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Abstract

Land-atmosphere-coupling parameters usually relate to particular climatic conditions and seldom consider the influence
of the inter-annual variability of precipitation. This results in large uncertainty in the estimation of land-surface physical
variables. In the current study, observed data for five land—atmosphere-coupling parameters (surface albedo, soil thermal
conductivity, aerodynamic roughness length, and the bulk transfer coefficients of momentum and sensible heat) were ana-
lysed and related to the inter-annual variability of precipitation on the Loess Plateau, China, from April 2006 to March
2013. This is an area with sparse vegetation. The results demonstrate that the land—atmosphere-coupling parameters are
very sensitive to the inter-annual variability of precipitation. The surface albedo increased with increasing duration of snow
cover. The other four parameters increased when annual effective precipitation (yearly sum of daily rainfall >4 mm or daily
snowfall > 0.1 mm) increased, and the sensitivity decreased when annual effective precipitation increased. Empirical rela-
tions between the five land—atmosphere-coupling parameters and the inter-annual variability of precipitation were derived
via regression, with R? values of 0.67, 0.85, 0.93, 0.99, and 0.95, respectively. The land-surface physical variables calculated
with dynamic land—atmosphere-coupling parameters (considering the inter-annual variability of precipitation) were much
closer to the observed data than those calculated with static land—atmosphere-coupling parameters. The relative error was
reduced by > 80% in years with low precipitation. This indicates that the inter-annual variability of precipitation has a sig-
nificant impact on the land-surface physical variables. The results demonstrate that land—atmosphere-coupling parameters,
which take into account inter-annual variability of precipitation, provide a more realistic representation of the land surface.

Keywords Land—atmosphere-coupling parameters - Inter-annual variability of precipitation - Land-surface physical
variables - Sparse vegetation

Introduction

Land-surface processes are an important part of the interac-
tion among the various components of the climate system,
and they reflect exchanges of momentum, energy, and mass
between the land surface and the atmosphere. They are also
closely related to the weather and climate through feedback
mechanisms (Zeng et al. 2003). Land-surface processes
actively respond to adjustments in atmospheric circulation
and changes in external forcing. Changes in weather and cli-
mate substantially influence land-surface processes (Huang
2006; Zhang et al. 2000). Inter-annual variability of pre-
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cipitation has a large impact on land-surface properties and
may cause inter-annual changes in land—atmosphere-cou-
pling parameters. As land—atmosphere-coupling parameters
are often used to calculate land-surface physical variables,
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inter-annual variability of precipitation, in turn, has a sig-
nificant influence on land-surface physical variables. This
leads to profound changes in land-surface energy and water
processes (Zhao 2002; Li and Zhang 2003; Liu 2004). This
influences terrestrial ecological processes and water cycles
(Gao et al. 2004; Ma et al. 2008).

The northern boundary of the Asian summer monsoon is
aregion with a unique climate. Because of large spatial vari-
ation of precipitation, it is transition zone, from a southeast
humid climate to northwest arid climate (Tang et al. 2007)
and also from broadleaved deciduous forest in the southeast
to typical desert steppe in the northwest (Ou and Qian 2006).
The precipitation in this region has an average inter-annual
variability > 30% (Hu and Qian 2007). These climatic char-
acteristics affect land-surface features, such as the condition
of vegetation and soil moisture content. Thus, land-surface
processes are sensitive to change in precipitation.

The Loess Plateau is located in the Asian summer mon-
soon transition zone (Zhang and Wang 2008). The precipita-
tion here is extremely variable and can be two to five times
higher in wet years than in dry years (Lin and Wang 2007).
The inter-annual variability of precipitation has a distinct
influence on land-surface properties in this area. The land
surface displays an aridification and desertification trend,
as a result of decreasing precipitation over recent decades
(Sun et al. 2005; Zhang et al. 2008; Huang et al. 2015). The
changing land-surface properties are, in turn, altering the
land—atmosphere-coupling parameters that describe land-
surface energy and water transfer (Zhang et al. 2013a). The
land-surface coupling parameters on the Loess Plateau are
very sensitive to the inter-annual variability of precipita-
tion, and land—atmosphere-coupling parameters show more
inter-annual variability in this region (Zhang et al. 2013b).

Grasslands and deserts each comprise 25% of the Earth’s
surface. With the dominant surface type of sparse vegeta-
tion (Hu et al. 2004), the area of grassland and desert is
about 41,600 km? and 28,080 km? in China, respectively.
The properties of land surfaces with sparse vegetation are
significantly influenced by the amount of precipitation.
The response of land—atmosphere-coupling parameters to
the inter-annual variability of precipitation is particularly
strong over a land surface with sparse vegetation (Hu et al.
2004). It is essential to study the relationships between the
land—atmosphere-coupling parameters and the inter-annual
variability of precipitation, over a surface with sparse veg-
etation (Zhang et al. 2009b).

Land—-atmosphere-coupling parameters reflect the degree
of land—atmosphere interaction and are often used to calcu-
late the land-surface physical variables. Inter-annual vari-
ability of precipitation affects land—atmosphere-coupling
parameters and, as a consequence, results in changes in
the land-surface physical variables. This influence is prob-
ably stronger on land surfaces with sparse vegetation.
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Consideration of the inter-annual variability of precipita-
tion under sparse vegetation conditions has the potential to
improve the estimation of land-surface physical variables.

Previous studies of land-surface-coupling parameters
have been limited to certain climates (Dickinson 1995).
Land—atmosphere-coupling parameters were initially
regarded as static (Dai et al. 2003). As understanding grad-
ually improved (Nicholson 2015), many studies focused
on the seasonal variation of land—atmosphere-coupling
parameters (Liu et al. 2008; Rechid et al. 2009; Zhang
et al. 2012a; Liu et al. 2015), and these initial short-term
(< 1 year) dynamic studies improved modelled fluxes (Zhou
et al. 2006; Li et al. 2012a, b; Zheng et al. 2015). How-
ever, dynamic changes caused by inter-annual variability
of precipitation were ignored (Ek et al. 2003; Wang et al.
2011). The land—atmosphere-coupling parameters were
biased towards values reconstituted by observation (Chen
and Zhang 2009) and did not reflect the actual state of the
surface. As a result of this restriction, the response of land-
surface physical variables to the inter-annual variability of
precipitation received little attention.

The first objective of this study is to determine the rela-
tionships between the land—atmosphere-coupling parameters
and the inter-annual variability of precipitation. Thus, new
insight into land—atmosphere feedbacks and their sensitiv-
ity to variations in inter-annual rainfall will be gained. This
is a development of earlier work on static and short-term
land—atmosphere-coupling parameters. The second objec-
tive of this study is to analyse the influence of inter-annual
variability of precipitation on the land-surface physical vari-
ables. The Semi-arid Climate Observatory and Laboratory
(SACOL) (Huang et al. 2008; Wang et al. 2010; Guan et al.
2009) was selected as a sparsely vegetated representative
site (Zhang et al. 2012b). Based on the land-surface data
of SACOL and conventional climate data from the nearby
Yuzhong meteorological station, an analysis was done to
assess the response of land—atmosphere-coupling parameters
to the inter-annual variability of precipitation and response
equations were established. Next, the land-surface physical
variables were calculated using these response equations,
and the influence of the inter-annual variability of precipi-
tation on these physical variables was determined. This
work has the potential to be used as a quantitative basis for
improved surface layer analysis.

Data and methods
Study site
The SACOL of Lanzhou University is located in an area

with sparse vegetation (Huang et al. 2008). It is the main
observatory used in the experimental study of land-surface
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processes, on the Chinese Loess Plateau (Zhang et al.
2009a). The observatory is situated on the Loess Plateau in
China, in the centre of the Asian summer monsoon transi-
tion zone (Zhang et al. 2012c; Li et al. 2013) (Fig. 1) and is
approximately 7 km from the Yuzhong state meteorological

station. The annual mean precipitation is 369 mm which is
typical of a semi-arid climate. The variation in annual pre-
cipitation rate is approximately >35%. In a comparatively
wet year, the annual precipitation may exceed 400 mm,
characteristic of a semi-humid climate. As a consequence of

Fig. 1 a Location of the study
site. The area between the
yellow line and blue line is the
Asian summer monsoon transi- 50°N 4
tion zone. b Views of the study
site at the Semi-arid Climate
Observatory and Laboratory of
Lanzhou University
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global climate change, the region is experiencing drying and
warming (Huang et al. 2015), particularly during the cold
season (Huang et al. 2012). The topography surrounding the
observatory is characterized by undulating hills. The main
soil type is loess: 36% sand, 43% silt, and 21% clay. The
bulk density is 1.41 kg dm™ and the pH of the soil water
is 8 (Nachtergaele et al. 2008). The area of the observation
field is approximately 0.08 km? and the terrain, where the
measurements were taken is flat and covered with short grass
(Fig. 1). The vegetation growth is entirely natural. This area
is representative of how a sparsely vegetated land surface
responds to inter-annual variability in precipitation (Li et al.
2012a, b).

The measuring instruments available at the SACOL are
widely used and employ advanced techniques (Huang et al.
2008). Strict quality control of the data minimizes measure-
ment errors. Recent studies have confirmed that the data
from these instruments are very precise (e.g., Huang et al.
2008; Zhang et al. 2012a, 2013a). The SACOL has been
in operation since 2006, and it is one of the few land-sur-
face process observatories with relatively long-term, com-
plete, and highly precise data. The SACOL has a large set
of instruments for use in the observation of land-surface
processes (Huang et al. 2008). The instruments used in this
study included (1) an eddy covariance system set at a height
of 3 m; (2) a surface radiation-monitoring system set at a
height of 1.5 m; (3) seven layers of wind, air temperature,
and air humidity measuring instruments set at heights of 1,
2,4, 8,12, 16, and 32 m; (4) six layers of soil temperature
sensors buried at depths of 2, 5, 10, 20, 50, and 80 cm; (5)
two layers of soil heat flux plates buried at depths of 5 and
10 cm; and (6) a barometric pressure sensor (see Table 1
for details of these instruments). The underlying surface is
wide and flat with sparse vegetation, and thus, the surface
area (1 m?) observed by the radiation-monitoring system is
typical of the land surface at this site.

Table 1 Observations and instruments used at the SACOL site

Data

This study was conducted using the observed land-surface
process data of the SACOL for the period from April 2006
to March 2013 and precipitation data from the Yuzhong
national meteorological station for the period from April
1982 to March 2013. Figure 2 shows the inter-annual vari-
ability of precipitation over 30 years, including the study
period. The average annual precipitation for the study years
was 364 mm, which is close to the average annual precipita-
tion over the 30-year period. The maximum and minimum
annual precipitation during the study period was 548 and
280 mm, and the range of variation was 268 mm, which is
about the same as that for the 30-year period. This indicates
that the inter-annual variability of precipitation in the study
period is a good representation of the inter-annual variability
of precipitation over the 30-year period. Therefore, the land-
surface process data at this site, for the period from 2006 to
2013, reflect the response of the land—atmosphere-coupling

600
—o0— Precipitation for the past 30 years

—a— Precipitation for the study 7 years

------- Mean value for the past 30 years
500

Mean value for the study 7 years

Annual Precipitation
(mm)
I
=3
S

300

200 " " " " " "
1981-April  1986-April 1991-April 1996-April 2001-April 2006-April 2011-April

Fig.2 Inter-annual variability of Yuzhong precipitation over a
30-year period

Variables Instrument Model Manufacturer
Wind speed Anemometer 014A_L Met One
Surface air temperature and humidity Thermohygrometer HMP45C-L Met One
Pressure Barometer CS105 Vaisala
Upward and downward shortwave radiation Pyranometer (shortwave flux) CM21 Kipp & Zonen
Upward and downward longwave radiation Pyrgeometer (longwave flux) CG4 Kipp & Zonen
Soil heat flux Soil heat flux plate HFPO1SC-L50 Hukseflux
Soil temperature Soil temperature sensor STPO1-L50 Hukseflux
Latent heat flux, sensible heat flux, momentum flux, 3D Sonic anemometer CSAT3 Campbell
friction velocity Opened path infrared CO, and H,0O LI7500 Li-Cor

analyser
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parameters to the inter-annual variability of precipitation,
over the 30-year period.

To better characterize the annual precipitation, the begin-
ning and end of a year were defined by the precipitation
properties and characteristics of the water cycle, rather
than the calendar year. One year was defined as the period
from April 1 to March 31 of the following year. Although
influenced by the Asian summer monsoon, the study region
experiences snowfall in winter. The beginning of a year
is characterized by the transition from snowfall to rainfall
and from soil freezing to thawing. The period from April
1 to October 31 was defined as the rainfall period, or the
warm season. The period from November 1 to March 31
was defined as the snowfall period, or the cold season. The
effective precipitation was defined as rainfall >4 mm day~!
or snowfall > 0.1 mm day~' (Wang et al. 2013). The effec-
tive precipitation is that part of the precipitation that can be
absorbed by the soil and can affect the properties of the land
surface—for example, changing the soil moisture content.

Figure 3 illustrates the inter-annual variability of the
annual precipitation, the annual effective precipitation, the
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Fig. 3 a Inter-annual variability of annual precipitation, annual effec-
tive precipitation, and annual rainfall. b Inter-annual variability of
annual snowfall and duration of snow cover

annual rainfall, the annual snowfall, and the duration of snow
cover, with maxima up to 236.9 mm, 227.1 m, 237.9 mm,
7.3 mm, and 137.5 h, respectively. The inter-annual variabil-
ity of the annual precipitation, annual effective precipitation,
and annual rainfall is fairly consistent. The small difference
between the annual effective precipitation and the annual
precipitation indicates that some of the precipitation events
over the Loess Plateau have no effect on the soil moisture
content. There is a large difference between the variation
in annual snowfall and the duration of snow cover, because
the duration of snow cover is also influenced by factors such
as the duration of sunshine, wind speed, and intensity of
the snowfall. After considering the mechanisms controlling
the influence of precipitation on land—atmosphere-coupling
parameters, the annual effective precipitation and duration of
snow cover were chosen as the precipitation factors.

Figure 4 shows the relationship between annual effective
precipitation and annual mean soil volumetric water con-
tent (VWC), during the study period. The variation in VWC
of the 5, 10, 20, 40, and 80 cm layers is similar to that of
annual effective precipitation (Fig. 4a). This indicates that
they are highly correlated, with correlation coefficients of
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Fig.4 Relationship between annual effective precipitation and annual
mean soil VWC
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0.859, 0.864, 0.873, 0.856, and 0.867 (Fig. 4b), respectively.
Therefore, annual effective precipitation directly determined
annual soil VWC. Soil VWC is an important influence on
land—atmosphere-coupling parameters, and therefore, annual
effective precipitation has a profound impact on land—atmos-
phere-coupling parameters.

To highlight the inter-annual variability of precipitation,
the annual effective precipitation variability was defined as
the ratio of the annual effective precipitation anomaly to the
annual effective precipitation averaged over 30 years:

Pre — Pre

e = ey
where f, is the dimensionless annual effective precipitation
variability, p,. is the annual effective precipitation (mm), and
Dr 18 the annual effective precipitation (mm) averaged over
30 years. Similarly, the snow cover duration variability was
defined as the ratio of the duration of snow cover anomaly to
the duration of snow cover averaged over 30 years:

h=0F @)

pS
where f; is the dimensionless snow cover duration vari-
ability, p, is the duration (h) of snow cover, and py is the
duration (h) of snow cover averaged over 30 years. Fig-
ure 5 compares the annual effective precipitation variability
between Yuzhong station and the national mean, during the
study period. National mean annual effective precipitation
variability fluctuates within 0.15 and has a relatively small
range, whereas annual effective precipitation variability at
Yuzhong station is greater than 0.15 in almost all years and
has a large range, with the largest value being 0.51 in 2007.
Therefore, the study site has large annual effective precipi-

tation variability, and this enhances the influence of annual
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Fig.5 Comparison of annual effective precipitation variability
between the Yuzhong station and the national mean
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effective precipitation variability on land—atmosphere-cou-
pling parameters. In this study, a detailed analysis of the
response of land—atmosphere-coupling parameters to annual
effective precipitation variability is performed. Beijing time
was used in this study.

Calculation of land-atmosphere-coupling
parameters

The surface albedo, soil thermal conductivity, aerodynamic
roughness length, and bulk transfer coefficient are the main
land—atmosphere-coupling parameters in land-surface
processes. The surface albedo is the ratio of the radiation
reflected from the surface to the radiation incident on the
surface and was defined by Zhang and Huang (2004) as

a= Rsu/de’ (3)
where Ry, (W m™) is the upward directed shortwave radia-
tion at the surface (also known as reflected radiation) and
R.; (W m™2) is the downward directed shortwave radiation.

The soil thermal conductivity represents the soil’s abil-
ity to transfer heat and was defined by Zhang and Huang
(2004) as

As = =G /(0T,/02), 4)

where As is the soil thermal conductivity (W m~'°C™h), zis
the soil depth (m), G is the soil heat flux (W m~?), and T,
is the soil temperature (°C). The values of G and T, can be
measured directly.

The aerodynamic roughness length is an important
dynamic parameter, representing the height from the ground
at which the wind speed theoretically becomes zero. It is
determined by the following formula (Chen et al. 1993):

2= (z— d)e—('fiﬂ/m(é)) 5)

]

where z;, is aerodynamic roughness length (m), z is the
height of the eddy covariance system measurement, d is the
zero plane displacement (m), u is the wind speed at height
z, and u, is the friction velocity (m s~!). The values of u
and u, can be measured directly. Here, y,, is the stability
correction function (Monin and Obukhov 1959) and can be
expressed as

when (<0
1 2 1- _
wm(C)=1n[ X +21n< zx)—tan 1(x)+%, 6)
x=(1-160)5, 7
when >0,
l//m(c) = _SC’ (8)
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where { is the Monin—Obukhov stability parameter. This is
a dimensionless quantity and can be calculated by

_z—d
where L is the Monin—Obukhov length, which can be calcu-
lated from observations (Oke 1978).

The bulk transfer coefficients of momentum and sensible
heat are key parameters in the energy exchange between the
land surface and atmosphere (Stull 2005) and can be calcu-
lated with

Cy = (u,/UY, (10)
o H
b= e, U0, — 60, (D

where Cy and C, are the dimensionless bulk transfer coef-
ficients for momentum and sensible heat; p is the air density
(kg m™), c, is the specific heat capacity of dry air at a con-
stant pressure (m? s 2 K™, H, is the sensible heat flux in
the surface layer (W m~2), and 6, and 6, (K) are the potential
temperature of the surface and atmosphere. The values of
H, and 6, can be directly observed directly with the eddy
covariance system. The value of 6, can be calculated with
the following equation:

Po 0.288
05 = Ts F N

where T is surface temperature (K), P is standard atmos-
pheric pressure, and P is the actual atmosphere pressure
(hPa). Here, T, is calculated with the Stefan-Boltzmann
law as follows:

12)

oT* = EoT! + (1 - &Ry, (13)
Ry, = oT", (14)
_ _ 1/4
T, = <—Rl” . m”) : (15)
éo

where £ is the surface emissivity (0.96 in this study), o is
the Stefan—Boltzmann constant (5.67 X 107 W m2K™), T
is the radiative surface temperature (K), R, is the upward
directed longwave radiation, and R4 is the downward
directed longwave radiation (W m~?).

Data processing
Processing original data

The data from the eddy covariance measurements were
processed for quality control and gap-filling as follows: (1)

half-hourly data from periods with sensor malfunctions were
deleted; (2) half-hourly data 1 h before or 1 h after rainfall
were deleted; and (3) half-hourly data (xi) were deleted when
xi > (4 40) or xi < (— 40), where 6 is the standard devia-
tion. A look-up table was used to fill missing data. The half-
hourly data were then averaged over 1 year.

For all other data, the few outliers from the general pat-
tern of the time series were deleted and the gaps in the data
were filled by linear interpolation. Different statistical meth-
ods were applied to the different variables. The half-hourly
radiation data were averaged for the snowfall period, the
rainfall period, and over a whole year. The half-hourly data
for the soil temperature, wind speed, and soil heat flux were
averaged over a whole year. The annual precipitation was
taken as the sum of the daily rainfall and daily snowfall. The
annual rainfall was taken as the sum of the daily rainfall. The
annual effective precipitation was taken as the sum of the
daily effective precipitation (daily rainfall >4 mm or daily
snowfall > 0.1 mm). The annual snowfall was taken as the
sum of daily snowfall. The duration of snow cover was taken
as the sum of hours of snow cover.

Calculation of land-atmosphere-coupling parameters
and land-surface physical variables

The land—atmosphere-coupling parameters were calculated
with Egs. (3)—(15), and the data were processed (see above)
as the input. The land-surface physical variables—includ-
ing the reflected radiation, soil heat flux, friction velocity,
momentum flux, and sensible heat flux—were calculated
using Egs. (3), (4), (5), (10), and (11). The land—atmosphere-
coupling parameters were calculated using Egs. (16)—(20).

Probability distribution of land-
atmosphere-coupling parameters

Land-surface properties, such as soil moisture, soil colour,
vegetation cover, and vegetation height, may change in
response to the inter-annual variability of precipitation. This
will affect the primary land—atmosphere-coupling param-
eters, such as the surface albedo, soil thermal conductivity,
roughness length, and bulk transfer coefficients (for momen-
tum and sensible heat). Before investigating the response of
land—-atmosphere-coupling parameters to precipitation vari-
ability, the probability distribution of land—atmosphere-cou-
pling parameters during the study period was determined.
Figure 6 shows the probability distribution of the five
land—-atmosphere-coupling parameters. Surface albedo
ranges from 0.009 to 1, and its probability distribution curve
is unimodal, with a peak probability at 0.2. The value of
surface albedo is concentrated in the range of 0.15-0.3, and
the cumulative probability of this interval is up to 94.09%
(Fig. 6a). Soil thermal conductivity ranges from 0.2 to 3.2,
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and its probability distribution curve is unimodal, with a
peak value at about 1. The value of soil thermal conductiv-
ity is concentrated in the range of 0.6—1.3, and the cumula-
tive probability of this interval is up to 89.76% (Fig. 6b).
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Roughness length ranges from O to 0.2, and the probability
distribution curve is an inverse proportional function, with
a peak probability at about 0.005. The value of roughness
length is concentrated mainly between 0 and 0.045, and
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the cumulative probability of this interval is up to 75.14%
(Fig. 6¢). The bulk transfer coefficient of momentum ranges
from 0.0001 to 0.04, and the probability distribution curve
is also unimodal, with a peak at 0.002. The value of the bulk
transfer coefficient of momentum is concentrated mainly in
the range from 0.001 to 0.01, and the cumulative probability
of this interval reaches 77.18% (Fig. 6d). The bulk transfer
coefficient of sensible heat ranges from 0.0001 to 0.01, and
the probability distribution curve is unimodal, with a peak
value at about 0.002. The value of the bulk transfer coeffi-
cient of sensible heat is concentrated mainly between 0.0005
and 0.0045, and the cumulative probability of this interval
reaches 80.47% (Fig. 6¢e). This analysis demonstrates that
although the five land—atmosphere-coupling parameters have
a concentrated range with a cumulative probability of greater
than 75%, the distribution range of each land—atmosphere-
coupling parameter is still large. This indicates that the
inter-annual variability of precipitation plays an important
role in the dynamic change of land—atmosphere-coupling
parameters.

Response of land-atmosphere-coupling
parameters to the inter-annual variability
of precipitation

Surface albedo

The surface albedo is sensitive to the inter-annual variability
of precipitation (Zeng et al. 2011). As it is located in the
centre of the summer monsoon transition zone, the Loess
Plateau has two types of precipitation (rainfall and snowfall),
which have different effects on the surface albedo.

Figure 7a shows the inter-annual variability of the aver-
age albedo during the rainfall period (April 1-October
31), the snowfall period (November 1-March 31), and the
annual average albedo. The average albedo during the rain-
fall period was usually less than the mean albedo of crop-
lands, whereas the average albedo in the snowfall period
was sometimes larger than the mean albedo of deserts. The
curve of the annual average albedo lies between the mean
albedo of croplands and deserts (Zhang et al. 2002a, b;
Stull 1988), in the range constrained by the climatic condi-
tions. Figure 7a shows that the inter-annual variability of
the average albedo in the rainfall period was very small.
There does not appear to be a relation between the aver-
age albedo in the rainfall period and the annual effective
precipitation. The inter-annual variability of the annual
average albedo was consistent with the inter-annual vari-
ability of the average albedo in the snowfall period. The
inter-annual variability of the average albedo in the snow-
fall period and the annual average albedo was not con-
sistent with the annual effective precipitation, the annual

(a) --------- Rainfall-period average albedo
o3  eeee- Snowfall-period average albedo
N, = + = Mean value for cropland

AN = + + Mean value for desert

Annual average albedo

Albedo
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Apr-06 Apr-07 Apr-08 Apr-09 Apr-10 Apr-11 Apr-12 Apr-13

0.25
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Snow-cover-duration variability

Fig.7 a Inter-annual variability of average albedo during the rainfall
period, the average albedo during the snowfall period, and the annual
average albedo. b Regression of annual average albedo against snow
cover duration variability

total precipitation, or the annual snowfall, but they were
consistent with the inter-annual variability of the duration
of snow cover. The albedo of snow is much larger than that
of ground without snow, and snow melts very slowly on
the Loess Plateau, as a result of low temperatures during
the cold season. Therefore, the main factor affecting the
inter-annual variability of the average albedo in the snow-
fall period is not the inter-annual variability of the annual
snowfall, but the inter-annual variability of the duration
of snow cover.

This situation is very different from that of warm and wet
southeast China and cold and dry northwest China. In the
arid areas of northwest China, although the temperature is
very low during the cold season, the amount of snowfall is
also low, because there is limited water. There is plenty of
rainfall in southeast China, but weather conditions suitable
for snow are rare, and even if there is snow, it melts quickly.
Therefore, the annual snowfall in southeast and northwest
China has a much smaller impact on the annual average
albedo than it does in the Loess Plateau.
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The inter-annual variability of the annual average albedo
is dominated by the inter-annual variability of the duration
of snow cover. This is because the inter-annual variability of
the duration of snow cover dominates the inter-annual vari-
ability of the average albedo in the snowfall period. In addi-
tion, the inter-annual variability of annual average albedo
is consistent with the inter-annual variability of the average
albedo in the snowfall period. Figure 7b shows the regres-
sion of the annual average albedo against the snow cover
duration variability, which is expressed as

a, = 0.00696e>74% +0.185, (16)

where a, is the dimensionless annual mean albedo. The coef-
ficient of determination (R%) was 0.67 (P <0.01), indicating
that Eq. (16) fit the data well and could be used to character-
ize the response of the annual average albedo to the inter-
annual variability of the duration of snow cover.

The annual snowfall is theoretically the primary factor
influencing the duration of snow cover. Figure 8 shows the
linear fit between the snow cover duration variability and
the annual effective snowfall (R*=0.35). The relatively poor
regression is because the duration of snow cover is influ-
enced not only by the annual snowfall, but also by other
factors, such as the duration of sunshine, wind speed, and
snowfall intensity.

Soil thermal conductivity

Precipitation affects the soil thermal conductivity by chang-
ing the soil moisture content. Snow does not affect the soil
thermal conductivity directly, but it can affect it indirectly
by changing the soil moisture content when it melts. The
effective precipitation is that part of the precipitation which
is converted to soil water in the root zone, and it is of great
importance for the soil thermal conductivity. The annual
effective precipitation (including the effective rainfall and

Snow cover duration variability

0.7 °

11 12 13 14 15 16 17 18

Annual effective snowfall (mm)

Fig.8 Regression of snow cover duration variability against annual
effective snowfall
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effective snowfall) is, therefore, a critical factor in charac-
terizing the influence of precipitation on the soil thermal
conductivity.

Figure 9a shows the inter-annual variability of average
soil thermal conductivity. The soil thermal conductivity
was relatively high in the years with relatively large annual
effective precipitation (see Fig. 3a). The mean soil thermal
conductivity was about 0.92 W m~! K™!, with a maximum
value close to 1 W m~! K~!, which is much higher than
the mean value for deserts (0.177 W m~ KL Zhang et al.
2002a, b) and much lower than the mean value for croplands
(1.58 W m~' K~!; Stull 1988). Figure 9b shows the regres-
sion of the annual average soil thermal conductivity plotted
against the annual effective precipitation variability. The
regression equation is

k, = —0.00438e'317%< 4+ 1.002, 17)

where kg is the annual average soil thermal conductiv-
ity (W m~' K~!). The R? value of the regression was 0.85
(P<0.01). Figure 9b shows that the annual average soil ther-
mal conductivity was very sensitive to the annual effective

1.7 400
7N\
L5 (a) e \\
I’ \\
13 ’ \ 300
N, £
o S <
2z =
£ (N S
g U N . Z
—é = Ssao Prag &
S M ~ 2
g =
= E 0.9 200 ;'
Ex 2
5]
= Annual mean value &
= 07 k=
2 =
@ — -+ Mean value for desert E
05 100 <
= + = Mean value for cropland
0.3 = = = = Annual effective precipitation
0.1 N N N N N N N L
Jan-06  Jan-07 Jan-08 Jan-09 Jan-10 Jan-11  Jan-12 Jan-13
1.05
(b) : .
1.00
.
0
0951
2 0.90
2
31
3 ~
2% 085F
8% .
=
£2 osof
5}
L=
S 075f
0.70 e
0.65 L s s s s s s s s
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Annual-effective-precipitation variability
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precipitation variability when this was relatively small.
An increase of approximately 0.1 in the annual effective
precipitation variability resulted in an increase in the soil
thermal conductivity of >0.2 W m~! K~!. However, the
annual average soil thermal conductivity was not sensitive
to the annual effective precipitation variability and remained
essentially unchanged when this was > — 0.2. The relation
between the effective precipitation and soil thermal conduc-
tivity was similar to that between the soil moisture content
and soil thermal conductivity. The soil thermal conductivity
increased with increasing soil moisture content when the
soil moisture content was small, but did not change with
increasing soil moisture content when it was relatively large.

Surface aerodynamic roughness length

The surface aerodynamic roughness length was significantly
influenced by precipitation. The annual effective precipita-
tion affects the surface aerodynamic roughness by changing
plant growth. Precipitation changes the height and flexibility
of the vegetation cover, leading to changes in the surface
aerodynamic roughness. Figure 10a shows the distinct inter-
annual variability in the annual average surface aerodynamic
roughness. The maximum average surface aerodynamic
roughness was 0.011 m in the year with the highest pre-
cipitation, and the minimum was 0.004 m in the year with
the lowest precipitation. The maximum aerodynamic rough-
ness length was more than twice the minimum value. This is
because the Loess Plateau is situated at the Asian summer
monsoon transition zone, and the annual effective precipita-
tion just reaches the minimum water demand for vegetation
growth. Vegetation is very sensitive to the annual effective
precipitation, and even a small decrease in rainfall may have
a substantial impact on vegetation status. The surface aero-
dynamic roughness length is, therefore, very sensitive to
the annual effective precipitation. The aerodynamic rough-
ness length is generally relatively large, as a result of tall,
flourishing vegetation, in years with large amounts of pre-
cipitation. By contrast, the aerodynamic roughness length is
smaller when vegetation is sparser and shorter, in years with
lower precipitation. The annual average aerodynamic rough-
ness length of these areas varies between that of deserts and
farmland regions (Zhang et al. 2002a, b; Stull 2005), but is
closer to that of desert regions. Figure 10b shows a plot of
the regression of the annual average aerodynamic roughness
length against the annual effective precipitation variability:

70 = —3.3797 x 10~*e~>*¥x 4 0.0109, (18)

where z;, (m) is the aerodynamic roughness length. The R?
value of the regression was up to 0.93 (P <0.01). The aero-
dynamic roughness length was very sensitive to the annual
effective precipitation variability when the effective precipi-
tation was small. When the annual effective precipitation
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Fig. 10 a Inter-annual variability of aerodynamic roughness length
and b regression of aerodynamic roughness length against annual
effective precipitation variability

variability was > — 0.05, however, the roughness length was
no longer sensitive to this variability and maintained a stable
value of approximately 0.011.

The turning point of the sensitivity of the soil thermal
conductivity to the annual effective precipitation variability
was earlier than that of the sensitivity of the aerodynamic
roughness length to this variability, and it occurred when the
variability was very small. This is perhaps because the effec-
tive precipitation has a more direct effect on the soil thermal
conductivity, by changing the soil moisture content, and has
a more indirect effect on the aerodynamic roughness length.
The effective precipitation first changes the soil moisture
content, which, in turn, affects plant growth. The change in
plant cover then affects the aerodynamic roughness length.

Bulk transfer coefficients
The effective precipitation affects the bulk transfer coef-
ficient through its impact on the aerodynamic roughness

length (Li et al. 2002). Figures 10b and 11a show the
inter-annual variability of the bulk transfer coefficients of
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Fig. 11 Inter-annual variability of a bulk transfer coefficients of momentum and b sensible heat. Regression of bulk transfer coefficients of ¢
momentum and d sensible heat against annual effective precipitation variability

momentum and sensible heat, respectively. The bulk trans-
fer coefficient of momentum varied by about 0.0061. While
the bulk transfer coefficient of sensible heat varied by about
0.0036, the bulk transfer coefficient of momentum was
much larger than that of the sensible heat, which is simi-
lar to the results obtained in studies of arid deserts (Zhang
et al. 2002a, b) and the Loess Plateau semi-arid areas (Wang
et al. 2007). This shows that the bulk transfer coefficient of
momentum predominates in arid and semi-arid regions. The
majority of the bulk transfer coefficients of momentum and
sensible heat were larger than the average values for crop-
land (Zhang et al. 2002a, b; Wang et al. 2007), and only the
results for 2006 and 2011 were between the average values
for croplands and deserts because of anomalously low pre-
cipitation. The Loess Plateau is surrounded by undulating
hills, ridges, and mounds, and therefore, dynamic processes
resulting from the topography intensify the momentum
and sensible heat exchanges, between the land surface and
atmosphere.

Figure 11c, d shows the regressions of the bulk trans-
fer coefficients of momentum and sensible heat, against the
annual effective precipitation variability. The bulk transfer
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coefficients of momentum and sensible heat were sensitive to
the annual effective precipitation. They were relatively large
in the years with large amounts of effective precipitation.
This was mainly because the vegetation was lush in these
years, which led to a relatively large roughness length and a
relatively large bulk transfer coefficient. The regressions are

C, = —2.0342 x 10~ %1% 4+ 0.00668, (19)

C, = —3.8922 x 10~ 3301 4 0.00423, (20)

where C4 and C,, are the bulk transfer coefficients of momen-
tum and sensible heat. The R? values of Egs. (19) and (20)
were 0.99 (P<0.01) and 0.95 (P <0.01), respectively. The
bulk transfer coefficient was very sensitive to the annual
effective precipitation variability and increased rapidly with
an increase in this variability when the variability was <0.1.
The bulk transfer coefficient was not affected by the annual
effective precipitation variability and maintained a stable
value of 0.0066 for momentum and 0.0041 for sensible heat,
when this was > 0.1.

The turning point of the bulk transfer coefficients (after
which the bulk transfer coefficient is no longer sensitive to
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the annual effective precipitation variability) (0.1) was larger
than that of the roughness length (after which the roughness
length is no longer sensitive to the annual effective precipita-
tion variability) (— 0.05). This was presumably because the
precipitation affects the bulk transfer coefficient indirectly,
through its influence on the roughness length.

Impacts of inter-annual variability
on the land-surface physical variables

Equations (16)—(20) give the response of the primary
land—atmosphere-coupling parameters to the inter-annual
variability of precipitation, and they describe the mecha-
nisms of the inter-annual variability of the land—atmos-
phere-coupling parameters. This is an improvement upon
static land atmosphere-coupling parameters, which did
not consider the inter-annual variability of precipitation.
Land—atmosphere-coupling parameters are used to estimate
the land-surface physical variables. Therefore, in the future,
these equations could be used to assess the impact of the
inter-annual variability of precipitation on land-surface
physical variables. This can be achieved by assessing the
impact of the land—atmosphere-coupling parameters on the
land-surface physical variables.

Five land-surface physical variables (reflected radiation,
soil heat flux, friction velocity, momentum flux, and sensi-
ble heat flux) were calculated using Egs. (3), (4), (5), (10),
and (11). Two types of land-surface physical variables were
calculated, with the two types of land—atmosphere-coupling
parameters as inputs. The land—atmosphere-coupling param-
eters were calculated using Eqs. (16)—(20). Two types of
land—atmosphere-coupling parameters were calculated using
the different precipitation data as input. The first was calcu-
lated using the dynamic precipitation (considering the inter-
annual variability of annual precipitation and using annual
effective precipitation variability as the input). The second
was calculated using the static precipitation (not consider-
ing the inter-annual variability of annual precipitation, but
using the 7-year average of annual effective precipitation
variability as the input). Next, the two types of calculated
land-surface physical variables were compared with the
observed data, to see which method was more consistent
with the observations.

The surface albedo is mainly used to calculate the
reflected radiation of the land surface. The reflected radia-
tion was calculated using the albedo obtained from Eq. (16).
Figure 12a compares the reflected radiation calculated
using the dynamic precipitation (RD), reflected radiation
calculated using the static precipitation (RS), and observed
data. The RD results were closer to the actual observa-
tions than the RS results. The large snow cover duration
variability reduced the deviation of RD from 19.54 and
15.7 W m~2, to 8.64 and 2.8 W m~2, for the years 2006 and
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Fig. 12 a Comparison between reflected radiation calculated using
the dynamic precipitation (RD), reflected radiation calculated using
the static precipitation (RS), and the observed data. b RD and RS fit-
ted to the observed data

Table 2 Correlation coefficient (r), root mean square error (RMSE),
and residual error (RE) of reflected radiation, calculated using the
dynamic precipitation (RD) vs. the observed data and static precipita-
tion (RS) vs. the observed data

r RMSE (Wm™) RE(Wm™>)
RD vs. observed data 0.885 3.735 3.628
RS vs. observed data 0.131 9.650 7.712

The RE is the RMSE of the reflected radiation, calculated with the
relationship of RD or RS fitted to the observed data. All the data were
annual average values

2007, respectively. The relative error averaged for 2 years
was reduced by approximately 80%. Figure 12b shows the
relation between RD and RS linearly fitted to the observa-
tions. The results for RD were much closer to the 1:1 line
than those of RS. Table 2 gives the correlation coefficient
(r), the root mean square error (RMSE), and the residual
error (RE, where RE is the RMSE of the reflected radia-
tion calculated by the fit of RD or RS to the observed data).
There was a significant improvement in the values of RD
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vs. the observed data, compared with RS vs. the observed
data: r increased by 0.754, RMSE decreased by 3.08, and
RE decreased by 2.30 W m~2. These results indicate that
the calculated reflected radiation is closer to the observed
value when the inter-annual variability of precipitation is
considered.

Soil thermal conductivity is mainly used to calculate the
soil heat flux. The soil heat flux was calculated using the soil
thermal conductivity from Eq. (17). Figure 13a compares
the soil heat flux calculated using the dynamic precipitation
(GD), soil heat flux calculated using the static precipitation
(GYS), and observed data. The value of GD was closer to the
observed values than GS. The improvement was relatively
small, except for years 2006 and 2011, when the annual
effective precipitation was small. This result is consistent
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Fig. 13 a Comparison between soil heat flux calculated using the
dynamic precipitation (GD), soil heat flux calculated using the static
precipitation (GS) and the observed data. b GD and GS fitted to the
observed data
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with Fig. 9b, which shows that the soil thermal conductivity
is very sensitive to the annual effective precipitation vari-
ability when the annual effective precipitation variability
is small, and the soil thermal conductivity is not sensitive
to the annual effective precipitation variability when this
variability is relatively large. Figure 13b shows GD and GS
linearly fitted to the observed data. Here, GD is closer to the
1:1 line than GS. Table 3 shows the correlation coefficient
(r), RMSE, and RE. Here, RE is the RMSE of the soil heat
flux, calculated with the relationship of GD or GS fitted to
the observed data in Fig. 13b. Compared with the results for
GS vs. the observed data, there was some improvement in
the values of GD vs. the observed data: r increased by 0.04,
the RMSE decreased by 0.061 W m~2, and RE decreased by
0.022 W m~2. Although the improvement was not signifi-
cant, the calculated soil heat flux was closer to the observed
value when the inter-annual variability of precipitation was
considered.

The surface aerodynamic roughness length is usually used
to calculate the friction velocity, which describes the friction
between the land surface and the atmosphere. The friction
velocity was calculated using the aerodynamic roughness
length calculated with Eq. (18). Figure 14a compares the
friction velocity calculated using the dynamic precipita-
tion (UD), friction velocity calculated using the static pre-
cipitation (US), and observed data: UD was closer to the
observed data than US. Compared with US, the deviation
of UD decreased from 0.0173, 0.0144, and 0.142 m s~!
to 0.00416, 0.00264, and 0.00284 m s~!, for years 2006,
2007, and 2008, respectively. The relative error averaged for
3 years was reduced by approximately 80%, showing a sig-
nificant improvement. Figure 14b shows UD and US linearly
fitted to the observations. Here, UD was closer to the 1:1 line
than US. Table 4 gives the correlation coefficient (), RMSE,
and RE (RE is the RMSE of the soil heat flux calculated with
the relationship of UD or US fitted to the observed data in
Fig. 14b). Compared with US vs. the observed data, there
was a significant improvement in UD vs. the observed dat: r
increased by 0.584, RMSE decreased by 0.00826 m s™!, and
RE decreased by 0.00479 m s~!. These results indicate that
the calculated friction velocity was closer to the observed

Table 3 Correlation coefficient (r), root mean square error (RMSE),
and residual error (RE) of soil heat flux calculated using the dynamic
precipitation (GD) vs. the observed data and static precipitation (GS)
vs. the observed data

r RMSE(Wm™2) RE(Wm?)
GD vs. observed data 0.679 0.501 0.454
GS vs. observed data 0.639 0.562 0.476

The RE is the RMSE of the reflected radiation calculated with the
relationship of RD or RS fitted to the observed data
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Fig. 14 a Comparison between friction velocity calculated using the
dynamic precipitation (UD), friction velocity calculated using the
static precipitation (US), and the observed data. b UD and US lin-
early fitted to the observed data

Table 4 Correlation coefficient (r), root mean square error (RMSE),
and residual error (RE) of friction velocity calculated using the
dynamic precipitation (UD) vs. the observed data and static precipita-
tion (US) vs. the observed data

r RMSE (ms™) RE (ms™)
UD vs. observed data 0.925 0.00344 0.00324
US vs. observed data 0.341 0.0117 0.00803

The RE is the RMSE of the reflected radiation calculated with the
relationship of RD or RS fitted to the observed data

value when inter-annual variability of precipitation was
considered.

The bulk transfer coefficient of momentum is usually
used to calculate the momentum flux in the surface layer.
The momentum flux was calculated using the bulk transfer
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Fig. 15 a Comparison between momentum flux calculated using the
dynamic precipitation (TD), momentum flux calculated using the
static precipitation (TS) and the observed data. b TD and TS linearly
fitted to the observed data

coefficient of momentum calculated with Eq. (19). Fig-
ure 15a compares the momentum flux calculated using the
dynamic precipitation (TD), momentum flux calculated
using the static precipitation (TS), and observed data. Here,
TD was closer to the observed data than TS. Compared
with TS, the deviation of TD decreased from 0.0117 and
0.0114 N m™? to 0.000445 and 0.000307 N m™>, for years
2006 and 2011, respectively. The relative error averaged
for 2 years was reduced by approximately 97%, a signifi-
cant improvement. Figure 15b shows TD and TS linearly
fitted to the observations: TD was closer to the 1:1 line
than TS. Table 5 lists the correlation coefficient (), RMSE,
and RE (RE is RMSE of the soil heat flux calculated with
the relationship of TD or TS fitted to the observed data in
Fig. 15b). Compared with TS vs. the observed data, there
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Table 5 Correlation coefficient (r), root mean square error (RMSE),
and residual error (RE) of momentum flux calculated using the
dynamic precipitation (TD) vs. observed data and static precipitation
(TS) vs. observed data

r RMSE (N m™?) RE (N m™)
TD vs. observed data 0.997 0.000786 0.000427
TS vs. observed data 0.676 0.00683 0.00426

The RE is the RMSE of the reflected radiation calculated with the
relationship of RD or RS fitted to the observed data

was a significant improvement in TD vs. the observed data:
r increased by 0.321, RMSE decreased by 0.00604 N m2,
and RE decreased by 0.00383 N m~2. These results indicate
that the calculated momentum flux was much closer to the
observed value when the inter-annual variability of precipi-
tation was considered.

The bulk transfer coefficient of sensible heat is usually
used to calculate the sensible heat flux in the surface layer.
The sensible heat flux was calculated using the bulk transfer
coefficient of sensible heat calculated with Eq. (20). Fig-
ure 16a compares the sensible heat flux calculated using
the dynamic precipitation (HD), sensible heat flux calcu-
lated using the static precipitation (HS), and observed data.
Here, HD was closer the observed data than HS. Compared
with HS, the deviation of HD decreased from 6.586 and
11.061 W m~2 to 0.753 and 0.622 W m™~2, for the years
2006 and 2011, respectively. The relative error averaged for
2 years was reduced by approximately 94%, showing signifi-
cant improvement. Figure 16b shows HD and HS linearly
fitted to the observed data: HD was closer to the 1:1 line than
HS. Table 6 presents the correlation coefficient (r), RMSE,
and RE (RE is the RMSE of the soil heat flux calculated
with the relationship of HD or HS fitted to observed data in
Fig. 16b). Compared with HS vs. the observed data, there
was a significant improvement in HD vs. the observed data:
r increased by 0.069, RMSE decreased by 4.531 W m~2, and
RE decreased by 1.258 W m™2. These results indicate that
the calculated sensible heat flux was closer to the observed
value when the inter annual variability of precipitation was
considered. The improvement was as significant as that of
the momentum flux.

The comparison of the statically to dynamically derived
land-surface physical variables used the same 7 years of data
that were used to determine the relationships between the
more fundamental land—atmosphere-coupling parameters
and inter-annual variability of precipitation. This was nec-
essary because of limited data. Therefore, the results cannot
validate the relationships between the land—atmosphere-cou-
pling parameters and the inter-annual variability of pre-
cipitation. Nevertheless, because the land-surface physical
variables derived by static precipitation and those derived
by dynamic precipitation used the same relationships, and
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dynamic precipitation (HD), sensible heat flux calculated using the
static precipitation (HS), and the observed data. b HD and HS lin-
early fitted to the observed data

the input precipitation data (static and dynamic precipita-
tion) were the only difference, the results effectively reflect
the impact of the inter-annual variability of precipitation

Table 6 Correlation coefficient (r), root mean square error (RMSE),
and residual error (RE) of sensible heat flux calculated using the
dynamic precipitation (HD) vs. the observed data and static precipita-
tion (HS) vs. the observed data

r RMSE(Wm™2) RE(Wm™)
HD vs. observed data 0.988 0.983 0.795
HS vs. observed data 0.919 5.514 2.053

The RE is the RMSE of the reflected radiation calculated with the
relationship of RD or RS fitted to the observed data
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on the land-surface physical variables. This is attributed to
the impact of the land—atmosphere-coupling parameters on
the land-surface physical variables when the inter-annual
variability of precipitation is considered. Over semi-arid,
sparsely vegetated areas, when compared with static pre-
cipitation, the calculation of the land-surface physical vari-
ables using dynamic precipitation yielded RMSE values
of the estimated reflected radiation, soil heat flux, friction
velocity, momentum flux, and sensible heat flux that were
reduced by 61.3, 10.6, 70.6, 88.5, and 82.2%, respectively.
These precipitation-based relationships have the potential
to be used to validate the output of land-surface models,
leading to a more accurate estimation of land-surface physi-
cal variables. The comparative analysis also indicates that
dynamic land—atmosphere-coupling parameters that take the
inter-annual variability of precipitation into consideration
are better representation of the land surface.

Conclusions and discussion

Under sparse vegetation conditions, land—atmosphere-cou-
pling parameters are strongly influenced by the inter-annual
variability of precipitation. The Loess Plateau, located at the
boundary zone influenced by the summer monsoon, has sig-
nificant inter-annual variability in precipitation. This has a
large impact on land-surface properties such as snow cover,
vegetation conditions, and soil moisture. Land—atmosphere-
coupling parameters are modulated by monsoon precipita-
tion and show significant dynamic variability. Therefore, it is
essential to consider the inter-annual variability of precipita-
tion when using land—-atmosphere-coupling parameters to
calculate land-surface physical variables.

The land—atmosphere-coupling parameters of land-sur-
face albedo, aerodynamic roughness length, soil thermal
conductivity, and bulk transfer coefficient are responsive to
inter-annual variability in precipitation. The aerodynamic
roughness length, soil thermal conductivity, and bulk trans-
fer coefficient increased with increasing annual effective
precipitation. The surface albedo was relatively consistent
with the albedo during the snowfall period and increased
with increasing duration of snow cover, which was primarily
modulated by the annual snowfall. The snow cover dura-
tion variability was defined as a precipitation factor, used to
measure the impact of the inter-annual variability of snow-
fall on the surface albedo. The annual effective precipita-
tion variability was defined as a precipitation factor, used to
measure the impact of the inter-annual variability of effec-
tive precipitation on the other land—atmosphere-coupling
parameters. The soil thermal conductivity, roughness length,
and bulk transfer coefficients of momentum and sensible
heat were regressed against the annual effective precipita-
tion variability, and the surface albedo was regressed against

the snow cover duration variability. The R? values for the
regressions were 0.85, 0.93, 0.99, 0.95 and 0.67, respec-
tively. The soil thermal conductivity, roughness length, and
bulk transfer coefficients of momentum and sensible heat
were sensitive to the annual effective precipitation variabil-
ity, when this was relatively small. They were no longer
sensitive to this variability and tended towards stable values
when the variability was relatively large. This is because
the mechanisms of their response to the soil moisture con-
tent were different. The turning points of the sensitivity
of the land—atmosphere-coupling parameters, in response
to the annual effective precipitation variability, were dif-
ferent. For the soil thermal conductivity, the turning point
occurred at an annual effective precipitation variability of
— 0.2, whereas the turning points for the roughness length
and bulk transfer coefficients occurred at annual effective
precipitation variabilities of — 0.05 and 0.1, respectively.

The land-surface physical variables calculated using
dynamic precipitation were much closer to the observed
data, than those calculated using static precipitation. The
improvement was quite large in years with relatively small
precipitation, and the relative error averaged for these years
was reduced by up to 80%. The momentum flux and sensible
heat flux were closer to the observed data and had almost no
deviation when the inter-annual variability in precipitation
was considered. This indicates that the error in the calcu-
lated land-surface variables was significantly reduced when
the inter-annual variability in precipitation was considered,
highlighting the fact that the influence of the inter-annual
variability in precipitation on land—atmosphere-coupling
parameters should not be ignored.

In conclusion, improved parameterizations for the pri-
mary land—atmosphere-coupling parameters, incorporat-
ing inter-annual variability in precipitation and with sparse
vegetation, have been presented. However, because the data
were only available for a certain time period and observa-
tions were from only one station, the results are limited. A
systematic study, using a larger set of land-surface process
data, would be valuable.
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