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Abstract

Gravel (particle size > 2 mm) is common in soil profiles of the Qinghai-Tibetan Plateau
(QTP). It has different thermal and hydrological properties than other fine mineral soils
(particle size <2mm), which may have significant impacts on the thermal and hydro-
logical processes of soil. However, few models have considered gravel. In this study, we
implemented the thermal and hydraulic properties of gravel into the Dynamic Organic
Soil-Terrestrial Ecosystem Model to develop new schemes to simulate the dynamics
of permafrost on the QTP. Results showed that: (1) the widely used Farouki thermal
scheme always simulated higher thermal conductivity of frozen soils than unfrozen
soils with the same soil water content; therefore it tends to overestimate permafrost
thickness strongly; (2) there exists a soil moisture threshold, below which the new set
of schemes with gravel simulated smaller thermal conductivity of frozen soils than un-
frozen soils; (3) soil with gravel has higher hydraulic conductivity and poorer water
retention capability; and simulations with gravel were usually drier than those without
gravel; and (4) the new schemes simulated faster upward degradation than downward
degradation; and the simulated permafrost thicknesses were sensitive to the fraction of
gravel, the gravel size, the thickness of soil with gravel, and the subsurface drainage.
To reduce the uncertainties in the projection of permafrost degradation on the QTP,
more effort should be made to: (1) developing robust relationships between soil ther-
mal and hydraulic properties and gravel characteristics based on laboratory work; and
(2) compiling spatial datasets of the vertical distribution of gravel content based on
measurements during drilling or the digging of soil pits.

1 Introduction

Permafrost, the frozen soil or rock that has existed for the past 24 consecutive months,
occupies about half of the total area of the Qinghai-Tibetan Plateau (QTP). Over the
last few decades, especially since late 1980s, permafrost has degraded substantially
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on the QTP (Jin et al., 2011). The thickness of active layer, the annually freezing and
thawing part above permafrost, has increased at a rate of ~7.5cm yr'1 from 1995
to 2007 along the Qinghai-Tibetan Highway (Wu and Zhang, 2010), and the mean
annual soil temperature at 6m in permafrost has increased ~0.47°C from 1995 to
2005 (Wu and Zhang, 2008). Degradation of permafrost has potentially strong impacts
on hydrology (Ye et al., 2009), ecosystem dynamics (Yi et al., 2011), and infrastructure
(Wu et al., 2004). Therefore, accurately simulating the dynamics of the active layer and
permafrost on the QTP is vital for developing policies to both lessen the impacts of
change and to adapt to change.

Some modeling studies have used specified constant soil thermal properties to sim-
ulate active layer dynamics at site scale (Qin et al., 2013) and at plateau scale (Nan
et al., 2005; Zhuang et al., 2010; Pang et al., 2012). These thermal properties include
thermal conductivities and heat capacities for both frozen and unfrozen soils, which are
derived from borehole temperature measurements on the QTP (Nan et al., 2005). How-
ever, these properties are not constant when soil hydrological regimes are changed.
Other modeling studies simulated the effects of soil water content on soil thermal and
hydraulic properties (Tan et al., 2010; Guo et al., 2012, 2013). However, these proper-
ties have been calculated based only on soil textures with grain size diameter less than
2mm (Oleson et al., 2010), and without considering gravel content (diameter > 2 mm).

Gravel is common in soil profiles on the QTP due to weak chemical and biological
weathering (Arocena et al., 2012). For example, mass fractions of gravel content ac-
count for 45 % and 48 % of the top 20 cm in alpine steppe soil (858 profiles) and alpine
meadow soil (657 profiles), respectively (Fan et al., 2006); and about 5-45 % of the
1.5m soil profiles of the western QTP (Wu et al., 2011). Gravel also exists in deeper
soils based on reports of borehole drilling activity, although no quantitative descriptions
are available (Nan et al., 2005). Gravel has distinctly different thermal and hydraulic
properties than finer grained soils. However, none of the current land surface models,
ecosystem models or permafrost models has considered the effects of gravel, with the
exception of the NEST model which decreased porosity with increasing gravel content

4705

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

uI
| MM I

TCD
7, 4703-4740, 2013

Simulating the role of
gravel on the
dynamics of

permafrost

S. Yietal.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/4703/2013/tcd-7-4703-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/4703/2013/tcd-7-4703-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

(Zhang et al., 2013); and GEOtop model which set gravel as a soil type (soil thermal
and hydraulic properties do not vary with gravel content; Gubler et al., 2013). The role
of gravel on the soil thermal and hydrological processes is incompletely understood, as
is its role in the changing dynamics of permafrost on the QTP.

Because of the ubiquitous existence of gravel on the QTP and its inadequate repre-
sentation in models, in this study our objectives were to: (1) develop a suite of schemes
to account for the effects of gravel on soil thermal and hydraulic properties; (2) com-
pare the performance of the new set of schemes with the widely used schemes without
gravel in an ecosystem model using measurements from a site with permafrost on the
QTP; and (3) test the sensitivity of active layer and permafrost dynamics to changes in
gravel fraction, size, and soil texture configuration at the same site.

2 Methodology
2.1 Model descriptions

In this study, we used a dynamic organic soil version of Terrestrial Ecosystem Model
(DOS-TEM) to simulate soil thermal and hydrological processes on the QTP. The DOS-
TEM was originally designed to simulate the effects of wildfire on soil organic layers and
permafrost dynamics (Yi et al., 2009a, 2010; Yuan et al., 2012). The DOS-TEM consists
of four modules including environmental, ecological, fire disturbance and dynamic or-
ganic soil modules. The environmental module operates at a daily time step using daily
air temperature, surface solar radiation, and precipitation and vapor pressure datasets,
which are downscaled from monthly input data (Yi et al., 2009a). The DOS-TEM was
verified against analytical solutions on soil temperature and freezing/thawing fronts (Yi
et al., 2013a); and validated against soil temperature measurements at site scale in
Alaska (Yi et al., 2009a), the QTP (Yi et al., 2013b) and Siberia (Yi et al., 2013a).

In this study, we updated soil hydrology schemes, including surface runoff, infiltration,
water movement among soil layers, drainage and water exchange between the surface
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soil and the underlying aquifer, based on Community Land Model version 4 (CLM4;
Oleson et al., 2010). Due to heterogeneous thawing rate and slope, runoff from perched
saturated zone above permafrost table is common (Wright et al., 2009). Neglection of
this process in modeling studies will cause overestimation of soil moisture (Swenson
et al., 2012). Therefore, we also implemented runoff from the perched saturated zone
above permafrost table following Swenson et al. (2012),

. m
Operched = aKp(zfrost - zperched)sm(%e) (1)

where a is an adjustable parameter (0.6 m'1), K, is the mean saturated hydraulic con-

ductivity within perched saturated zone (mms™); Zirost @Nd Zperoneq a@re the depths to
permafrost table and perched water table (m), respectively; and @ is grid mean slope
().

We assumed 4.1 m soil above 56 m beckrock, which is similar to that of Guo and
Wang (2013). Soil surface temperature and heat flux at the bottom of the soil profile
were used as the boundary conditions for solving finite difference equations. In the
first versions of the DOS-TEM, soil surface temperature was calculated using air tem-
perature only. In a recent version, Yi et al. (2013b) developed a new set of empirical
equations for applications on the QTP:

Tsmax = 0.79T g max + 0.05e"%5 AR 1 68.74 @)

7-s,min = O'867-a,min + 0.65LAI + 38.37 3)

T =0.47T ¢ max + 0.56T¢ min — 14.15 (4)
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where T nax » Tsmin, @nd Tg are daily maximum, minimum and mean soil surface tem-
perature (K), respectively; T, nax and T, min are daily maximum and minimum air tem-

perature (K) respectively; LAl is leaf area index (m2 m'2) and R is daily mean downward
solar radiation (W m~?).

2.2 Effects of gravel on soil properties

Soil is a mixture of porous organic material and a distribution of mineral grain sizes.
Soil texture classifications do not consider gravel and models usually neglect gravel.
The presence of gravel affects pore space and thermal and hydraulic properties of soil.

Soil Porosity

The presence of gravel can have different effects on porosity that depend on the nature
of the mixture (Zhang et al., 2011):

¢m={(fg—afg+a)¢g+f,¢,—afg fi < g

(1-0)1y05 +fb1 12 &, ©

where o is degree of mixture, with 0 means no mixture and 1 ideal-packing. ¢, ®x,
and ¢, are porosity of mixed soil, fine soil, and gravel, respectively. f; and f; are the
volumetric fraction of fine mineral and gravel, the sum of which equals 1. ¢; can be
quantified based on fine soil texture (Oleson et al., 2010). ¢ can be calculated as:

d
o= 0.036379 +0.2326 (6)
f

where dy and d; are the mean particle diameters (assuming spherical shape) of the
gravel and fine mineral components, respectively. ¢ is mainly affected by median grain
size (Dgq, m) (Frings et al., 2011), in this study, we used the empirical equation of Wu
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and Wang (2006), and assumed that D5, = dj in the following equation:

¢y =0.13+ 0.21 7)
(1000D5, + 0.002)%21

Soil thermal conductivity

Soil thermal conductivity is affected by composition of organic material and mineral soil
particles, water content and thermal state (frozen or unfrozen). Soil thermal conduc-
tivity is usually calculated as a function of thermal conductivity of soil solid, thermal
conductivity of dry soil, thermal conductivity of saturated soil, and Kersten Number
(sensitivity of thermal conductivity to changes of water content). Different methods of
calculating the above variables result in different schemes. For thermal conductivity of
solid (As), the Farouki scheme calculated 14 based on volumetric fractions of sand and
clay of soil, while Johansen (1975) used:

Ao = AAE 8)

where A4 and 4, are thermal conductivities of quartz (7.69 Wm™' K'1) and other ma-

terial (2Wm‘1 K‘1), respectively. f, and f, are volumetric fraction of quartz and other
material, respectively.

Chen et al. (2012) further considered the thermal conductivity of organic material
(O.25Wm'1 K'1) into the equation of Johansen. Cété and Konrad (2005) also used
the geometric mean method of Johansen, but considered lots of mineral types which
are difficult to prescribe in practice. Therefore, under the circumstance of difficulty of
getting detailed organic and mineral content information, we followed Luo et al. (2009)
to calculate the thermal conductivity of soil without gravel using the Johansen scheme.

For dry soil thermal conductivity (44,,), both Farouki and Johansen schemes calcu-
lated 14, using soil bulk density and did not consider gravel. C6té and Konrad (2005)
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15

calculated A, as:
’ldry =1 0~@m 9)

where y (W m™’ K'1) and n (no unit) are parameters accounting for the particle shape
effect. Coté and Konrad (2005) provided y and 7 values for gravel, and for fine mineral
and organic materials. For gravel-fine mineral mixed soil, we used

’1dry,m = 'ldry,gfg + ’1dry,fff (10)

where Agrym, Agry,g @nd A4 ¢ are dry thermal conductivities of mixed soilgravel soil, and
finer mineral soils, respectively.

For saturated soil thermal conductivity (1¢), the Farouki, Johansen schemes and
Cété and Konrad (2005) all used the following equation:

1=Pm 1P
Ay TMATT > T;
Asat={ 1 5

1_¢m d)u ¢m_¢u
’ls ’1qu Aice T< Tf

(11)

where 1, and A, are thermal conductivities of water (0.6Wm ™ 'K™) and ice

(2.29Wm'1 K’1), respectively. T and T; are soil temperature and soil freezing tem-
perature, respectively.

For the Kersten number (Ke), only C6té and Konrad (2005) considered coarse ma-
terials:

kS

AEITEIE "o

where S is degree of soil saturation, and « is empirical parameter used to account
for different soil types. Values have been assigned for both frozen and unfrozen states
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and for coarse material, fine mineral, and organic in C6té and Konrad (2005). For mixed
soil:

Ke,m = Ke,gfg + Ke,fff (13)

where K, K g and K ; are Kersten numbers of mixed gravel-fine mineral soil, gravel
and fine mineral soils, respectively.
Finally, soil thermal conductivity (4,,) for gravel-fine mineral mixed soil was then cal-

culated as
-5
1 = Ke,m’lsat + (1 - Ke,m) ’1dry,m $>10 (14)
m Agrym S <107°

Pore size distribution parameter

The pore size distribution parameter (B) is an important parameter in calculating both
soil hydraulic conductivity and matric potential (Clapp and Hornberger, 1978; Cosby et
al. 1984). For fine mineral soils, B is related to clay content, for example, values of clay
soil and sand soil are 12.13 and 3.39, respectively. With a larger B value, hydraulic
conductivity decreases and the absolute value of matric potential increases more rapid
with the same amount of decrease of soil moisture. We couldn’t find any explicit values
of B for gravel from our search of the literature. Because gravel has low capacity to hold
water (Stephens et al., 1998), we set B of gravel to be 1 (B of sand and clay are about
3 and 12, respectively). For soil with mixed gravel and finer grained mineral materials,

By = Byfy + By, (15)

where By and B; are B values for gravel and fine mineral, respectively.
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Saturated matric potential

Saturated matric potential (W, ) for fine mineral is related to sand content, for ex-
ample, absolute values of clay and sand are 390 and 47 mm, respectively. We set
saturated matric potential of gravel (W, 4) to be 0.1 mm so that the capability of gravel
holding water is very weak when it is saturated. For soil with mixed gravel and finer
grained mineral materials,

1, f;
WYeatm =¥ Sgat’ g A\Ifsfat,f (16)
Saturated hydraulic conductivity
Saturated hydraulic conductivity (K, ) for fine mineral is related to sand content, for
-1

example, values of clay and sand are 0.002 and 0.0236 mm s
For soil with mixed gravel and fine mineral,

g  dmom
sat,m — 180(1 B ¢m)2

v
where g is gravitational acceleration (m s‘z), v is Kinetic viscosity (m2 s‘1), d, is the
representative grain diameter of mixture, which is calculated based on representative
grain diameters of gravel (dy) and fine minerals (d) (Zhang et al., 2011).

The matric potential (y,,,) and hydraulic conductivity (K,,) of mixture are then calcu-
lated as:

in CLM4, respectively.

(17)

_Bm
v = v (20 (18)
m sat,m ¢)m

2B, +3
K =K AN (19)
m sat,m ¢m
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where ), is volumetric water content of soil (m®m™3).

Volumetric fraction of gravel

Above descriptions used volumetric fractions of gravel and fine mineral soils. Field
and laboratory work usually provide mass fractions. Therefore, we use the following to
calculate volumetric fraction of gravel (7,):

£ ¢ffg,m
’ bg (1= Tgm) + Pifgm

where f, , is the mass fraction of gravel.

(20)

2.3 Site description

The site tested in this study is near Beiluhe permafrost station (34°49'46.2" N,
92°55'56.58" E, 4,628 ma.s.l.), which is located in the ice-rich permafrost regions
on the QTP (Fig. 1). Meteorological variables, including air temperature, radiation,
precipitation, and humidity, and soil temperature and moisture (down to 1.6 m) have
been measured since 2002. Based on measurements, mean annual air temperature
is —3.6°C; mean annual downward solar radiation is 206.3W m~2; and mean annual
precipitation is 366 mm yr'1 (Fig. 2). A borehole was drilled in 2002, and temperature
sensors were installed down to 60 m. Active layer thickness is about 3.4 m; the lower
boundary of permafrost is at a depth of about 20 m below soil surface (Fig. 3). Based
on borehole measurements at 60 and 50 m, the temperature gradient over the period
of measurement is about 0.06°Cm™".

Vegetation of the site is sparse. We specified leaf area index of this site to be
0.1m?m~2 in both April and October; and 0.6 m?m~2 in July and August. Leaf area
indices were set to be 0 in winter; and interpolated linearly between minimum and
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maximum for the other months. The soil profile of Beiluhe region consists of 0.5-2.1m
sand with gravel on top of < 8 m silty clay (Lin et al., 2011). We specified the volumetric
fraction of gravel content based on measurements from 4 pits of the same region (Yang
et al., 2009), i.e. 40% in 0-5cm, and 50 % in deeper soil layers. All soil layers were
assumed to be saturated and —1°C for initial conditions. For all the simulations at this
site, DOS-TEM was first run with atmospheric driving variables of 2003 for 100 yr.

2.4 Comparisons of different schemes

We compared three sets of schemes (Table 1). The first set used schemes for soil ther-
mal and hydraulic properties following the Community Land Model 4 (CLM4; Oleson
et al., 2010). The second set was similar to the first set, with the exception of using
a different thermal conductivity scheme. The third set considered the effects of gravel,
which were described in Sect. 2.2. These sets of schemes are referred to as the CLM,
CKJ, and CKJ-G hereafter. For each set of schemes, we run the DOS-TEM with dif-
ferent combinations of 3 different soil profiles: (1) 0.5 m sand (with and without gravel)
on top of 3.6 m silty clay; (2) 1.3 m sand (with and without gravel) on top of 2.8 m silty
clay; and (3) 2.1 m sand (with and without gravel) on top of 2m silty clay; and 3 dif-
ferent slopes (0, 5 and 10°). For all simulations, the top 15cm soil texture was set to
be sandy clay to account for the relatively strong water holding capacity of grass roots.
The diameter of gravel was assumed to be 10 mm.

2.5 Effects of gravel fraction and diameter

Using the third set of schemes (the CKJ-G), we tested the effects of gravel diameter
(2mm, 10 mm, and 50 mm) and gravel fraction (20 %, 50 %, and 80 %) over a soil profile
with 1.3 m mixture of sand and gravel on top of 2.8 m silty clay.
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3 Results
3.1 Effects of gravel on soil properties

Based on 202 boreholes on the QTP, Nan et al. (2005) used two layers of solil, i.e. silty
clay with gravel in the upper part and sand with gravel in the lower part. Therefore, in
this study, we presented the thermal and hydraulic properties of mixed silty clay with
gravel (Fig. 4) and mixed sand with gravel (Fig. 5).

The simulated effects of gravel on soil thermal and hydraulic properties are strik-
ing (Figs. 4 and 5). The porosity of gravel was 0.28 if its representative diameter
equales10 mm. For the mixture of gravel and silty clay (sand), the porosity of the mix-
ture first decreased then increased with increasing gravel content (o > 0); the minimum
could be as small as 0.12 (0.1) for an ideal packing (c = 1) (Fig. 4a and 5a). With
increasing of gravel content, the absolute values of saturated matric potentials (head
pressures) decreased logarithmically, which means mixture with more gravel more eas-
ily loses soil water (Fig. 4b and 5b). The change of the pore size distribution parameter
B had little effect on the water retention curve except for very large fraction of gravel
content. The effects of gravel on the water retention curve were similar to those from
experiments with clay and gravel mixture from Loess Plateau (Wang et al., 2013). Satu-
rated hydraulic conductivity (K,;) first decreased then increased with increasing gravel
content. The difference can be ~ 10 times (Figs. 4c and 5c¢). The calculated K ; was
different from that of the CLM. For both unfrozen and frozen mixed silty clay and gravel,
the Kersten number (Ke) increased with increasing gravel content (Fig. 4d). However,
due to the same parameters in Equation 12 for both sand and gravel, Ke was the same
for different gravel contents (Fig. 5d). With increases in gravel content, the dry thermal
conductivity (44) firstincreased then decreased (Figs. 4e and 5e), which was contrary
to the response of porosity. With increases in gravel content, the thermal conductivity
(1) increased for both unfrozen and frozen mixed soil (Figs. 4f and 5f). There were

4715

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

uI
| MM I

TCD
7, 4703-4740, 2013

Simulating the role of
gravel on the
dynamics of

permafrost

S. Yietal.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/4703/2013/tcd-7-4703-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/4703/2013/tcd-7-4703-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

thresholds of soil water content that depended on gravel content, below which frozen
soil thermal conductivity starts to be smaller than that of unfrozen soil.

3.2 Comparisons of schemes

When slope is 0°, no runoff occurred in the perched saturated zone above the thawing
front. Therefore, soil was very wet from top to bottom for all three sets of schemes. For
simulations using the CLM schemes, heat capacity of sand soil in winter was smaller
than that of summer (Table 2). Thermal conductivity and thermal diffusivity in winter
were much greater than those in summer (Table 2 and Fig. 6). For both the CKJ and
CKJ-G schemes, thermal properties were similar to those of the CLM schemes, how-
ever, the differences of thermal conductivity and thermal diffusivities between winter
and summer seasons were smaller than the CLM schemes. The simulated mean ac-
tive layer thicknesses (ALTs) were about 2.13, 1.78 and 2.17 m using the CLM, CKJ
and CKJ-G schemes for three profiles of soil textures (50, 130 and 210 cm) over the
period of 2003-2011, respectively. The simulated permafrost lower boundaries were
34.6, 33.5 and 28.2 m, respectively.

When slope is greater than 0°, runoff occurred in the perched saturated zone
above thawing front. For both the CLM and CKJ schemes, which use the same hy-
drological approach, the simulated soil moistures were similar. For sandy soils, de-
gree of saturation was generally between 0.3 and 0.5. For simulations with 130cm
sand and 10° slope, the thermal diffusivities simulated using the CLM schemes were
about 1.63 x 107° and 0.64 x 10°°m?s~"in winter and summer, respectively (Table 2
and Figure 6). Those simulated using the CKJ schemes were about 1.11 x 107° and
0.77 x 10°° m?s™" in winter and summer, respectively. The simulated degrees of sat-
uration using the CKJ-G schemes were only between 0.04 and 0.12 in the sand
(with gravel). For sand with gravel soils, the thermal diffusivities were 0.87 x 107 and
1.03x 10" m?s™" in winter and summer, respectively. Therefore, the CKJ-G schemes
were the only one which simulated smaller thermal diffusivity in winter seasons than in
summer seasons. The simulated ALTs/permafrost lower boundaries (PLBs) using the
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CLM schemes slightly decreased/increased with increasing slope (Fig. 7 and 8). The
simulated ALTs/PLBs using the CKJ and CKJ-G schemes all increased/decreased with
increasing slope. The simulated dynamics of permafrost using the CKJ-G schemes
were more sensitive to slope than the CKJ schemes. Permafrost of two simulations
(2.1 m sand with gravel and 5° and 10° slopes) using the CKJ-G schemes disappeared
(Figs. 7 and 8).

The simulated unfrozen thermal diffusivities of silty clay were always smaller than
those of sand (with and without gravel) regardless of the schemes used (Fig. 6). In
addition, porosity and water holding capacity of silty clay are greater than those of
sand (with and without gravel), less latent heat were needed to thaw sand than silty
clay. Therefore, ALTs simulated with 3 sets of schemes all increased with increase of
thickness of sand (Fig. 7). The simulated PLBs generally decreased with increase of
thickness of sand (Fig. 8). For simulations using the CKJ schemes and with slopes,
the simulated PLBs first decreased then increased. The simulated soil water degrees
of saturation were usually small at bottom of sand soil for the 0.5 and 1.3m sand
simulations with slopes using the CLM and CKJ schemes. However, for the 2.1 m sand
simulations with the CKJ schemes, sand layers were usually wet (degrees of saturation
were greater than 0.4), which caused high thermal diffusivities in winter and deep PLB
(figure not shown).

3.3 Effects of gravel fraction and diameter

The porosities of mixed sand with gravel decreased with increase of gravel fraction
and diameter (Table 3). The minimum was 0.10 with 80 % gravel fraction and 50 mm
diameter; and the maximum was 0.32 with 20 % gravel fraction and 2 mm diameter. The
top 15 cm soil was specified as mixture of sandy clay and gravel. The porosities were
similar to those of sand and gravel mixture. When slope was 0°, degrees of saturation
of the top soil with 80 % gravel were less than 0.1, which was much less than those of
simulations with 20 % and 50 % gravel.
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Increase of gravel fraction caused increase of ALT slightly (Fig. 9). For example, the
means of ALT of runs with 20 % and 80 % gravel were ~ 2.05 and 2.3 m, respectively.
Changes of gravel diameter and slope had small effects on ALT. When slope was 0°,
the simulated PLB was not sensitive to both gravel fraction and diameter (Fig. 10).
However, when slope is greater than 0°, increases of gravel diameter caused increases
of PLB when gravel contents were 50 % and 80 %; and PLBs were much smaller than
those with no slope.

4 Discussion
4.1 Differences of schemes for soil thermal conductivity

The Farouki scheme is widely used in land surface models, e.g. Community Land
Model (Oleson et al., 2010) and Noah land model (van der Velde et al., 2009), to
simulate soil thermal conductivity. The Farouki scheme always simulated bigger ther-
mal conductivity of frozen soils than unfrozen soils when soil water content is the same
(Table 2 and Figure 6). The difference of thermal conductivities between frozen and
unfrozen soil increases with increase of soil water content. The combination of C6té
and Konrad (2005) and Johanson (1975) schemes simulated bigger thermal conduc-
tivity of frozen soil than unfrozen soil with the same soil water content only if the degree
of saturation is greater than a threshold. The value is about 0.2 for both silty clay and
sand without gravel (Figs. 4 and 5).

Several studies showed that thermal conductivities in winter were slightly greater, or
even smaller than those in summer on the QTP. For example, Li et al. (2010) observed
smaller thermal conductivity and thermal diffusivity in winter than in summer for top
soil at a site on the QTP. Feng et al. (2012) specified the frozen and unfrozen soil
thermal conductivities as 1.98 and 1.92Wm™' K’1, which were derived from borehole
temperature measurements, in their modelling work at the Beiluhe site. It is impossible
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to simulate higher unfrozen thermal conductivity than frozen thermal conductivity using
the Farouki scheme.

4.2 Effects of gravel on soil thermal and hydraulic properties

Soil texture plays an important role in soil thermal and hydraulic properties. For exam-
ple, organic soil is very common in boreal forests (Yi et al., 2009b). It has high porosity
(usually between 0.7 and 0.95) and very low thermal conductivity when dry. Therefore,
organic soil can slow down the rate of permafrost degradation under a warming climate
(Yi et al., 2007). On the QTP, organic soil is relatively rare, but there is a substantial
amount of gravel in the soil profile.

The threshold value of degree of saturation, above which frozen soil thermal con-
ductivity is higher than unfrozen, can be as much as 0.6 when the fraction of gravel is
65 %. The water holding capacity of soil with gravel is small. Therefore, soil with gravel
tends to be dry, the thermal conductivity simulated using the combination of Cété and
Konrad (2005) and Johanson (1975) schemes will be smaller in winter than in sum-
mer. With a specified constant heat flux at bottom of the 60 m soil profile, the simulated
upward degradation of permafrost is obvious. Our simulation is consistent with Jin et
al. (2006), which suggested that the rate of upward degradation of permafrost is faster
than downward degradation. The lower boundary of permafrost, rather than active layer
thickness, might be a good indicator of permafrost degradation on the QTP. However,
most of the current studies on the QTP focus on the latter (e.g. Guo et al., 2012; Li et
al., 2012; Pang et al., 2012;), rather than on the former.

The results of this study indicate that gravel plays a very important role in simulated
soil thermal and hydraulic properties and in simulated permafrost dynamics. However,
gravel fraction and size introduce uncertainties into these properties. Note that we did
not consider the effects of root and soil organic carbon, which would reduce soil thermal
conductivity in summer (Chen et al., 2012). However, we still underestimated the active
layer thickness on the test site. It is possible that the new schemes used in this study
might underestimate soil thermal conductivity in summer. More measurements should
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be made to test the scheme of this study or to develop more suitable thermal schemes
for the Qinghai-Tibetan Plateau.

4.3 Spatial and vertical distribution of gravel

Gravel is common in soil profiles on the QTP. However, there is no information about
the spatial and vertical distribution of gravel at the plateau scale. Based on limited field
data, the distribution of gravel has large spatial and vertical heterogeneities. For exam-
ple, the soil profile of Beiluhe region consists of 0.5-2.1 m sand with gravel on top of
< 8m silty clay (Lin et al., 2011). The surface soil of the Beiluhe site also has large dif-
ferences of gravel contents (Yang et al., 2009). Surface soil along the Qinghai-Tibetan
Railway varies from sandy clay, to clay, to clay with gravel, and to gravel with sandy
silt (Wu et al., 2012; Xie et al., 2012). In Suli, which is located in the north-east of
the QTP, gravel is also common (Fig. 11a and b). To realistically simulate changes of
permafrost, more effort should be made to compile spatial datasets of the vertical dis-
tribution of gravel content based on measurements made during drilling or the digging
of soil pits.

4.4 Temporal change of gravel

Gravel also plays an important role in alpine grassland ecosystems. Wang et al. (2011)
found that gravel mulch increases infiltration, decreases evaporation and runoff, and
benefits for accumulation of grassland soil in arid regions on the QTP. While Yang et
al. (2009) and Wu et al. (2011) found that grassland biomass is negatively related
the gravel content on sites on the QTP. In our study, the simulated surface soil water
content became low only when gravel fraction increased to 80 %, which might affect
the productivity of grassland.

Under the combined effects of animal disturbances (e.g. overgrazing and rodents),
strong erosions and human tillage, the fraction of gravel in soil may change in a few
years. For example, in a research site of Suli, two pits were dug in 2013 (Fig. 11c¢),
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one on alpine meadow grassland with small disturbances from plateau pika (Ochotona
curzoniae) and soil erosion; the other on heavily eroded and tilled grassland. Both
grasslands are flat. There is large amount of gravel in the soil profile on the eroded and
tilled grassland; while in the soil profile of relatively undisturbed meadow grassland,
there are lots of root and fine soil in the top 40 cm. In June 2013, we found no frozen
soil down to 1.3 m in the eroded and tilled grassland; however, we found frozen soil at
a depth of about 0.4 m in the undisturbed grassland. Since the distance between two
pits is less than 300 m, the climate of both grasslands should be the same. The large
difference in soil thermal state is most likely related to changes of topsoil, which should
be considered in the simulation of vegetation production.

5 Conclusions

Gravel is common in soil profiles on the QTP. However, few models have considered
gravel. In this study, we implemented the thermal and hydraulic properties of gravel
into the dynamic organic soil version of Terrestrial Ecosystem Model; and compared
the simulated active layer and permafrost dynamics among different schemes. Results
showed that soil with gravel tended to be dry, when subsurface drainage occurred.
There exists a threshold, below which the new set of schemes with gravel simulated
smaller thermal conductivity of frozen soils than unfrozen soils with the same soil water
content. The new set of schemes simulated faster upward degradation than downward
degradation, which is consistent with Jin et al. (2006). However, the simulated per-
mafrost thicknesses were sensitive to the fraction of gravel, gravel size, thickness of
the soil with gravel and slope. To reduce the uncertainties caused by gravel, future
studies should focus on establishing relationships between the thermal and hydraulic
properties of mixed soil with gravel fraction and size, and on compiling spatial datasets
of the vertical distribution of gravel in the soil profile.
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Table 1. Comparison of three sets of schemes that were tested in this study.

Porosity

Thermal properties

Hydraulic properties

CLM

CKJ

CKJ-

Farouki (1981)

As CLM

Zhang et al. (2011);
Wu and Wang (2006)

Farouki (1981)

Cété and Konrad (2005),
Johanson (1975)
As CKJ, but with gravel

Clapp and
Hornberger (1978);
Cosby et al. (1984)
As CLM

As CLM, but with gravel
and with saturated hy-
draulic conductivity from
Zhang et al. (2011)
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Table 2. Comparison of soil thermal properties calculated in three different sets of schemes
(the CLM, CKJ and CKJ-G, see Table 1) for 130cm sand (with and without gravel) with 0°
and 10° slope during winter (December-Feburary, Frozen) and summer seasons (June-August,

Unfrozen) over the period of 2003-2011.

Slope Schemes Thermal Volumetric Heat Thermal
Conductivity Capacity diffusivity
Wm™K™ (MIm=3K™) (10 m2s™
Unfrozen Frozen Unfrozen Frozen Unfrozen Frozen
0° CLM 4,76 7.88 4.31 3.11 1.10 2.54
CKJ 2.90 4.70 4.23 3.11 0.69 1.51
CKJ-G 3.99 4.82 3.75 3.16 1.06 1.52
10° CLM 1.93 4.00 3.00 2.46 0.64 1.63
CKJ 2.32 2.73 3.00 2.45 0.77 1.11
CKJ-G 3.03 2.39 2.96 2.74 1.03 0.87
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Table 3. Porosities (m3 m'3) of soil mixture of sand and gravel with different fractions and di-

ameters.

20% 50% 80%

2mm 032 024 0.24

10mm 0.30 0.19 0.13

50mm 030 0.19 0.10
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Fig. 4. (a) Effects of gravel content on porosity of mixed silty clay and gravel with no mixing
(o =0), half mixing (0.5), and ideal mixing (1); (b) effects of gravel content (red: no gravel,
green: 15 %, blue: 35 %, magenta: 65 % and yellow: 100 %) on water retention curve of soil
mixture; (c) Effects of gravel content on saturated hydraulic conductivity (Ksat); black dashed
line indicates the value of silty clay calculated by the Community Land model; (d) response of
the relations between the Kestern number (Ke) and water saturation to gravel content; solid
and dashed lines are for unfrozen and frozen soil, respectively; (e) Effects of gravel content on
dry thermal conductivity (14), black dashed line indicates the value of silty clay calculated by
Community Land Model; and (f) same as (d) but for thermal conductivity (1).
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Fig. 6. Contour of simulated soil thermal diffusivities (10'6 m? 3'1) using the CLM, CKJ, and
CKJ-G set of schemes (Table 1) with 0° (S0) and 10° (S10) slopes. The top 15cm of soil
consists of sandy clay with gravel; 15—130 cm sand with gravel; and 130—210cm silty clay.
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Fig. 7. The active layer thicknesses (m) simulated using the three sets of schemes (a) CLM;
(b) CKJ; and (¢) CKJ-G schemes (see Table 1) with three soil profiles (P1: 50 cm sand (with
gravel); P2: 130cm sand (with gravel); and P3: 210cm sand (with gravel)) and three slopes
(S0: 0%; S5: 5° and S10: 10°); (d) shows the statistics of the active layer thicknesses simulated
using each set of schemes (red line: average; blue box: the 25 % percentile; black line: 75 %
percentile; blue cross: outlier).
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a) 20% b) 50%

.
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Fig. 9. The active layer thicknesses (m) simulated using the CKJ-G schemes (Table 1) with
three gravel fractions and three gravel diameters (D2: 2 mm; D10: 10 mm; and D50: 50 mm) and
three slopes (S0: 0°; S5: 5° and S10: 10°); (d) shows the statistics of the active layer thicknesses
simulated using three gravel fractions (red line: average; blue box: the 25 % percentile; black
line: 75 % percentile; blue crosss: outlier).
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Fig. 10. Same as Fig. 9. But for the simulated permafrost lower boundary (m).
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Fig. 11. Examples of gravel in soil profiles of Suli (see Fig. 1) from : (a) a ~8m mound;
(b) a2 ~2m big pit; and (c) an alpine meadow plot (1) and a nearby tilled meadow plot (2)
on a research site of Suli.
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