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ABSTRACT

Data from July 2006 to June 2008 observed at SACOL (Semi-Arid Climate and Environment Observatory
of Lanzhou University, 35.946°N, 104.137°E, elev. 1961 m), a semi-arid site in Northwest China, are used
to study seasonal variability of soil moisture, along with surface albedo and other soil thermal parameters,
such as heat capacity, thermal conductivity and thermal diffusivity, and their relationships to soil moisture
content. The results indicate that surface albedo decreases with increases in soil moisture content, showing
a typical exponential relation between the surface albedo and the soil moisture. The heat capacity, the
soil thermal diffusivity, and soil thermal conductivity show large variations between Julian day 90-212 and
450-578. The soil thermal conductivity is found to increase as a power function of soil moisture. Soil heat
capacity and soil thermal diffusivity increase with increases in soil moisture. The SACOL observed soil
moisture are also used to validate the AMSR-E/AQUA retrieved soil moisture and there is good agreement
between them. The analysis of the relationship between satellite retrieved soil moisture and precipitation
suggests that the variability of soil moisture depends on the variation of precipitation over the Loess Plateau.

Key words: soil moisture, surface albedo, soil heat capacity, soil thermal conductivity, soil thermal diffu-
sivity, AMSR-E soil moisture product, Loess Plateau

Citation: Guan, X. D.; J. P. Huang, N. Guo, J. R. Bi, and G. Y. Wang, 2009: Variability of soil moisture
and its relationship with surface albedo and soil thermal parameters over the Loess Plateau. Adv. Atmos.

Sci., 26(4), 692-700, doi: 10.1007/s00376-009-8198-0.

1. Introduction

It has long been recognized that soil moisture
plays an important role in the regional climate sys-
tem through its effect on surface albedo and on the
partitioning between sensible and latent heat fluxes.
Over the continental regions, soil moisture is the most
important component of the meteorological memory,
along with snow cover (Delworth and Manabe, 1988,
1993). In this context, studies of the arid and semi-arid
regions, which cover more than one-third of China’s
land surface, constitute an important part of overall
global climate change research (Fu and An, 2002). The
soil moisture can greatly affect albedo and evapora-
tion. Near-surface soil moisture controls the partition-
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ing of available energy at the ground surface into sen-
sible and latent heat exchanges with the atmosphere
(Wei, 1995) and influences regional climate change fur-
ther. Gao et al. (2008) found a new algorithm, which
gives a realistic estimate of soil temperature; their
contribution is providing an analytic insight into the
role of heterogeneity and gives some simple formulae
as tools for interpretation of the role of heterogene-
ity in observed diurnal temperature variations. Liu et
al. (2008) analyzed seasonal variations of the surface
albedo in the semi-arid area of Tongyu, over north-
eastern China, as well as the relationship between the
surface albedo and soil moisture, using Tongyu station
observation data. Soil parameters have relationships
with soil components, terrain, and geographic location.



NO. 4

GUAN ET AL. 693

Table 1. The measurement instruments and quantities measured.

Parameter /variable Range Units Measurement height Instrument

name description

Downward and upward 0-1200 W m™2 1.5m Kipp and Zonen, CM21
shortwave radiation

Soil heat flux —300-300 W m™2 5, 10 cm Hukseflux, HFP01SC-L

Soil moisture content 0-70 m3 m~3 5, 10, 20, 40, 80 cm CAMPELL, CS616_L

Soil temperature —50-70 °C 2, 5,10, 20, 50, 80 cm Hukseflux, STP01-L

Precipitation intensity 0-15 mm 0.3 m TE525MM-L, Texas Elect

The Loess Plateau is the largest arid and semi-arid
zone in China and one of the regional dust aerosol
sources. Information related to Loess Plateau is very
important but not very much exists in the literature.
Water is a crucial factor restricting vegetation restora-
tion and conservation in the Loess Plateau (Zhang
and Shangguan, 2002). Annual rainfall is relatively
low over this region, and its distribution is uneven in
both space and time. Water can be redistributed in
the soil, as the soil layer is very deep (Hu and Shao,
2002). The characteristics of the soil water distribu-
tion make it difficult to conserve environmentally in
the Loess Plateau. Because of the uniqueness of soil,
geography, and climate regimes associated with the
Loess Plateau, it is very important and necessary to
study soil moisture content on the Loess Plateau.

In past years, the government and people have
realized more and more the importance of research
in semi-arid regions, and as a result some impor-
tant experiments have been conducted in such re-
gions of China with some important results; for ex-
ample, Heihe River basin Field Experiment (Hu and
Gao, 1994; Wang and Mitsuta, 1991), Inner Mongolia
Semi-Arid Grassland Soil-Vegetation-Atmosphere In-
teraction (Lil et al., 2005), GEWEX (Global Energy
and Water cycle Experiment) Asian Monsoon Exper-
iment on the Tibetan Plateau, CEOP (Coordinated
Enhanced Observing Period) Asia-Australia Monsoon
Project (CAMP) on the Tibetan Plateau (Ma et al.,
2006), and the Dunhuang experiment (Zhang et al.,
2001) investigated the characteristics of some param-
eters associated with the land-surface processes in the
arid and semi-arid regions of Northwest China. How-
ever, there is no comparable reporting for long-term
soil moisture measurements over the Loess Plateau.
This study attempts to fill this gap. A time series
of continuous measurements (from July 2006 to June
2008) from the Semi-Arid Climate and Environment
Observatory of Lanzhou University (SACOL) is used
to study the seasonal changes in surface albedo and
soil thermal parameters, and their relationship with
soil moisture. The observational site represents the
character of the climate and other meteorological con-

ditions typical of the Loess Plateau, and the high qual-
ity of the measurements will be used to validate satel-
lite retrieved soil moisture products.

2. Site and data

Our study site is near the city of Lanzhou on the
southern bank of the Yellow River, and has been es-
tablished since 2005. SACOL (35.946°N, 104.137°E,
1961 m above sea level) is a typical semi-arid region,
with much of the vegetation limited to the rainy sea-
son (May—October). The parent soil material is mainly
quaternary Aeolian loess with the main soil type be-
ing sierozem. SACOL’s main objective is to obtain
high quality data and use them to increase our knowl-
edge while reducing uncertainties associated with at-
mospheric aerosols and their radiative impacts. Be-
cause the site is a good example of a typical semi-
arid region which plays an important role in climate
change, the information obtained from SACOL is crit-
ical in climate change research. SACOL also plays a
critical role in testing and improving the satellite algo-
rithms over the Loess Plateau because of the unusually
complete datasets that are obtained to characterize
properties of the atmosphere and the surface (Huang
et al., 2008).

The SACOL site commenced its operation as a
part of the Coordinated Enhanced Observing Period
(CEOP) which was initiated as a major step towards
bringing together the research activities of the Global
Hydrometeorology Panel of the Global Water and En-
ergy Cycle Experiment (GHP/GEWEX) and the re-
lated projects of the World Climate Research Pro-
gramme (WCRP), such as Climate Variability and
Prediction (CLIVAR) and Climate and the Cyrosphere
(CLiC). All the sensors are calibrated and validated
each year.

The main instruments from which we collected
data for our study are: (1) a radiation flux observa-
tion system and (2) a soil temperature and soil hu-
midity measuring system. Soil moisture was measured
at depths of 0.05, 0.10, 0.20, 0.40, and 0.80 m; soil
temperature was measured at depths of 0.02, 0.05,
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Fig. 1. Monthly mean soil moisture at SACOL.

0.10, 0.20, 0.50, and 0.80 m; soil heat flux was mea-
sured at two depths (0.05 and 0.10 m). The instru-
ments and measurement parameters used in this study
are listed in Table 1. All the measurements were taken
every 30 seconds. A linear interpolation scheme was
used to fill in missing data and to construct a regularly
spaced data.

3. Diurnal and seasonal cycle of soil moisture

The Loess Plateau has a special kind of climate and
is characterized by soil typical of an arid and semi-arid
region. Figure 1 shows the characteristics of the sea-
sonal variation of soil moisture at 5 cm, 10 cm, 20 cm,
40 cm, and 80 cm depths for the period from July 2006
to June 2008; the variations in soil moisture at differ-
ent depths are almost consistent. The surface moisture
content is very low and stable during the dry season,
and at this time, melting snow is the only source of wa-
ter, and it is also affected by wind, dust storms, and
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Fig. 2. Seasonal mean of diurnal soil moisture variation for (a) spring, (b)
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other phenomena that occur in the dry season. The
soil water content increases as the rainy season begins.

Figure 2 shows the seasonal mean of diurnal soil
moisture variation in different seasons observed at
SACOL. In this figure, we find that soil moisture is
different for the four seasons. In the rainy season (sum-
mer and autumn), the soil is wetter than in the dry
season (spring and winter). The daily amplitude at
5 cm is the greatest but the soil moisture at 5 cm
is not the maximum of all the depths. The diurnal
variations at 20, 40, and 80 ¢cm do not have obvious
changes in contrast to the shallow layer. A similar
variation in soil moisture was also reported by Chen
et al. (2007). The diurnal variation reaches its min-
imum around 0900 LST and maximum around 1700
LST. Figure 3 shows the standard deviation of soil
moisture at 5 cm. We observed that soil water con-
tent varied greatly in the rainy season and less in the
dry season. It is natural to suspect that this pattern
might be greatly related to precipitation and evapora-
tion.
4. Relationship of soil moisture and albedo
Land surface albedo can be calculated from mea-
surements of the shortwave radiation components as
follows:

(1)

where S, is the total upward solar radiation (the re-

o = Su/Sd7
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Fig. 4. The influence of solar elevation angle on half
hourly surface albedo.

flected solar radiation) and Sy is the total downward
solar radiation reaching the land surface. The half
hourly averages of S, and Sq measured by pyranome-
ter (Kipp and Zonen model CM21) are used.

The parameters which influence albedo are based
on the conditions at the surface, such as soil moisture,
vegetation cover, roughness, and so on. Solar altitude
angle and soil moisture are the two main factors which
influence the albedo (Li, 2009). In order to study the
influence of soil moisture on the surface albedo, it is
necessary to first examine the influence of solar eleva-
tion angle on the surface albedo. For this purpose, the
surface albedo is calculated with Eq. (1). The solar el-
evation angle can be calculated from the longitude and
latitude of the site, Julian day, and mean measurement
time. To show accurately the influence of solar eleva-
tion angle on the surface albedo, seasonal differences
such as snow cover have been taken into account, as
well as excluding half hourly radiation data associated
with rain and snow days. In addition, sharp peaks in

NO. 4 GUAN ET AL. 695
0.236F T 7 0.236F T 7
(a) (b)
T oae1f 1% oetf .
E £
o e
2 0145 1 2 o.145f ]
[7] 7]
2 2
L
3 0.100[ 1% o.100F 1
(/2] (]
0.054}, ‘ ‘ ‘ ‘ ‘ 4 o.054L, . . . . . 3
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Local time Local time
0.236F . . ! . . = 02360 . . ! . . -
(c) (d)
& oa01f 1% oaaf ]
E £
e 2
ENRPLE 1 2 o14s5f .
17} 7]
B 3
£ £
3 0.100[ 1% o.100f
; i
0.054 . . . . . 4 o054k, . . ‘ ‘ ‘ 3
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Local time Local time
Fig. 3. Standard deviation of soil moisture at 5 cm observed at SACOL for (a) spring,
(b) summer, (¢) autumn, and (d) winter.
0351 surface albedo are also removed. We selected the soil
0304 1 moisture data corresponding to the albedo data. One
8 i can see from Fig. 4 that the solar elevation angle varies
8 025 .
s from 10° to 80°. It shows that the influence of solar
£ 0 | elevation angle on the surface albedo is small enough
0.5 1 to be omitted when the solar elevation angle varies
oo from 40° to 80°. Therefore, the daily surface albedo

calculated from the solar elevation angle varying from
40° to 80° can be used to study its variation with soil
moisture. The satellite data can also be used to calcu-
late the surface albedo and get a similar relationship
that was obtained by Li (1995).

Figure 5 shows the relationship between the daily
surface albedo and the daily surface moisture content
at the 5 cm depth. One can see that the albedo de-
creases with increasing soil moisture, with the data fit
by the following equation:

o = 0.323 x exp(—n,/0.713) — 0.069 ,  (2)

where « is the daily average surface albedo and is
the daily average soil moisture at 5 cm. The 72 is
0.482 for the regression, and the fit standard devia-
tion is 0.00039. Similar exponential relations between
the surface albedo and the volumetric soil moisture
content have been derived by Hoffer and Johannsen
(1969), Lobell and Asner (2002), Liu et al. (2002,
2003), Wang et al. (2005) and Liu et al. (2008).
Comparing the relationship between soil moisture
and albedo for different land surfaces such as crops
(Liu et al., 2008) and semi-desert (Wang et al., 2005),
we find that the relationship is most pronounced for
semi-desert areas, followed by the Loess Plateau, and
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5 cm depth. The solid line is the fitted relation obtained
from Eq. (2).

the crops showing the weakest relationship with an
r? of 0.4353. Although the Loess Plateau is a semi-
arid region, it consists of plains, ridges, and mounds,
etc. The parent soil material is mainly quaternary
Aeolian loess with the main soil types being sierozem.
There is also some loess soil in the terraces with short
grass. The growing period at the Loess Plateau is from
May to October, and is much longer than the grow-
ing period in a semi-desert region (June-August), but
shorter than the period associated with a crop region.
Precipitation is another important factor to be consid-
ered; annual average precipitation is different in these
three regions. All these factors contribute to produc-
ing different relationships of soil moisture with surface
albedo for these three different land surfaces.

5. Soil thermal parameters
Soil thermal capacity Cj, soil thermal conductivity

As, and soil thermal diffusivity K can be calculated
as follows (Zhang and Huang, 2004):

G -Gy
= 5. (9T ®)
ot
. G1+ Go
)\s - 2@ ) (4)
0z
As
KS a ’ (5)

where G and (G5 are the soil heat fluxes at 5 and 10 cm
below the land surface, respectively, is the soil thick-
ness between the two levels at which the heat fluxes
are measured, 0T, /0t is the time rate of change of the
soil temperature at 7.5 cm, and 07T, /0% is the soil ver-
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Fig. 6. Time series of daily average (a) soil thermal ca-
pacity, (b) conductivity, and (c) diffusivity from Septem-
ber 2006 to June 2008.

tical temperature gradient.

The time series of daily average soil thermal ca-
pacity, conductivity, and diffusivity from September
2006 to June 2008 are shown in Fig. 6. One can see
that the three parameters show large variations be-
tween Julian day 90-212 and 450-578. Variations of
soil heat capacity and soil thermal diffusivity are small
in the monsoon season (Julian day 212-430 and 600
669). Because there is a distinct difference between
the thermal properties of ice and water, it is neces-
sary to separate the soil data into frozen and unfrozen
data sets. As we find from Fig. 7, which shows the
time series of daily temperature and daily soil moisture
from September 2006 to June 2008, the soil temper-
ature during days 88-155 and 453-537 is above 0°C,
whereas for the rest of the time it was below 0°C. Here,
the frozen data detection method proposed by Liu et
al. (2008) is adopted. Under dry conditions, the low-
est soil moisture is 0.076 when the soil temperature is
above zero. Therefore, when the soil temperature at 5
cm is below 0°C, and at the same time the soil mois-
ture at 5 cm is below 0.076, then the soil is considered
frozen.
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Fig. 8. Relationship between soil moisture and soil ther-
mal conductivity. The solid line shows the fitted relation
obtained from Eq. (6).

Figure 8 shows the relationship between the soil
moisture at 5 cm and the soil thermal conductivity for
soil in unfrozen conditions. The soil thermal conduc-
tivity increases with soil moisture. The data are fitted
with the following power relationship,

A = 5.7 894 (6)
where ) is the daily average thermal conductivity and
75 is the daily average soil moisture at 5 cm. The 72 of
the regression is 0.4879 and the fit standard deviation
is 0.0233.

Figures 9 and 10 show the relationship of soil mois-
ture with heat capacity and soil thermal diffusivity,
respectively. The heat capacity changes are relatively
small, whereas the thermal diffusivity increases with
increasing soil moisture.

6. Comparison with satellite retrieved soil
moisture

As the development of soil moisture continues,
many algorithms have been proposed and have arriv-

capacity in the dry season.
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ed at correspondingly different satellite soil moisture
products. The most promising methods for remote
sensing of soil moisture utilize the passive microwave
spectrum. Within the microwave spectrum, lower fre-
quencies are less affected by vegetation and can sense
a deeper soil layer and are better suited to sensing
soil moisture. The lowest frequency radiometer cur-
rently in orbit is the Advanced Microwave Scanning
Radiometer-Earth Observing System (AMSR-E) in-
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strument, flying on NASA’s Aqua satellite, which has
operated since 2002. AMSR-E has been the focus of
efforts to remotely sense soil moisture. Time series of
each of the AMSR-E derived soil moisture products
have been compared to in situ observations of pre-
cipitation from the China Meteorological Data Shar-
ing Service System (http://cdc.cma.gov.cn/index.jsp).
Figure 11 compares the AMSR-E soil moisture at 1 cm
with the observed data at SACOL. The soil moisture
at 1 cm is calculated from soil moisture at 5 cm and
10 cm with a linear extrapolation method. This shows
that the satellite product and observed data have good
agreement, with a linear relationship. The data were
fit with the following equation:

y = 1.7835z — 0.1327 , (7)

where y is the observed soil moisture at 1 cm and x is
the AMSR-E soil moisture product. The r-squared of
the regression is 0.4319. This means that the AMSR-E
soil moisture product can represent the variations of
soil moisture in the surface to a certain extent. Figure
12 compares the variations of the AMSR-E soil mois-
ture product and precipitation. It shows that the soil
moisture was persistently low during the dry season
when little precipitation was recorded. However, soil
moisture increased rapidly with the increase of pre-
cipitation after June, and remained high in the rainy
season, before decreasing again in late winter. The
soil moisture increased during the two years of mon-
itoring; this result is related directly to the increased
precipitation during that period.

7. Conclusions and discussions

The semi-arid regions are most sensitive areas to
global warming and are expected to reflect climate
change rapidly. They are the transitional zones be-
tween arid and semi-humid areas and have fragile eco-
logical systems. The Loess Plateau is a typical semi-
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arid region, it has unique surface characteristics. The
energy and water cycles over the Loess Plateau play an
important role in the Asian monsoon system, which in
turn is a major component of both the energy and wa-
ter cycles of the global climate system. Surface albedo,
soil moisture, and soil thermal parameters are key sur-
face parameters controlling the energy and water cy-
cles. Accurate parameterizations of these processes
will help to improve the accuracy of atmospheric mod-
els (Dickinson, 1995). Therefore, soil moisture studies
of the Loess Plateau are very important to climate
change research. However, there are not any sur-
face observed long-term soil moisture data over Loess
Plateau.

In this study, continuous measurements (from July
2006 to June 2008) at SACOL, a semi-arid site on the
Loess Plateau, were used to study the seasonal varia-
tions of surface albedo, soil thermal parameters, and
their relationships with the soil moisture content. This
data set is also used to validate satellite retrieval prod-
ucts.

The results show that surface albedo decreases
when soil moisture content increases, showing a typi-
cal exponential relationship. Soil thermal conductivity
increases as the soil moisture content increases in the
dry season (pre- and post-rainy season). The ther-
mal diffusivity increases as a power function of the
soil moisture in the dry season. Soil thermal capac-
ity is rather stable over a wide range of soil moisture
conditions. The AMSR-E soil moisture product and
observed data have a linear relationship and the r?2
of the regression between them is 0.4319. The soil
moisture increased during the two years of monitoring.
AMSR-E soil moisture increased rapidly with increas-
ing precipitation after June, and remained high in the
rainy season, before decreasing again in late winter.

Because of the importance of soil moisture and the
merits of remote sensing, research on remote sensing of
soil moisture has been very active. this is especially the
case for microwave remote sensing, which is only influ-
enced slightly by clouds and the atmosphere, and has
advantages in the study of global changes to soil mois-
ture. Zhao et al. (2006) used a soil water index (SWI)
based on satellite remote sensing and observational soil
moisture from agricultural meteorological stations in
eastern China. The results show that the retrieved soil
moisture is convincing and close to the observations.
Rajat et al. (2003) describes the development of a soil
moisture pathfinder data set using TRMM (Tropical
Rainfall Measuring Mission) Microwave Imager (TMI)
observations. The TMI-estimated soil moisture during
the field experiments compared well with the satellite
observations.

Our result shows that the observed soil moisture
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has a good relationship with the AMSR-E soil mois-
ture product, whose retrieval occurs via the Njoku
algorithm (Njoku et al., 2003). It is, however, not
consistent with the results over other semi-arid re-
gions. Draper et al. (2007) compares the three kind of
satellite soil moisture to observed soil moisture data
and found that the VUA-NASA (Vrije Universiteit
Amsterdam) data, which have soil moisture derived
from the AMSR-E C-band, have high correlation with
the MSMMN (Murrumbidgee Soil Moisture Monitor-
ing Network) data. But the soil moisture from NASA
is persistently very low, and has a low correlation with
the MSMMN data. Magagi and Kerr (1997) have
tested the use of the ERS-1 wind scatterometer (WSC)
to retrieval soil moisture over semi-arid areas (in the
Sahelian zone) where there is a close relationship be-
tween rainfall, soil moisture, surface roughness, and
vegetation cover.
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