). The water transfer process in
arid/ semi-arid areas exhibits unique features (Garratt and Segal 1988; Ma et al. 2005);
in particular, the effect of non-rainfall water sources has been assessed in arid regions
(Agam and Berliner 2006). Previous studies have reported that in arid and semi-arid areas,
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dew is a common phenomenon, with days on which dew occurs being approximately >70 %
per year (Kabela et al. 2009; Hao et al. 2012).

Dew plays an important role in the water cycle between the air and land surface, espe-
cially in arid/semi-arid areas, while dew has significant effects on the ecological system
(Monteith 1957). Research has shown that dew is a major factor that affects vegeta-
tion water-use efficiency, with a significant contribution to the plant’s water economy
(Ben-Asher et al. 2010). Many studies (Abraham 1996; Zangvil 1996; Jacobs et al. 2000;
Wang and Zhang 2011) have reported that considerable dewfall exists in arid and semi-arid
areas; the mean daily dewfall can exceed 0.1 mm. Thus, dewfall is a major water source
for vegetation survival (Zhang et al. 2007), and in several cases, the amount of dewfall
can exceed that of rainfall during the same time period (Malek et al. 1999). Furthermore,
Zhang et al. (2003) suggested that the phenomenon of “water respiration” from surface soil
may occur in extremely arid regions, with condensation during the night and evaporation
during the day.

In arid and semi-arid regions, dew collection functions as a supplementary water source.
The amount of dewfall has been reported under different climate conditions. For instance,
dewfall of 0.086mmaday~! was obtained with large dew collectors in India (Sharan et
al. 2007), and dewfall in tropical and Mediterranean climates was recorded at 0.1 and
0.17mmday~!, respectively (Clus et al. 2008). The amount of dewfall in Croatia was recorded
at0.081 mmday~! (Beysens et al. 2007). These results indicate that dew is an important water
source during the dry season.

The semi-arid areas in the Loess Plateau, China, comprise a typical loess region with
a mean annual precipitation of 300400 mm. The water transfer processes are very dif-
ferent from those in arid or humid areas (Huang et al. 2008). The variability of land-
surface water processes affects the rapid response of the region to land-surface heating
and eco-physiological processes (Li 1983). Zhang et al. (2010) showed that non-rainfall
water processes on the Loess Plateau are more important compared with those in other
regions.

However, only preliminary studies on the land-surface moisture processes and water
balance of the semi-arid Loess Plateau have been conducted (Kimura et al. 2006; Xie
et al. 2006; Kimura et al. 2007). Most studies have focused on understanding the varia-
tion in soil moisture and land-surface evapotranspiration (Jacobs 1994; Jacobs and Ver-
hoef 1997; Mohamed et al. 2004; Zhu et al. 2013). Non-rainfall processes such as dewfall
have received little attention in the region. These non-rainfall processes are inadequate for
use in numerical of the atmosphere models (Marshall et al. 2013) and in the estimates of
the land-surface water balance. In such model simulations, soils dry too rapidly, indicat-
ing unrealistic rates of evapotranspiration (Gao et al. 2004). Therefore, a key objective in
the National Natural Science Foundation of China, the “Experimental Study of Land Sur-
face Processes in Chinese Loess Plateau (LOPEX),” was developed. LOPEX allows for the
examination of dew and its role in the land-surface water balance of the Loess Plateau as
one of the main study goals. LOPEX aims to increase the understanding of the mechanisms
of dew formation and assess the effect of non-rainfall factors on the land-surface water
balance.

The process of data collection and methodologies are described in Sect. 2. The microm-
eteorological conditions of dew formation and the main characteristics of dew as well as
the assessment of the contribution of non-rainfall water are provided in Sect. 3, while main
conclusions are presented in Sect. 4.
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Fig. 1 Observation location (a), eddy-covariance measurement system (b), and micrometeorological tower

(c)

2 Field Experiment and Data Description
2.1 Site Description

The Dingxi observation station (35°35'N, 104°37'E; altitude of 1986.7 m) is one of three fixed
LOPEX observational sites, and is located at the junction of the Qinghai-Tibet Plateau and
the Loess Plateau. This region is characterized as flat farmland without high-rise buildings
or trees (Fig. 1a). It has a typical Loess Plateau geomorphology with many gullies and ridges
and is dominated by a semi-arid climate with a mean annual rainfall of 386 mm concentrated
from June to October. Pan evaporation is 1,400 mm per year.

2.2 Data Processing and Instruments

Figure 1b, c shows the observational instruments. On a 16-m high micrometeorological tower,
air temperature and humidity were measured at heights of 1, 2, 4, 10, and 16 m with Vaisala
HUMICAP HMP45D sensors, and Vaisala opto-electronic anemometers (WAA151) were
installed at five different heights: 1, 2, 4, 10, and 16 m. Data, including air temperature and
relative humidity, were collected every 10 min with a data logger (cr23x, Campbell Scientific
Inc., Logan, Utah, USA). The open-path eddy-covariance system consisted of a 3D sonic
anemometer (CSAT3, Campbell Scientific Inc., Logan, Utah, USA), a water vapour sensor
(Li-7500, Li-COR Inc., Lincoln, Nebraska, USA), and a data logger (cr5000, Campbell
Scientific Inc., Logan, Utah, USA) installed at a height of 2.5 m with 10-min measurement
intervals. Surface and soil temperatures were measured with a probe (Model 107-L, Campbell
Scientific Inc., Logan, Utah, USA) at depths of 0.05, 0.10, 0.20, 0.30, 0.50, and 0.80 m. Soil
moisture was measured with a CS616 sensor (Campbell Scientific Inc., Logan, Utah, USA)
at depths of 0.1, 0.2, 0.3, 0.5, and 0.8 m. Surface temperature and soil moisture data were
recorded every 30 min (cr5000 data logger, Campbell Scientific Inc., Logan, Utah, USA).
Land-surface actual evapotranspiration was measured with a large lysimeter with an accuracy
of 0. mmh~" and sensitivity of 0.01 mmh~'. The lysimeter’s effective evapotranspiration
area was 4.0 m? at a depth of 2.65 m; data were recorded every 1 h. Spring wheat was planted in
the lysimeter while ensuring that the underlying lysimeter environment is consistent with the
surrounding area. The performance and accuracy parameters of the observational instruments
are presented in Table 1.

The observational data obtained during the period of June 1 2004—May 31 2005 are
presented, daily evaporation data were calculated for a 24-h period. For missing data, the
gaps were filled by linear interpolation. The dew occurrence frequency was calculated as the

@ Springer



320

Q. Zhang et al.

Table 1 Experimental instruments and main technical parameters

Instrument

Performance

Manufacturer

Height (m)

Aim

HMP45D

WAAI151

CSAT3

Li-7500

107-L

CS616

LG-I lysimeter

Temperature
measurement range,
—39.2 to +60 °C
with accuracy, +
0.2 °C; Relative
humidity measuring
range, 0.8-100 %
with accuracy, + 1 %

Wind speed
measurement range,
04-75ms~!;
Accuracy with
characteristic transfer
function,
+0.17ms™2)

Measuring range: Wind
speed 0-30 m sfl,
wind direct £170;
operating
temperature: —30 to
50°C; resolving
capability: u’, v': 1
mms~; w’: 0.5 mm
5*1; accuracy: < £2
%; sampling
frequency: 1-60 Hz

Sampling frequency: 5,
10 or 20 Hz;
operating
temperature: —25 to
50°C

Measuring range: —35
to 50 °C; accuracy:
+0.2°C

Accuracy: £2.5%
Volumetric Water
Content (VWC)
using standard
calibratio

Accuracy: 0.03 mm;
sensitivity: 0.01 mm

Vaisala, Helsinki,
Finland

Vaisala, Helsinki,
Finland

Campbell
Scientific Inc.,
USA

LI-COR Co., USA

Campbell
Scientific Inc.,
USA

Campbell
Scientific Inc.,
USA

Institute of Arid
Meteorology,
China

1,2,4,10 and 16

1,2,4,10 and 16

2.5

2.5

0, 0.05, 0.10, 0.20,
0.30, 0.50 and
0.80 under the
soil

0.10, 0.20, 0.30,
0.50, 0.80 under
the soil

Surface

Measuring
atmospheric
temperature and
relative humidity

Measuring wind speed

Measuring sensible
and latent heat
fluxes with Li-7500

Measuring latent heat
flux

Measuring
temperature

Measuring soil water
content

Measuring dew, fog,
non-rainfall water
and evaporation

dew occurrence ratio of actual to possible times. For example, at 0500 local time, during the
10-day observation period, when three dew days occur, then the frequency at 0500 30 %.

2.3 Methods of Estimating Non-rainfall Water

Fog, dew (or frost), and soil-absorbed water were estimated from the large weighing lysimeter;
micrometeorological data were regarded as the discriminating factor. Soil-adsorption water is
defined as the water vapour in air directly absorbed by the soil. The method of discriminating
fog, dew and soil adsorption has been set forth previously (Zhang et al. 2010), where fog, dew
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(or frost), and soil adsorption water were distinguished according to different atmospheric
physical conditions based on micrometeorological data. A large weighing lysimeter was
utilized to directly measure the instantaneous weight (denoted by f) of the surface material
and its variation (A f;) within the lysimeter; negative A f; indicates a decrease in the material
and vice versa. Therefore, in a given period, evapotranspiration (E) is the accumulation of
instantaneous evapotranspiration observations calculated as

E=ZAf,~, )

if Af < 0. A positive A f; indicates that the instantaneous mass of the lysimeter is increasing
and the lysimeter gains mass from several possible sources. The first is precipitation P;,
which can be expressed as

P.=>"Afi, ©)

if Af > 0 and precipitation or non-rainfall exists. The second source is dry deposition (Py),
which can be expressed as

Py=> Afi, 3)

if Af > 0 and dust accumulation exists. The positive component of Af; includes carbon
absorbed by plants and soil; however, this amount is negligible. In this study, the data for
dust days were eliminated because the magnitude of dry deposition is unknown.

The positive Af; values are more important for our study because these values contain
non-rainfall information from the atmosphere, which can be obtained by excluding data
related to precipitation and dust storm processes. The values corresponding to fog, Wy, dew
(or frost), Wy, and soil-absorbed water, W, ,were derived. The water supply from fog, Wt,
can only occur in the saturated near-surface atmosphere and is expressed as

Wf=ZAf,~, “)

if Af > 0, relative humidity (RH) = 100 %, and no precipitation or dust exists.

In Eq. 4, dew (or frost), Wy, can only appear when the surface temperature is lower than
the dew point (or frost point) and if the surface layer of the atmosphere is not saturated, and
is expressed as

Wa= D Af;, )

if Af >0, RH < 100%, T; < Tp, and no precipitation or dust exists. In Eq. 5, T is the
surface temperature and Tp is the dew point (or frost point).

Soil-absorbed water W, can only appear when the surface temperature is higher than
the dew point (or frost point) and the surface layer of the atmosphere is not saturated. It is
expressed as

Wa= > Afi, (6)
if Af >0, RH < 100 %, Ts > Tp, and no precipitation or dust exists.
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Fig. 2 Water source contributions from precipitation, dew, fog, and adsorption of water vapour (a), and the
mean diurnal cycle of vapour adsorption during the study period (June 1 2004-May 31 2005) (b)

3 Results and Discussion
3.1 Characteristics of the Land-Surface Water Balance

Aside from the precipitation in semi-arid areas, we also assessed the contributions of non-
rainfall water sources, such as dew, fog, and soil adsorption water. The ratios of their annual
cumulative values to the sum of these water sources were utilized to present the contributions
(Fig. 2a). As expected, precipitation is the dominant water source, 87 %, in the study area,
while soil adsorption contributes 11 % to the total surface water resource, followed by the dew
contribution of approximately 2 %. The contribution from fog is negligible. Non-precipitation
surface water accounts for 13 % of the total surface water source, and the combined effect of
these water sources influences the calculation of the surface water budget. Figure 2b shows
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Fig.3 Annual variation in the land-surface hydrological budget (a), and cumulative values of each component
(b). Total water source is the sum of precipitation, dew, and adsorption

the diurnal variation in adsorption water based on data from June 1 2004 to May 31 2005; soil
adsorption occurred mainly during the daytime, as found by Verhoef et al. (2006). However,
the duration in the Loess Plateau reported herein is longer than that reported by Verhoef et
al. (2006). The peak value of adsorption is 0.02mmh~", which is smaller compared with the
value obtained by Verhoef et al. (2006) of 0.02-0.10 mm h~!. Soil adsorption also occurs
during the night through the values are very small.

Rainfall and non-rainfall processes were considered when the surface moisture budget was
balanced (Fig. 3). Rainfall was considered separate from the other factors because no run-off
or infiltration occurred in the lysimeter system; thus, evapotranspiration should be roughly
equivalent to the long-term precipitation in humid areas. In absolute values, the common
form of the land-surface water balance equation can be expressed as

E =P, (7)
where E is evapotranspiration and P is precipitation. However, the ratio of non-rainfall water

to precipitation is larger in arid and semi-arid areas than that in humid areas. Thus, the non-
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Fig. 4 Diurnal variations in mean the land-surface water budget on precipitation free days

rainfall water sources, Wy, W,, and W, should be included in Eq. 7. The improved equation
can be expressed as

E =P+ (Wqg+ W, + W), (®)

and Fig. 3a shows the annual variation in the land-surface hydrological balance, where a
notable imbalance exists between evapotranspiration and precipitation. Figure 3b shows the
mean annual value of rainfall (437 mm), total land-surface water sources (489 mm), and
evapotranspiration (511 mm) measured by the lysimeter. The inclusion of non-rainfall water
sources reduces the imbalance in the surface hydrological budget from 74 to 22 mm. This
result suggests that the contribution of non-rainfall water should not be ignored.

To understand the role of the non-rainfall water sources, we removed the precipitation data
in the analysis of the daily water-balance variation. The land-surface water-balance character-
istics behaved like a “respiration process” during diurnal variations (Fig. 4). The “inhalation
process” occurred when the soil obtained moisture from condensation and soil adsorption
during the night; the “expiration process” occurred when soil moisture was consumed by
evapotranspiration during the day. The water obtained during the night was 0.06 mm, and
the amount of water consumed during the day was 0.058 mm. These two measurements
are roughly equivalent and thus confirm the assumption of Zhang and Huang (2004) in the
analysis of soil moisture profiles in semi-arid regions.

3.2 Characteristics of Dew and Meteorological Factors
3.2.1 Overview of Published Dew Observations

The amount of dew per day at the different sites is shown in Table 2, where amounts in most
regions range from 0.1 to 0.2 mm day~!; the amount reaches 0.2 mmday~! at the Dingxi sta-
tion. We assumed in our calculations that all observation errors are similar. However, obvious
differences were observed in the different regions (Table 2). In the USA, the maximum dew-
fall can reach 0.8 mmday ! (Kabela et al. 2009), but this may be an overestimation because
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Table 2 The amount of dew at different sites

Site Underlying surface Dewfall (mm h~—!) Reference

Goshute Valley Shrubs 0.0032 Malek et al. (1999)
Castle Dale Alfalfa 0.0038 Malek et al. (1999)
Negev highland Rock 0.0058-0.012 Kidron (2000)
Western Negev, Israel Sand 0.0038-0.013 Jacobs et al. (2000)
Nizzana, Israel Sand 0.0042-0.013 Jacobs et al. (2000)
Negev highland, Israel Rock 0.005-0.01 Kidron (2000)
Gaolan, China Gravel 0.0029 Li (2002)

Gaolan, China Fine sand 0.005 Li (2002)

Gaolan, China Loess soil 0.0063 Li (2002)
Netherlands Grassland 0.0042 Jacobs et al. (2006)
Guangzhou, China City 0.0005-0.0014 Ye et al. (2007)
Rambla Honda, Spain Shrub 0.003 Moro et al. (2007)
Towa, USA Corn 0.0004-0.025 Kabela et al. (2009)
Towa, USA Soybean 0.0001-0.03 Kabela et al. (2009)
Gurbantunggut, China Sand 0.0025-0.005 Zhang et al. (2009)
Dingxi, China Loess soil 0.008 Wang and Zhang (2011)

this value is almost equal to a small rainfall episode. The minimum dew level is 0.013-0.034
mm in Guangzhou, China. No significant difference was observed in the amount of dew at
different underlying surfaces, a result in agreement with that of Kidron (2010), suggesting
that dew formation is closely related to local micrometeorological conditions.

3.2.2 Dew on the Loess Plateau and Relevant Meteorological Factors

The formation of dew is highly sensitive to variations in micrometeorological conditions,
such as local temperature, humidity, and wind speed. Awareness of the micrometeorological
conditions favourable for dew formation in the semi-arid region of the Loess Plateau is
important.

The micrometeorological conditions most closely related to dew (or frost) formation
include the surface temperature, relative humidity, and surface-layer wind speed. Surface
relative humidity should be greater than 60 % in the semi-arid area of the Loess Plateau, a
condition likely to occur with the increase in relative humidity in the surface layer. When
relative humidity >80 %, the frequency of dew (or frost) occurrence reached 50 %. The
relationship between dew (or frost) and the difference in air temperature and wind speed at
the surface layer is more complex.

When the temperature difference between heights of 1 and 4 m was in the range of 0.2—
0.4 K, the frequency of dew occurrence peaked at 40 %, and declined for strong and weak
inversions. These conditions improve the possibility of reaching the dew (or frost) formation
threshold. When the surface layer exhibited neutral or unstable stratification, dew (or frost)
frequency was at its minimum of 5 %. Furthermore, the frequency of dew (or frost) occurrence
was high when the wind speed at 1 m was between 1 and 1.5ms~'. The frequency of dew
occurrence decreased to below 5 % when the wind speed was <0.4 or >1.9ms™ .

The characteristics of the above relationships can be explained. The greater the surface
layer’s relative humidity is, the easier is the formation of dew. Nevertheless, wind speed and
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Fig. 5 Relationships between dewfall (frost) frequency and (a) temperature differences between heights of 4
and 1 m, (b) relative humidity, and (¢) wind speed. The unit of frequency is %

temperature affect dew formation in a complex manner, and too large or small a wind speed
is unfavourable for the exchange of water vapour. Similarly, the dewpoint temperature is
difficult to attain under the weak inversion. However, if the inversion is too strong, water
vapour exchange would be negatively affected (Clus et al. 2009). Therefore, the combination
of moderate inversion and wind speed provides an optimal state of surface-layer atmospheric
turbulent diffusion, where water vapour is continuously supplemented through turbulent
transport. Simultaneously, sufficient stability is generated to ensure that a low surface tem-
perature is maintained at night. According to Jacobs et al. (2006), the Penman—Monteith
equation can be expressed as

(5 _ ¥\ phidg
A“E_(Hy)(g* G)+(s+y) Fav ©)
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Fig. 6 Diurnal variation in dew deposition (a) and frequency (b) from June 2004 to May 2005

where FE is evaportranspiration or dewfall, A is the latent heat of vaporization, s is the slope of
the saturation specific humidity curve, y is the psychrometric constant, Q. is the net radiation,
G is soil heat flux, p is air density, r,y is the aerodynamic resistance to vapour transport,
and §q is the specific humidity deficit at the reference level. The non-linear relationship
between air temperature and specific humidity results in a non-linear variation in the deficit
term, the second term on the right. Hence, dew does not always increase with the increase of
temperature (Fig. 5a). In the humidity term, a decreasing §¢ for increasing relative humidity
results in a small deficit term; thus, dew fall increases (Fig. 5b). From the aerodynamic
resistance perspective, a non-linear relationship also exists between aerodynamic resistance
and wind speed, and this relationship results in a non-linear fluctuation in the deficit term.
Therefore, condensation is restricted by either high or low wind speeds (Fig. 5c).

The dew (or frost) amount exhibits diurnal and seasonal variations, with dewfall higher
during the night than during the day (Fig. 6a). The maximum dewfall is approximately
0.0045 mm hr~! at about 0500 h and decreases rapidly after this time because of increased
surface evaporation. The variation in dewfall frequency is similar to that in amount (Fig. 6b);
the frequency of dewfall occurrence increases from midnight to 0500 h then decreases. The
maximum frequency reached 9 % during the night. These results are similar to those obtained
by Kabela et al. (2009) for Ames, USA.

Figure 7 shows the seasonal variations in dewfall (or frost) and frequency of occurrence
(Fig. 7a, b, respectively), where dewfall is highest in autumn (3.6 mm), followed by spring
(2.4 mm). The lowest amount is in summer and winter, approximately 2 mm. These amounts
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are comparable to a moderate rainfall event in semi-arid areas. This phenomenon is related to
seasonal air humidity and air temperature. Figure 7c, d shows the differences in air tempera-
ture and humidity at heights of 1-4 m, with autumn exhibiting the largest difference during
the year. This result shows that autumn has favourable meteorological conditions, consistent
with the findings for the Loess Plateau (Wang and Zhang 2011). The water vapour content
in winter, summer, and spring is similar to that during autumn; however, the air temperature
difference is small and thus indicates weak radiation cooling (Clus et al. 2009; Kidron 2010).
Therefore, dewfall is relatively small. This indicates close relationships between dewfall and
meteorological conditions on both diurnal and seasonal scales. The frequency of occurrence
of dew (or frost) exhibits different seasonal variations, with the highest values during spring
of 2.8 %, the second highest in autumn of 2.4 %, and lowest values of 1.7 and 1.6 % in win-
ter and summer, respectively. The relatively low surface temperatures and high atmospheric
moisture conditions during spring and autumn facilitate dew formation. The amount of dew
is higher in autumn compared with that in spring in the semi-arid areas of the Loess Plateau,
mainly because of higher water vapour content in autumn following the summer monsoon
(Chen et al. 2005).

Figure 8 shows the influence of precipitation and cloudiness on dewfall (frost). The dew
(or frost) amount is highest on the first day after a rainfall event, followed by that on the
day preceding the rainfall event, and is very small during other periods. According to Eq. 9,
on the first day after rainfall, the sky is clear with high net radiation. Concurrently, soil heat
flux is larger than that on a rainfall day but still smaller than that on the second day after a
rainfall event. Therefore, the available energy (Q. — G) is extremely large, and results in
very high dewfall. On the second day after a rainfall event, the surface become dry, resulting
in a large soil heat flux and causing the saturation deficit to become large, leading to low
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dewfall. Dewfall on clear days is greater than that on cloudy days because surface radiative
cooling at night is stronger on clear days than on cloudy days (Fig. 8b).

4 Conclusions

The land-surface water characteristics of the semi-arid Loess Plateau are very different from
those in extremely arid or humid areas. In this region, precipitation is still the dominant water
source; non-rainfall surface water accounts for approximately 15 % of the total land-surface
water source. Therefore, this water source should not be ignored. Among the non-rainfall land
surface water sources, soil adsorption water is the highest, followed by dewfall. Non-rainfall
water is thus important to the land -surface water balance in arid and semi-arid areas.

Dewfall (or frost) is influenced by micrometeorological conditions, and increases with
an increase in the relative humidity of the surface layer. Dewfall (or frost) is highest for an
inversion of 0.25 K and surface wind speed of 1.5m s~1. Dewfall (or frost) is highest on the
first day after arainfall event but declines significantly over the subsequent days. Furthermore,
dewfall is largest in autumn, followed by that in spring, with the lowest amounts in summer
and winter.

We found that non-rainfall water sources are important to the surface water budget in the
semi-arid areas of Loess Plateau, China. During diurnal variations, the land-surface water
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balance is characterized by a respiration process because of the important contribution from
non-rainfall water. The maximum probability of dew formation in the areas of the Loess
Plateau occurs overnight between 2000 and 1000 local time.

Our study provides new information on land-surface water processes in the semi-arid areas
of the Loess Plateau. However, the measurement techniques or methods for non-rainfall water
still need improvement. For example, it is thought that the measurement evaportion by large
lysimeter is reliable. But in fact, the soil in a lysimeter dries more rapidly than that outside
the lysimeter after rainfall. This generates a bias between measured and true values over an
observational area.
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