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Abstract

Soil freezing is a major feature of boreal regions with substantial impact on climate.
The present paper describes the implementation of the thermal and hydrological ef-
fects of soil freezing in the land surface model ORCHIDEE, which includes a physical
description of continental hydrology. The new soil freezing scheme is evaluated against
analytical solutions and in-situ observations at a variety of scales in order to test its nu-
merical robustness, explore its sensitivity to parameterization choices and confront its
performances to field measurements at typical application scales.

It is shown that the appropriate vertical discretization to represent the thermal freez-
ing dynamics is centimetric, and the appropriate freezing window is 1 to 2°C wide.
Furthermore, linear and thermodynamical parameterizations of the liquid water content
lead to similar results in terms of water redistribution within the soil as a consequence
of freezing.

The new soil freezing scheme considerably improves the representation of runoff and
river discharge in regions underlain by permafrost and subject to seasonal freezing. A
thermodynamical parameterization of the liquid water content appears more appropri-
ate for an integrated description of the hydrological processes at the scale of the vast
Siberian basins. The use of a subgrid variability approach and the representation of
wetlands could help capturing the features of the Arctic hydrological regime with more
accuracy.

The modelling of the soil thermal regime is generally improved by the representation
of soil freezing processes. In particular, the dynamics of the active layer is captured
with an increased accuracy by the soil freezing module, which is of crucial importance
in the prospect of simulations involving the response of frozen carbon stocks to future
warming. A realistic simulation of the snow cover and its thermal properties, as well
as the representation of an organic horizon with specific thermal characteristics, are
confirmed to be a pre-requisite for an accurate modelling of the soil thermal dynamics
in the Arctic.
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1 Introduction

Frozen soils occupy 55 to 60 % of the land surface of the Northern Hemisphere in win-
ter (Zhang et al., 2003) with considerable implications for climate (William and Smith,
1989).

Soil freezing impedes water infiltration and drainage, leading to a modified hydrolog-
ical regime at catchment’s scale (Woo et al., 2000). Arctic rivers provide an example of
large scale hydrological implications of soil freezing: the seasonal cycle of freshwater
input into the Arctic Ocean is highly modulated by terrestrial freeze-thaw cycles (Barry
and Serreze, 2000); this freshwater input is of major importance since it partly con-
trols the Arctic Ocean’s salinity, sea-ice formation and finally the global thermohaline
circulation (McDonald et al., 1999; Peterson et al., 2002; Aagaard and Carmack, 1989;
Arnell 2005). In Eurasia, Serreze et al. (2002) found that the runoff to precipitation ratio
was proportional to the extent of permafrost in each river basin. Generally, watershed
underlain with permafrost have a low subsurface water storage capacity (Kane, 1997),
implying low winter river discharges and fast hydrological responses.

At smaller scales, freeze-thaw cycles induce lateral and vertical water redistribution
as a consequence of cryosuction, patterned ground, talik or thermokarst lakes for-
mation. Those features modify the soil structure, its water holding capacity, moisture
content, and the water available for plants and for the soil biota, with potential conse-
quences on water fluxes between the soil and the atmosphere, vegetation growth and
the carbon dynamics within the soil (Pitman et al., 1999).

Another consequence of soil freezing is the latent heat release and consumption,
which delay the seasonal soil temperature signal (Boike et al., 1988). Frozen soils also
exhibit specific thermal characteristics due to the differences of thermal conductivity
and heat capacities between ice and water, and dissimilarities in water distribution
within the soil column (e.g. Farouki, 1981).

Arctic and boreal regions are in great part underlain by permafrost and/or subject to
seasonal freezing. Their soils contain more than 40 % of the global terrestrial carbon
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(Tarnocai, 2010), undergoing slow or no decomposition due to cold temperatures. The
soil microbiological activity is indeed highly sensitive to temperature, especially in sub-
freezing states (Nobrega et al., 2007); the organic matter decomposition pathway (soil
respiration or methanogenesis) also depends on the hydric state of the soil. An ac-
curate representation of soil temperature and moisture content as modulated by soil
freezing in boreal regions is all the more crucial as evolutions related to climate change
have already been perceived at high latitudes (Serreze et al., 2000) and global climate
models project the strongest future warming for those regions (IPCC, 2007), with po-
tential destabilization of their massive carbon pool.

Given the importance of frozen ground to water, energy and carbon cycling, soil
freezing stands out as a critical feature for land surface and global climate modelling
(Pitmann et al., 1999; Quinton et al., 2005; Yi et al., 2006). Efforts have been recently
made to introduce freeze-thaw algorithms in land-surface models (Luo et al., 2003),
which now involve a physically-based hydrology (e.g. Slater et al., 1998; Smirnova et
al., 2000; Essery et al., 2001; Bonan et al., 2002). However, few of these models are
designed to embed or be coupled with a detailed carbon cycle module (Khvorostyanov
et al., 2008).

The present paper is dedicated to the description and validation of a numerical, 1-D
soil freezing scheme designed to be part of the physically-based hydrological scheme
of the land-surface and carbon model ORCHIDEE (Organizing Carbon and Hydrology
Into Dynamical EcosystEms, Krinner et al., 2005). ORCHIDEE commonly provides
surface boundary conditions to the atmospheric model LMDZ, but is also used off-line
for a variety of applications at scales ranging from point location to global, hence the
need for a multi-scale validation approach. Special attention is given to parameteriza-
tion and numerical choices and their limits in the context of the current representation
of soil freezing in land surface models.

The first part fully describes the soil freezing scheme within the model’s framework.
In a second part, the accuracy of the scheme is verified against semi-analytical and
empirical solutions; its sensitivity to parameterization choices is discussed. Finally,
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simulation results at different scales are compared with field data, which helps diag-
nosing the improvements induced by the freezing scheme and defining further devel-
opment prospects.

2 The soil freezing scheme

2.1 Soil hydrological and thermal processes in the land-surface model
ORCHIDEE

ORCHIDEE is the land surface model part of the fully coupled climate model IPSL-CM4
but can be run off-line, driven by a prescribed atmospheric forcing (e.g. reanalyses or
outputs from an atmosphere model). It combines a soil vegetation atmosphere transfer
model with a carbon cycle module computing a vertically detailed carbon dynamics.
Although the implications of soil freezing on the carbon cycle are beyond the scope of
this paper, the vertically discretized hydrological and carbon modules of ORCHIDEE
should provide a useful tool for investigating these interactions.

ORCHIDEE computes all the soil-atmosphere-vegetation relevant energy and water
exchange processes at 30-min time steps. It is made out of different routines respec-
tively dedicated to energy balance, interaction with the canopy, soil temperatures, soil
moisture content, and routing of water towards the oceans. Extended model descrip-
tion can be found in Krinner et al. (2005), de Rosnay (1999) and d’Orgeval et al. (2008)
for the vertically discretized hydrology. We hereafter only detail the soil hydrological
and thermal parameterizations of the model, which are affected by soil freezing.

ORCHIDEE allows to choose between a simple hydrological scheme based on 2
reservoirs following the work of Choisnel (1977), and a vertically discretized hydro-
logical scheme computing vertical water fluxes at each time step (de Rosnay, 1999;
d’'Orgeval, 2008). Lateral water fluxes are only allowed from one grid-cell to another
and do not affect the soil water content, as explained later in the description of the rout-
ing scheme. A parameterization of soil freezing exists in the simple hydrology (Koven
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et al., 2009; Ringeval et al., 2011); however, the improvements induced by a vertically
discretized hydrology on the modelling of land-atmosphere water and energy fluxes (de
Rosnay, 1999) advocate for the use of a physically-based hydrology and subsequent
implementation of soil freezing parameterizations.

ORCHIDEE vertically discretized hydrology derives from the model of the Centre
for Water Resources Research (Dooge et al., 1997). It computes the water balance
at different depths within the soil profile. Only vertical water movements induced by
gravity and suction are accounted for, while water vapour diffusion and water migration
driven by osmotic or thermal gradients are ignored. The evolution of soil moisture is
thus represented by the 1-D Richards’ equation:

00 V(o)
ot 02( ()( 0z _1))_8 )

with W: water suction e.g. absolute value of matric potential (m), 8: volumetric water
content (m m'1), z: depth axis, pointing towards the surface, K: hydraulic conductivity
(m 5‘1), S: sink term corresponding to water uptake by roots (3‘1).

Equation (1) is discretized on 11 numerical nodes distributed within the soil, with a
finer resolution near the surface where key hydrological processes (infiltration, evapo-
ration) take place. The uppermost layer is 2mm thick and the thickness of the layers
increases as a geometric sequence of ratio 2 with increasing depth, leading to a to-
tal default depth of 2m for hydrological processes. The numerical scheme relies on
implicit finite differences and is unconditionally stable. Bottom boundary condition is
gravity drainage. At the top of the soil column, the water flux towards the soil is set
to infiltration minus evaporation and modulated by the infiltration capacity and water
content of the soil.

Matric potential and hydraulic conductivity formulations rely on a Van Genuchten
(1980)-Mualem (1976) parameterization:

1

o-6,\ 7 |
w2 [(9 ) —1] @
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with 65: saturated water content (m3 m~"), 6,: residual water content (m3 m'3), a: Van

Genuchten parameter (m'1), related to the inverse of the air entry suction, m and n:
Van Genuchten parameters related to pore-size distribution (m =1 —% according to
the Mualem model), /: Van Genuchten parameter related to tortuosity (/ = 0.5 in the
Mualem model), K;: saturated hydraulic conductivity (m 3_1).

The parameters a, m, n, and K are soil-type dependent. Saturated hydraulic con-
ductivity typically varies over several orders of magnitude from coarse to fine-textured
soils (Fig. 1a), with considerable impact on the soil water regime. Three different
soil types (coarse, medium and fine) associated with specific hydraulic parameters
are accounted for in ORCHIDEE (Table 1). The soil types repartition is the result of
the original Food and Agriculture Organization map (1978) and interpolation work by
Zobler (1986). In ORCHIDEE, the original 5 textural classes used by Zobler (fine,
medium-fine, medium, medium-coarse, and coarse) are reduced to 3 textural classes
(fine, medium, coarse) with the medium class composed out of the medium fine,
medium and medium coarse FAO classes. The hydraulic characteristics of the three
ORCHIDEE soil textural classes originate from Carsel and Parrish (1988) for the refer-
ent USDA (1994) name (Table 1).

Overland flow and drainage water are routed towards the outflow of the major rivers
via a routing module thoroughly described in NgoDuc et al. (2007). Basically, the
overland flow is transferred to a “fast” reservoir while drainage fuels a “slow” reservoir.
Both reservoirs eventually flow into the downstream grid-cell “stream” reservoir, which
represents the rivers. The drainage transfer rate from the upstream “slow” reservoir to
the downstream “stream” reservoir is slower than the overland flow transfer rate from
the upstream “fast” to the downstream “stream” reservoir. The “stream” reservoir water
is eventually routed from one grid-cell to another till the mouth of the river is reached.

2203

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
5, 21972252, 2011

Multi-scale validation

|. Gouttevin et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

All transfer and routing rates depend on the river length from the upstream grid-cell to
the down-stream grid-cell and the height loss over that path.

The soil temperature is computed according to the Fourier equation using a finite
difference implicit scheme with usually 7 thermal nodes geometrically distributed be-
tween 0 and 5m. (Hourdin, 1992). The thermal soil is thus thicker than its hydrological
counterpart, a necessary feature when considering that the typical damping depth of
the temperature annual cycle is about 3m (Alexeev et al., 2007). This resolution was
shown to be adapted to the representation of diurnal, annual, and decadal tempera-
ture signals (Hourdin, 1992). The first thermal layer is 4.3 cm thick and the thickness of
each layer is multiplied by 2 as the layers get deeper. The upper boundary condition is
the flux equilibrium at the soil surface; the lower boundary condition is a zero thermal
flux. Latent heat sources and sinks within the soil are by default not included; thermal
advection through water movements is neglected. Soil thermal properties depend on
the water content, which is interpolated each 30 min time-step from the hydrological
module at the 7 thermal nodes.

2.2 The new soil freezing scheme

The new soil freezing scheme described below aims at accounting for latent heat ef-
fects within the soil and for soil-freezing induced changes in the thermal and hydrolog-
ical properties of the ground. Current numerical soil freezing algorithms implemented
in land surface models differ in their representation of those effects. The new param-
eterizations introduced in ORCHIDEE are hereafter detailed and compared with their
concurrent counterparts.

Latent heat is a source or a sink term in the Fourier equation. With the assumptions
of no thermal advection and no phase change implying the gas phase, the 1-D Fourier
equation with latent heat term writes:
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with Cp: volumetric soil heat capacity (J K m_3), T: soil temperature (K), Ky,: thermal
conductivity (W m™’ K’1), Pice: ice density (kg m’s), L: latent heat of fusion (J kg'1),
Oice: Volumetric ice content (m®m™3).

During freeze-up, latent heat release will delay the freezing front progression. Con-
versely, latent heat consumption will counteract warming as subfreezing temperature
reaches the freezing point. As it systematically opposes the temperature change, la-
tent heat adds up to inertia, which is the basis of its incorporation into an apparent heat
capacity in models (Fuchs, 1978). This ploy allows to humerically compute a simple
diffusion scheme with no source term (Poutou et al., 2004) and is illustrated by the
rewriting of Eq. (4) into Eq. (5):

d6..\ 9T o oT
—0. .l .——€ Rl
(CP Pioe" =" g7 )ar az( th 62)

delce

(5)

with <0.

The apparent heat capacity can then be analytically derived from the parameteriza-
tion of the soil volumetric ice content as a function of temperature (Cox et al., 1999;
Smirnova et al, 2000). However, numerical complications occur due to the singular-
ity at 7 = 0°C. We elude this difficulty following the work of Poutou et al. (2004), with a
phase change linearly spread over a 2 °C temperature interval between 0°C and -2 °C.
This temperature interval will hereafter be referred to as the freezing window AT. The
model sensitivity to the width of the freezing window will be analyzed in Sect. 3. The
apparent heat capacity thus simply writes:

A eice

Capp = Cp _pice'L'T

(6)
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where Af,;, equals the total water content of the layer since all available water is con-
sidered to freeze in the freezing window.

For energy conservation reasons, the total water content used by the thermal
scheme does not evolve from the freezing onset till the end of the thawing. As soon
as a layer is entirely thawed, a temperature correction is applied if the amount of latent
energy involved in the thawing of this layer and its preceding freezing do not balance
each other as a result of numerical approximations.

Thermal diffusion is governed by heat capacity and conductivity. Heat capacity is
little affected by soil freezing since ice and liquid water heat capacities have the same
order of magnitude. Conversely, heat conductivity is strongly increased upon freezing
since ice is almost four times as conductive as liquid water.

Following Johansen (1975) as advertised by Farouki (1981), heat conductivity K, is
calculated as a function of soil water and ice content:

Kin = (Ksat — kdry)'S + kdry (7)

with kg, heat conductivity of ice and/or water saturated soil (W m~ K™, Kary: heat

conductivity of dry soil (W m™’ K‘1), S: soil total (frozen and unfrozen) saturation de-
gree (m3 m‘3).
The saturated soil conductivity is calculated as:

1-6, , (1-1)6, , f.6,
Ksat = Ks 'ki( ) kV\II (8)

with kg, k; and k,,: respective heat conductivities for solid soil, ice and water, f,: fraction
of the liquid soil water, assumed to vary linearly from 1 to 0 between 0°C and -2°C, in
the “freezing window”.

This parameterization is commonly used in land-surface models (e.g. Verseghy,
1991; Cherkauer and Lettenmeier, 1999) concurrently with the De Vries’ parameter-
ization (De Vries, 1963).
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The soil heat capacity C,, is computed as the sum of the heat capacities of mineral
soil and water:

Cp = (Ciw - Cdry) S+ Cdry

with Gy, = fi-Cyet + (1 - 1)) - Ciy the heat capacity of a saturated soil (J m3K™), Cary
the dry soil heat capacity (J m™° K'1), Cuwet the unfrozen saturated soil heat capacity
J meK™ ), Cicy the frozen saturated soil heat capacity (J me K™’ ).

The values of these parameters can be found in Table 2 and originate from
Pielke (2001).

Finally, recent studies (Alexeev et al., 2007) pointed out that an extension of the soil
thermal modelling to depths greater than 30 m was needed to prevent unrealistic heat
accumulation in the lowest soil thermal layers over decadal to centennial time scales,
driven by the low zero-flux boundary condition. Simulations over such time-scales are
precisely a crucial target for a land-surface model including a representation of per-
mafrost and the carbon cycle, as their evolution is expected to provide consequent
feedbacks to the ongoing climate change over the next decades. In the new soil freez-
ing scheme, the soil thermal column is therefore deepened to 90 m, while maintaining
the geometrical increase of the layer thicknesses: this vertical extension requires the
use of 4 additional layers which are detailed Table 3, along with the default thermal and
hydrological vertical resolutions.

The main hydrological impacts of soil freezing are a considerable, though not to-
tal, reduction in infiltration and water movements (Burt and William, 1976), concurrent
with a low water storage capacity in permafrost regions (Kane, 1997). Those features
lead to very specific hydrological regimes in regions underlain with permafrost or sub-
ject to long seasonal freezing. Most land-surface schemes assume that water move-
ments within a frozen or partially frozen soil occur through unfrozen films and within
an unfrozen porosity. These models often prescribe a reduced hydraulic conductivity
for frozen soils but still use the Richards’ equation to account for water movements.
In the SiB and SiB2 model, Sellers et al. (1996b) and Xue et al. (1996) for instance
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used a linear function to decrease soil hydraulic conductivity at subfreezing temper-
atures. Lundin (1990) suggested the use of an exponential impedance factor. Other
approaches consider that ice becomes part of the soil matrix, which reduces the poros-
ity and the hydraulic conductivity (Kowalczyk et al., 2006). However, this reduction may
be too drastic for large scale applications, where water can infiltrate through specific
structures like cracks, dead root passages, or where the soil can be locally unfrozen
(Koren et al., 1999).

Our new parameterization of frozen soil hydrological processes relies on the two as-
sumptions that (i) only liquid water can move within a frozen or partially frozen soil, and
(i) the hydraulic conductivity in a frozen or partially frozen soil depends only on the
liquid water content and the soil properties, with no consideration of a reduced porosity
due to the presence of ice. The induced reduction in hydraulic conductivity is thus less
severe than in most of the above-cited approaches, which could help representing the
ability of water to infiltrate frozen soils at a model grid-cell scale through preferential
pathways (Koren et al., 1999). This approach furthermore exploits the already avail-
able Van Genuchten parameterization of hydraulic conductivity as a function of water
content (Eq. 3 and Fig. 1a). Essery and Cox (2001) similarly model the hydrological
properties of the land surface model MOSES at subfreezing temperatures.

We developed two ways of diagnosing the liquid water content at subfreezing tem-
perature. The first one, hereafter referred to as “LINEAR” freezing, assumes a linear
increase of the frozen water fraction from 0 to 1 in the “freezing window”, i.e. when
temperature goes down from 0 to —2°C. The second one, hereafter referred to as
“THERMODYNAMICAL’ freezing, computes the thermodynamically allowed liquid wa-
ter content at subfreezing temperatures, based on the balance between the low en-
ergy status of adsorbed and capillary liquid water, and the free energy drop induced
by phase change (Black and Tice, 1989; Dall’Amico, 2010). With the assumption of an
imposed pressure on ice, Fuchs et al. (1978) derived:

L'(T_Tfr)

o 9)

W) = '
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with 7;, = 273.15 K: water freezing point, g: standard gravity (m 3‘2), T: soil temperature
(K).

Equation (9) equally means that soil water under suction ¥ will freeze at tempera-
ture T; and if the subfreezing temperature T is observed, the liquid water content has
adjusted to the suction V.

Liquid water content and soil matric potential are indeed related at subfreezing tem-
peratures, with a relationship similar to what is observed on the course of drying-wetting
experiments (Black and Tice, 1989). This suggests that Eq. (2) can be used for frozen
or partially frozen soils. A theoretical explanation often advanced (Dall’Amico, 2010) is
the replacement of air in the porous media — whose proportion would increase upon
drying — by ice when soil freezes. As the stabilizing capillary interactions differ in mag-
nitude between freezing and drying due to a 2.2 times greater surface tension at the
air-water than at the ice-water interface, the use of a factor 2.2 in Eq. (2) is sometimes
recommended in freezing-thawing applications (Koopmans and Miller, 1966). As capil-
lary interactions are generally involved at lower suctions than adsorptive processes and
affect a greater quantity of water, they explain most of the unfrozen water at tempera-
tures just below freezing, when the effects of liquid water are important (Romanovsky
and Osterkamp, 2000). The use of the factor 2.2 thus appears relevant, leading to the
following equation to describe the thermodynamically allowed liquid water content at
subfreezing temperatures as a result of Egs. (2) and (9):

1
; 1
L-(T-T, 0-6,\"7 !
( fl') — L . l r _ 1 (1 0)
gT 22 a|\6s-6,
The real liquid water content is however limited by the water available within the soil:
6, =MIN(O, b,4) (11)

with 6, the liquid water content at a subfreezing temperature (m m®m ) @ the thermo-

dynamically allowed liquid water content from Eq. (10) (m 3) O, the total water
content (m3 m'3).
2209

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
5, 21972252, 2011

Multi-scale validation

|. Gouttevin et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

In both the LINEAR and the THERMODYNAMICAL approaches the residual water
content (see Table 1) does not freeze.

Figure 1b and c respectively display the liquid water content diagnosed as a function
of temperature by the LINEAR and THERMODYNAMICAL approaches for the three
soil types represented in ORCHIDEE. Fine textured soils retain more liquid water at
subfreezing temperatures due to high capillary forces. By contrast, in coarser soils, the
decrease in liquid soil water content as a function of temperature is steeper. The simu-
lation was performed with an initial volumetric water content of 0.33 for all soil types at
280K. Figure 1c also illustrates the limitation of liquid water content by available mois-
ture in coarse soils, since the coarse soil gets depleted in water by gravity drainage
before freezing occurs.

The thermodynamical approach is commonly used in land surface models with minor
variations (Koren et al., 1999; Cox et al., 1999; Smirnova et al., 2000; Cherkauer and
Lettenmeier, 2003). Results yield by the linear and the thermodynamical approaches
will be compared in Sects. 3 and 4.

Other alternative approaches include power or modified power function:

6=a(lT -T;)° (12)

with b a site specific parameter (e.g. Osterkamp and Romanovsky, 1997); or an ice
content determined by total water content and energy loss at T =T, (Slater et al.,
1998; Takata and Kimoto, 2000; Kowalczyk, 2006). Site specific calibration require-
ments disqualify the power function approach for land surface modelling purposes at
large scales, while the second was discarded as difficult to conciliate with ORCHIDEE’s
thermal scheme.

3 Validation against analytical solutions and laboratory experiments

In this section the ability of the new soil freezing model at representing the thermal and
hydrological processes involved in freeze-thaw cycles is evaluated against idealized
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data. By “idealized” we mean data where the unknowns usually restricting the power
of model validation (uncertainties in the atmospheric forcing, uncertainties in the soil
and vegetation parameters, errors or error compensations due to processes not repre-
sented by the model) are minimized. The analytical solution of the freezing front pro-
gression by Stefan (1890) is one of such datasets for the thermal processes: the model
soil thermal parameters and boundary conditions can entirely match their counterpart
in the analytical solution, which allows to perform an unbiased model-to-solution com-
parison and to evaluate the model sensitivity to parameterization or numerical choices.
In the absence of any analytical solution for Eq. (1) in frozen or partially frozen condi-
tions, a laboratory monitoring of the liquid water content of a soil column undergoing
freezing by Mizoguchi (1990), is used as a benchmark for the hydrological parameteri-
zations.

3.1 Validation of the thermal scheme against the Stefan solution

1-D phase change problems can analytically be solved (Stefan, 1890) with the as-
sumptions of a linear temperature gradient within the soil, a uniform and constant heat
conductivity in the frozen zone, and a steady upper boundary condition (Li and Koike,
2003). The solution is obtained from the balance between the latent heat released by
the freezing of an infinitesimally thin soil layer, and the heat flux towards the surface
integrated over the corresponding infinitesimal time step. The freezing front z pro-
gression thus writes as a function of time ¢, heat conductivity Ky, surface temperature
difference from the freezing point 7 — T;,, volumetric water content 8, latent heat of
fusion L and water density p:

z= ¢2-Kth-(rs‘_rff)-r (13)

The freezing front progression simulated by ORCHIDEE is hereafter compared to this
analytical solution. To suit the conditions for a comparison, ORCHIDEE is set up in
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the exact conditions of the Stefan resolution. To have a constant and uniform heat
conductivity in the frozen zone, the soil volumetric water content is artificially set at a
constant and uniform value. Soil temperature is uniformly initialized at 0 °C, and a step-
like temperature surface forcing of —6 °C is applied from t = 0 on. The numerical values
thus obtained and used for comparison with Eq. (13) are: K, = 1.05Wm 'K 6=
0.19m>m™>; L =0.3336 x 10° Jkg™'; T, - T;, = 6 K. No hydrological process is involved
in this simulation, which therefore allows the testing of the thermal scheme alone.

Figure 2 displays the progression of the freezing front within the soil as given by the
Stefan solution (STEFAN) and by three ORCHIDEE simulations with different config-
urations: without the freezing scheme and with the default vertical resolution for the
thermal module (NOFREEZE; in this case the progression of the 0°C isotherm is rep-
resented); with the freezing scheme and the default vertical resolution for the thermal
module (FREEZE, default res.), and with freezing scheme and a refined vertical resolu-
tion (FREEZE, improved res.). This resolution was chosen to be the default resolution
of the hydrological module (Table 3), and thus only involved the first 2m of the soil. For
those runs the time scale involved did not justify the use of an extended depth for the
thermal module.

Both FREEZE simulations obviously improve the modelling of soil thermal dynam-
ics by slowing down the downward progression of the freezing front as compared to
NOFREEZE (Fig. 2).

The numerical solutions using the soil freezing scheme show a good agreement with
the Stefan solution at the numerical nodes, represented by the dashed lines. How-
ever, a net overestimation of the freezing front depth is obvious at depths in-between
numerical nodes (step-like features in Fig. 2). It corresponds to a cold bias which in-
creases with depth as the vertical resolution of the model gets coarser. This bias is
reduced by the use of a finer resolution (FREEZE, improved res.). The cold bias orig-
inates from the linear interpolation of temperatures between the numerical nodes, as
illustrated Fig. 3, and can amount up to 25 % of the analytical solution when the de-
fault resolution is used. Equivalently, the linear interpolation of a summer temperature
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profile induces a warm bias and an overestimation of the thawing depth also called
active layer. A finer-than-default thermal resolution in the uppermost meters of the soil
might therefore improve modelling results for specific applications. However, the use of
a coarse resolution does not necessarily affect comparisons with active layer thickness
observations as the active layer depth is often diagnosed from a linear interpolation of
a measured temperature profile (Brown et al., 2003).

We used the analytical Stefan solution as a benchmark to evaluate the thermal
scheme sensitivity to two numerical structural parameters: the vertical discretization
and the width of the freezing window A7. Romanovsky et al. (1997) underlined the
importance but scarcity of such sensitivity analyses for thermal numerical schemes. To
fully disentangle spatial from temporal discretization issues, we here consider a fixed
time step At of 30 min, as it is currently in use for global applications of ORCHIDEE
and unlikely to change by a factor more than 2 in near future.

In the absence of issues of numerical stability (see Sect. 1), the model vertical dis-
cretization is constrained by the dynamics of the phenomenon it is designed to rep-
resent. The real-world phenomenon speed should not exceed the maximum speed
of phenomenons representable by the model, i.e. the model speed v, ,q = ﬁ—f. Other-
wise, part of the observed response will be missed by the model. On the other hand,
a model speed much higher than the phenomenon speed will result in a poorly re-
fined representation. In the case of soil freezing we learn from the Stefan analytical
solution that the maximum observed speed vy,e, Of the freezing front is reached near
the surface during the first time step. With the parameter values in use in this sec-
tion, Vypen ~4cm h™! upon a surface forcing of —6°C. The freezing front progression
slows down as deeper soil layers are reached, due to the attenuation of the thermal
gradient, so that vpe, ~1cm h~" at 40 cm below the surface. At the default vertical res-

olution, v,,oq ~8.6cm h™ just below the surface and v,,,q ~40cm h™ at 40cm below
the surface. The model default time step and vertical resolution are thus adapted to
the representation of the dynamics of soil freezing in the first tens of centimeters below
the surface; however, the resolution of the process by the model becomes increasingly
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coarse deeper in the soil. The ideal vertical resolution to capture freezing in the first
meter of the soil under a moderate (6 °C) thermal forcing is centimetric.

A second constrain on the spatial discretization arises through the freezing window
AT: during a time step, a thermal layer crossing the freezing point should not undergo
a temperature change AT, greater than AT during a time step. Otherwise the latent
heat energy involved in the phase change would not be accounted for in the model,
with consequences for the modelled energy budget and thermal dynamics. Under a
given temperature gradient, AT ., is inversely proportional to the layer heat capacity
and thus thickness. Another formulation of the above mentioned constrain is that the
finer the spatial discretization, the larger the freezing window should be. Approximating
the terms of the Fourier equation, this constrain can be written as:

ATIayer < AT
K-VT

K-VT

Az >
Cp-AT

(14)

The constrain of Eq. (14) numerically yields Az >4 mm under a temperature forcing
of —-6°C and a freezing window of 0.1°C. However, simulations performed using the
default vertical resolution of the model and freezing windows ranging from 2 to 0.1°C
reveal significant errors in the energy budget (Fig. 4). We depict as significant an
error in latent heat when it amounts to a quantity of water of the magnitude of the
error range in modelled soil water contents, i.e. ~10 % (Henderson-Sellers, 1996). The
freezing window interval can be the source of two types of errors respectively leading
to an underestimation (overestimation) of the modelled latent heat: the first one comes
from too thin layers undergoing temperature changes of higher magnitude than the
freezing window and thus overlooking the phase change. This error is responsible
for the latent energy deficit in the uppermost 30 cm of the soil with the AT =0.1°C
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freezing window. The second error results from layers whose temperature lies within
the freezing window but which undergo a temperature change exceeding the window,
thus producing an excess of latent heat in the model. The latent energy overestimation
modelled with a AT = 0.5°C freezing window in the uppermost 30 and 60 cm of the soil
is an illustration of this second source of error. Both errors can compensate over time,
as illustrated by the case AT =0.1°C: the uppermost thin soil layers overlook the phase
change, which leads to a latent heat deficit in the 30 first cm of the soil. The second
error dominates then over the deeper, thicker layers and the error in the latent heat
budget is almost corrected when the uppermost 60 cm of the soil are considered. Under
a given freezing window, excessively thin layers can be subject to both errors with
possible compensation over time. This is illustrated by the agreement of the “FREEZE
improved res.” simulation with the Stefan solution on Fig. 2. Narrow freezing windows
and thin layers enhance the freezing-window induced errors; however, the freezing
window should be coherent with the physics observed. Based upon these tests, a
freezing window of 2°C will be used for the rest of this study. A 0.1°C-wide freezing
window is too small compared to observations (Black and Tice, 1989); a 2°C-wide
window is all the more realistic as the soil is coarse.

3.2 Test of the freezing scheme against the Mizoguchi experiment

Mizoguchi (1990) performed laboratory experiments of soil freezing designed to mon-
itor the evolution of soil moisture as freezing occurs. Four 20cm deep soil columns
of sand of known properties, with initial uniform water content of 0.33, and in thermal
equilibrium at 6.7 °C, are placed at t = 0 under a freezing fluid at -6 °C. Only the tops
of the columns are sensitive to this boundary condition: the other columns parts are
thermally isolated and impermeable. The experiment consists in measuring the soil
water distribution after 12, 24 and 48 h of evolution. An unfrozen soil sample serves as
a reference.

The Mizoguchi experiments also allow the monitoring of the freezing front progres-
sion as it corresponds to the zone the most depleted in water. It hence provides a
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benchmark for the simulation of temperature and water redistribution as a consequence
of freezing, in a simplified context where large-scale effects or precipitation inputs do
not add complexity. The Mizoguchi data were exploited by Hansson et al. (2004) for
the evaluation of a numerical heat transport and water flow model. The details of the
experimental setup and the hydrological parameters values can be found in this publi-
cation.

We created an adapted climatologic forcing to test the new soil freezing model
against these data. Shortwave radiations were set to zero, incident longwave radiations
were chosen as emitted from a blackbody at —6 °C. Wind speed was adapted accord-
ing to the sensible heat flux coefficient transfer mentioned by Hansson et al. (2004).
The model was also configured to suit experimental conditions: bottom boundary con-
dition was set to zero drainage; the hydrological soil column was limited to 20 cm; the
default hydrological vertical discretization was used; the thermal vertical discretization
was refined by a factor two, which prevents from the aforementioned numerical errors
while providing a finer resolution over the 20 cm.

Figure 5 compares to the experimental data the modelled freezing front progression
and water vertical redistribution resulting from freezing in simulations performed with
the new soil freezing scheme using either the linear or thermodynamical parameteriza-
tion. A control simulation without the freezing scheme was also performed; it lead to a
very slight (0.04/20 cm) vertical gradient in water content after 48 h of simulation, as a
result of hydro-gravitational equilibrium (not shown).

The modelled and observed progressions of the freezing front (Fig. 5a) agree well
with an error less than 6 % at the 3 time-steps where data are available. This confirms
the performance of the thermal scheme. We underline that due to parameterization
choices, the freezing front progression modelled with the linear and the thermodynam-
ical freezing do not differ (see at the end of this section).

Both the thermodynamical and the linear freezing simulate cryosuction with an am-
plitude similar to the experimentally observed process (Fig. 5b and c¢). However, the
profiles somehow differ, linear freezing allowing cryosuction to develop deeper within
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the soil. This can be explained by less drastic a reduction of the liquid water content
in the linear freezing when temperature drops below the freezing point (Fig. 1b and c).
On the opposite, cryosuction as modelled by the thermodynamical freezing involves
greater soil moisture gradients, which results in water movements of stronger magni-
tude. These simulations alone do not allow to discriminate the performances of one
parameterization over the other.

To our knowledge, validations of the soil freezing hydrology of land surface models
against cryosuction data are very scarce (e.g. to some extent Koren et al., 1999). The
vertical water redistribution resulting from this process impacts the soil thermal prop-
erties and thus the frozen soil thermal dynamics, but the parameterization choices we
made do not allow to represent this effect, as the soil moisture used by the thermal
scheme does not evolve at subfreezing temperature to make energy budget calcula-
tions easier. It is also the reason why both soil freezing parameterizations model the
same freezing front progression on Fig. 5a. Furthermore, the freezing-induced verti-
cal water redistribution is not expected to have a strong implication after soil thawing:
in most regions subject to freezing, saturated conditions are anyway observed and
modelled in the uppermost soil in spring as a consequence of snowmelt and/or pre-
cipitations infiltration. This may explain the lack of specific validation attempts of land
surface hydrological schemes against cryosuction data. Such a validation however
appeared to us meaningful to ascertain the model physical realism.

4 Validation against field data at different scales
4.1 Validation at the plot-scale at Valdai

In this section, we use the continuous 18yr of atmospheric forcing and hydrological
data of the Valdai water balance research station (57.6° N, 33.1° E) compiled by Fe-
dorov (1977), Vinnikov et al. (1996) and Schlosser et al. (1997) to evaluate the perfor-
mances of ORCHIDEE in a region subject to strong seasonal freezing but not underlain
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by permafrost. These data were extensively used in the PILPS 2d intercomparison
project (Schlosser et al., 2000), which provides interesting feedback about biases in the
data and other land surface models performances. The long-term hydrological mea-
surements relate to the Usadievskiy experimental catchment, whose 0.36 km? areal
extent is covered with a grassland meadow. The atmospheric forcing data originate
from a grassland plot near the catchment; they were initially sampled at 3-h intervals
but we used their 30-min interpolation compiled within the frame of PILPS 2d. The
longwave incoming radiations used for our simulation are based on the Idso (1981)
algorithm. The observed soil parameters for the catchment are extensively described
in Schlosser et al. (1997 and 2000): the ORCHIDEE simulations were performed with
a medium soil of rather high hydraulic conductivity (1728 mm d‘1) and water holding
capacity (401 mm m‘1), as prescribed for the PILPS 2d experiment (Schlosser et al.,
2000).

Figure 6 compares the mean annual cycles of soil temperature, runoff and soil mois-
ture data over the 18 yr, with ORCHIDEE simulations in three different configurations:
without the soil freezing model (NOFREEZE), and with the soil freezing model using
the linear parameterization (FREEZE, linear) or the thermodynamical parameteriza-
tion (FREEZE, thermodynamical). The extended vertical discretization was used for
the thermal module.

The new soil freezing model improves the representation of those three variables.
The representation of phase change partially corrects the cold bias of ORCHIDEE in
winter and totally offsets its warm bias in summer. The choice between a thermody-
namical or a linear parameterization of the liquid moisture content does not impact the
modeled soil temperature at 20 cm. Each parameterization leads to a slightly different
modeled water content for the 20 first cm of the soil; this result means that the soil
thermal conductivity and latent energy differences induced are of minor thermal im-
pact. The remaining winter cold bias possibly originates from (i) the underestimation of
the snow cover depth in some winters, as assessed from comparisons to in-situ obser-
vations (not shown), (ii) a misevaluation of the thermal parameters of the soil, and/or
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(i) the use of a constant, uniform and rather high (0.2Wm‘1 K‘1) show conductiv-
ity. Summer evaporation (and latent heat exchange over the whole year) is marginally
impacted by the introduction of soil freezing; the summer soil cooling modeled in the
simulation using the freezing model (FREEZE) originates from a carry-over effect of
latent heat consumption during spring thaw in late April. This summer cooling affects
the ground below the surface but does not impact the surface temperature itself, which
responds to the atmospheric forcing (temperature, radiation).

The timing and amplitude of the runoff spring peak is greatly improved by the soil
freezing scheme: the reduced hydraulic conductivity impedes melt water infiltration,
and overland flow is generated when the snow melts in April. When the soil freez-
ing module is not used (NOFREEZE), the spring melt water infiltrates into the sail,
leading to a soil recharge visible in the 20 first centimeters of the soil (on Fig. 6¢). A
spring soil recharge of weaker magnitude is recorded in the data, which are averaged
from multiple soundings across the catchment (Fig. 6¢, DATA). It probably results from
macro-scale infiltration pathways still active at subfreezing temperatures and from het-
erogeneous soil freezing conditions at the scale of the catchment, driven by topography
and land cover factors. The soil freezing scheme with linear parameterization is able
to reproduce a weak spring soil recharge while the thermodynamical parameterization
leads to no recharge at all. In the linear parameterization the reduction of hydraulic
conductivity as a function of subfreezing temperature is less drastic and part of the
melt water can infiltrate when the temperature is close to the freezing point. The soll
recharge modeled by the linear freezing occurs one month later than in data. It cor-
responds to the timing of the modeled thawing of the soil, which is also delayed when
compared to data as reflected by the lag of the modeled spring soil temperature in-
crease Fig. 6a. Considering infiltration, the linear parameterization therefore appears
more suited for an integrated description of catchment-scale processes and hetero-
geneity. Both parameterizations of the freezing capture the autumn runoff peak very
well, which occurs as a response of a saturated and/or frozen soil to autumn precipita-
tions.
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The soil freezing scheme improves the ability of the model to represent the annual
amplitude of soil moisture variations. The uppermost soil summer depletion in water is
more marked when the soil freezing module is used, because the late thawing of the
deeper, quite wet soil layers in June enhances their hydraulic conductivity and thus the
drainage towards the deeper soil. When freezing is not accounted for the in-depth soil
water profile is closer to hydrodynamic equilibrium and drier at this time of the year,
therefore such effects do not occur.

In late autumn (mid-November, December), the magnitude of the observed upper-
most soil moisture increase is reproduced when the soil freezing model is used, as
a cumulated response to autumn precipitation and first freezing events generating
cryosuction. The modeled maximum summer depletion in water occurs in August,
one month later than in the observed records. This is correlated to a model bias in
evapotranspiration, whose summer maximum displays a one-month lag from the ob-
servations (not shown). On average, the soil is wetter than in the observations when
the linear parameterization is used, but this is not a meaningful criterion to discrimi-
nate the thermodynamical parameterization over the linear one as soil moisture is only
modeled in terms of anomaly.

For soil temperature, runoff and soil moisture, the soil freezing module produces
an interannual variability of similar amplitude to the data. The modelled winter soil
temperature minimums are underestimated due to years where the modelled snow
cover is underestimated. The modelled spring runoff minimums are also lower than
data minimums due to years when the timing of the runoff spring peak is not captured
accurately by the model. The modelled soil moisture variability is greater in spring and
autumn than in data: intricated key hydrological processes occur at these times of the
year (freezing, thawing, soil subsurface saturation due to precipitation or snow melt),
which exhibit a high spatial heterogeneity and are still difficult to capture with a land
surface model. Statistics of the modelled and observed interannual variability of soil
temperature, moisture and runoff can be found in Table 4. Only the statistics of the
thermodynamical parameterization are shown since the linear parameterization leads
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to comparable results. The modelled interannual variability is improved by the use of
the soil freezing module in terms of amplitudes and temporal correlation, except for
the soil moisture. However, this last parameter exhibits a very low annual interannual
variability.

As a conclusion of the Valdai plot-scale model evaluation, the soil freezing scheme
noticeably improves the modeled soil thermal and hydrological dynamics at the an-
nual and decadal time-scale; the linear and the thermodynamical parameterizations
lead to similar performances, with a slightly better representation of spatially integrated
infiltration processes in the linear parameterization.

4.2 Validation across northern Eurasia against soil temperature, active layer
and river discharges measurements

We chose to evaluate the new soil freezing model against soil temperature, active layer
and river discharges data at the continental scale. Three reasons govern the choice
of these variables: (i) they are likely to carry the signature of soil freezing processes;
(i) long-term records exist for them at high latitudes, with an acceptable spatial sam-
pling or spatial representativness (see later in this section); (iii) they are of crucial
interest for climate modeling, especially in the prospect of future climate projections.
The active layer is the maximal annual thawing depth in permafrost regions. The de-
composition of organic matter in high latitude soils majorly occurs within the active
layer, which therefore acts as a key control variable of the high northern latitude carbon
balance, with implications for future climate projections (Zimov et al., 2006). Frozen
soil processes lead to noticeable changes in soil moisture regime (see Sect. 4.1) but
in-situ soil moisture observations are very scarce, especially at high northern latitudes,
and their spatial representativness is limited (Georgakakos and Baumer, 1996). Con-
versely, river discharges have been monitored for a long time especially in the for-
mer USSR,; they provide a spatially integrated information sensitive to the partition be-
tween infiltration and runoff at the basin-scale; they constitute a crucial climate variable
which models should try to represent accurately, since both the amount and timing of
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freshwater inflow to the ocean systems are important to ocean circulation salinity and
sea ice dynamics (e.g. Peterson et al., 2002).

Our study area is northern Eurasia, ranging from 30° E to 180° E in longitudes, 45° N
to 80°N in latitudes. Simulations were performed over this area at a 1° x 1° resolu-
tion using the meteorological forcing by Sheffield et al. (2006) for the period 1984—
2000, with a 10-yr model spinup forced by the 1983 climatology. The model was run
in three different configurations: without the new soil freezing module (NOFREEZE),
with the soil freezing module and the linear parameterization (FREEZE, linear) or the
thermodynamical parameterization (FREEZE, thermodynamical). The spatialized soil
parameters were described in Sect. 1. As the linear and thermodynamical parameteri-
zations did not lead to differences in the modeled thermal regime at the plot-scale (see
Sect. 4.1) comparisons related to the thermal regime of the soils were only carried with
the thermodynamical parameterization.

4.2.1 Soil temperatures

The comparison of soil temperatures simulated by the model with and without the new
soil freezing scheme (Fig. 7) highlights the specific signature of the latent heat effects
associated with soil freezing.

The spring cooling due to latent heat consumption as the soil thaws is visible nearly
all over Siberia; the soil thawing occurs later (summer) in the areas with the deepest
snow cover (North Western Siberia) as the solar radiations first melt the snow. This
negative temperature anomaly carries over summer. Its magnitude seems less pro-
nounced over the North Eastern coast of Siberia because “summer” encompasses
the month of September where the freezing back of the soil has already occurred in
these regions. The soil freezing back is responsible for the autumn warming which first
affects the coolest, North-Eastern areas (summer and autumn) and then progresses
in the South-Western direction along the thermal gradient (winter). In the coldest,
North-Eastern regions the winter soil thermal anomaly inverses due to an opposing
mechanism: As ice is thermally more conductivity than water (see Sect. 2), frozen
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soils are more conductive than unfrozen ones. In regions with shallow snow cover
and mean annual ground temperatures well below the freezing point, at the extent of
North-Eastern Siberia, the latter effect dominates over the year and leads to a neg-
ative annual temperature anomaly upon the introduction of soil freezing. The same
phenomenon is observed in regions with very shallow winter snow cover (Gobi desert
for instance), where the poor winter thermal insulation helps the cold wave penetrate
faster and deeper within the frozen soil. Over regions with milder winter temperatures
or thicker snow cover, the warming of winter soil temperature induced by latent heat
effects dominates over the year and leads to increased mean annual ground tempera-
tures. Due to the impact of soil freezing on the soil thermal conductivity (and probably
also to hydrological feedbacks), soil freezing hence induces an annual thermal effect
although the latent heat involved in freezing and thawing balance each other over the
year.

In-depth soil temperature is monitored at high northern latitudes as part of the Cir-
cumpolar Active Layer Monitoring (CALM, Brown et al., 2003) and the Thermal State
of the Permafrost (TSP, IPA-SCIDC, 2010). These datasets respectively include active
layer thickness and mean annual ground temperature at different depths. In addition,
the Historical Russian Soil Temperature record (HRST, Zhang et al., 2001) provides a
historical perspective of the thermal state of the study area.

We compared the soil temperatures simulated by ORCHIDEE with and without freez-
ing to HRST records for the year 1987 at stations spread over our study area (Fig 8),
discriminating between the sites where the snow is properly and poorly modeled when
compared to observations. The choice of the year 1987 is related to the availability
of a global snow depth product (Foster and Davy, 1988) compiled within the ISLSCP
Initiative 1 global dataset (Sellers et al., 1996a) for this year.

The new soil freezing scheme degrades the performances of ORCHIDEE in spring
and summer, where the spring cooling induced by latent heat consumption increases
the model cold bias. This cold bias can be due to the choice of the soil thermal param-
eters or to the modeled soil moisture content, which affects the soil thermal properties.
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However, the new soil freezing scheme helps reducing the model autumn and winter
cold bias, especially at the sites where the modeled snow is in relative agreement with
observations (agreement within 20 cm, Fig 8). At most other sites, the snow cover is
underestimated by the model and the improvement induced by the soil freezing scheme
is weaker. At those poorly insulated sites the freezing-induced warming of the soil does
not endure over winter as the uppermost soil is strongly influenced by surface tempera-
tures and its thermal conductivity is enhanced. The prominent role of snow in the winter
soil thermal regime is confirmed by a forced-snow experiment performed with the soll
freezing model at lakutsk for the year 1987, where the modeled averaged snow depth
(10cm) strongly differs from observations (40cm). In this experiment we artificially
force the model with the observed snow depth and focused on the thermal changes
induced (Fig 9): when the observed snow insulates the soil the winter cold bias in
modeled soil temperatures is strongly reduced at all depths. The summer cold bias of
the “very deep soil” (1 to 3m) is also reduced, while the shallower soil responds to the
surface forcing and does not display a significant bias in both simulations. The poor
representation of the Eurasian snow cover could thus be a major cause of the cold
bias affecting the modeled soil temperatures. This was already suggested by other
modeling groups (Nicolsky et al., 2007; Dankers et al., 2011). The use of a constant
and uniform, relatively high thermal conductivity for snow (0.2Wm'1 K'1) is another
possible contributor of this bias: a high thermal snow conductivity may be adapted for
a dense tundra snowpack, but the thermal conductivity of taiga snow is known to be
far weaker, with typical values of 0.06Wm™ K™ (Sturm and Johnsson, 1992). An
overestimation of the snow thermal conductivity may explain the degradation of the soil
freezing model performances from autumn to winter (Fig. 8).

Finally, recent studies report winter soil temperature increases up to 5°C upon the
introduction of an organic horizon into a land surface model (Rinke et al., 2008; Koven
et al., 2009), as this is a dominant feature of the Arctic ecosystems (Beringer et al.,
2001). The non representation of this effect in ORCHIDEE may be a supplementary
reason for the model winter cold bias.
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Regarding this analysis, we emphasize that the comparison of model grided outputs
to point measurements, as performed here with the HRST network, is of limited rel-
evance due to the extreme spatial variability of soil temperature within a model’s grid
cell, especially in areas with complex topography (e.g. Leung and Ghan, 1998). As an
illustration, the mean annual ground temperature provided for 2008 by the TSP network
at 1.5m at 2 different shallow boreholes distant from ~15km on the Yamal peninsula
differ from 3 K; these two boreholes are located on the same grid cell of the model.

4.2.2 Active layer thickness

Including freezing processes in ORCHIDEE produces an extra-cooling at high northern
latitudes, north of 65° N (Fig 7). This decreases the modeled active layer thickness
over Eurasia, yielding a better agreement with CALM in-situ observations, especially in
Eastern Siberia and over the Yamal peninsula (Fig. 10): the root mean square of the
model vs. observation error in the active layer thickness is reduced from 1.9 to 0.5m.
Adding the freezing processes however degrades the results of ORCHIDEE at most
Mongolian sites except in the Altai range. The high spatial variability of the active layer
in this region, illustrated by Fig. 10, should be kept in mind when evaluating the model
performances; as well as the uncertainties inherent to the comparison of 1° x 1° model
output to point-scale observation reflecting very local climatological and soil conditions.
The likely increase in active layer thickness as a response to climate warming at high
latitude in the future will enhance soil microbial activity and soil carbone decomposition
with impacts on the soil carbon stocks. The modeling of the coupled carbon-climate
system at high latitudes is one of the key applications of ORCHIDEE (Koven et al.,
2009), which therefore requires realistic simulations of current soil temperatures and
active layers.
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4.2.3 River runoff

Soil freezing exhibits a very specific hydrographical signature in regions at least par-
tially underlain by permafrost: discharges are characterized by very low volumes in
winter and a spring peak originating in meltwater which does not infiltrate into weakly
permeable, frozen soil. The ability of the new soil freezing module to represent this
specific dynamics is evaluated by comparisons between modeled and observed hydro-
graphs at the outflow of the three main Siberian rivers Ob, lenissei and Lena (Fig. 11).
The data originates from the Arctic river discharge database R-ArcticNET (Lammers
et al., 2001); comparisons are carried over the 1984—-1994 decade, when data is avail-
able.

On the three main Siberian basins, the soil freezing processes similarly impact the
modeled hydrographs: the reduction of spring water infiltration within the soil leads to
a spring peak of runoff concomitant with the timing of snowmelt. The routing of this
overland flow towards the mouth of the rivers, performed by the ORCHIDEE routing
module, leads to a spring discharge peak whose timing and magnitude are in agree-
ment with the observed discharge peaks at the outflow of the Lena and the lenissei.
On the opposite, meltwater infiltrates within the soil when the physics of soil freezing is
not accounted for, and no spring runoff peak is modeled. Drainage occurs at the bot-
tom of the soil, and this subsurface flow sustains the modeled spring discharge peak
at the outflow of the rivers. The slower speed of the water flow through subsurface
aquifers is responsible for the delay between the spring discharge peaks simulated
without and with the soil freezing module, which is also a delay when compared to
the observed discharge peaks. We here underline that a spring discharge peak driven
by overland flow, as simulated by the soil freezing module, is more reasonable than
a drainage-induced spring discharge peak in regions which are partially underlain by
permafrost and subject to seasonal freezing. The soil freezing module still does not
capture the timing of the spring peak discharge of the Ob river: the vast floodplains of
the Ob basin (Ringeval et al., 2010) act as a water reservoir delaying the overland flow
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in its route towards the outflow of the river. These floodplains are not represented in
the soil freezing module and may explain the anticipation of the spring discharge peak
modeled at the outflow of the Ob. Other possible causes for this wrong timing might be
(i) an anticipated timing of the snowmelt in the Ob basin, which is the most temperate
region of the study area; and (ii) the water routing scheme, which was not specifically
calibrated for Arctic rivers and does not include ice-jam processes. Those last reasons
are however less relevant than the non-representation of floodplains, as only the Ob
discharge timing is miscaptured and floodplains are a specific feature of the Ob basin.

The ability of the soil freezing module at capturing the magnitude of the spring dis-
charge peak also varies with the basins and the use of the linear or thermodynamical
parameterization. For each river, the linear parameterization leads to a lower spring
discharge, because the freezing induced infiltration impedance is less severe in this
parameterization and part of the meltwater can infiltrate within the soil and be available
for either evapotranspiration or subsurface drainage. For the Ob river, both parameter-
izations of the soil freezing yield a consequent overestimation of the spring discharge
magnitude. This bias is probably partly related to the non-representation of floodplains,
which in reality foster large evaporation rates and reduce the amount of the annual wa-
ter discharge at the mouth of the river. The floodplains water can also infiltrate the
soil later in the year and feed some bottom drainage which would maybe maintain a
minimum river discharge all year long. This minimum river discharge is clearly under-
estimated by the soil freezing module with both parameterizations. For the Lena and
lenissei river, the linear parameterization underestimates the magnitude of the spring
discharge peak when compared to observations. For the three rivers, the discharge
modeled by the linear parameterization also exhibits an unrealistic autumn peak, which
originates from bottom drainage at the time of the year where the summer heat wave
reaches the bottom of the soil column (2m) and partly melts the water there, locally
increasing the hydraulic conductivity of the soil. This feature is less visible for the Lena
basin which is overall colder than the lenissei and Ob regions so that soil bottom melt-
ing does not occur in autumn; it is also less pronounced with the thermodynamical
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parameterization for all three basins, because warming closer to the freezing point is
required to melt part of the water in this formulation.

The inability of the soil freezing model at capturing the minimum winter discharges
highlights one of its possible weaknesses. When the soil freezing module is used,
autumn rain or melt water hardly infiltrates into the already partially frozen soil, and
overland flow is produced. In reality, the soil temperatures and thus frozen or unfrozen
states exhibits a high spatial variability at the model grid-cell scale (e.g. Leung and
Ghan, 1998), and at this scale, part of the water can infiltrate, though with reduced ef-
ficiency (e.g. Cherkauer and Lettenmeier, 2003; Niu and Yang, 2006). Taking this sub-
grid variability into account is likely to sustain a winter, drainage-induced discharge, as
simulated when the soil freezing module is not used. The Lena river discharge modeled
by the soil freezing module is less affected by this bias: more than 78 % of the Lena
basin is underlain by permafrost (Serreze et al., 2002), compared to respectively 36 %
and 4 % for the lenissei and the Ob basins. Accounting for a subgrid variability in the
frozen status of the soil is less crucial in the Lena basin since the soil is homogeneously
frozen most of the year.

Overall the new soil freezing module better represents the processes governing the
Siberian rivers annual dynamics. It yields a good agreement between modeled dis-
charges and in-situ data. The thermodynamical parameterization appears more suited
for large scale applications. A subgrid variability approach and the representation of
wetlands are diagnosed as necessary to capture the annual cycle of the Arctic river
discharges with more accuracy.

5 Conclusion and outlook

A new soil freezing scheme including a multi-layer hydrology was implemented into the
land-surface scheme ORCHIDEE, designed to run within the global climate model IPSL
CM4. Combining frozen soil processes with a vertically detailed hydrology is crucial for
the modeling of the carbon-cycle in the Arctic and future climate projections.

2228

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
5, 21972252, 2011

Multi-scale validation

|. Gouttevin et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

The thermal and hydrological behaviors of the new soil freezing scheme are
validated at different scales. This scheme thoroughly improves the modeling of the
soil temperature and hydrology at the small and intermediate scales in regions subject
to freezing. At the continental scale, it only partially corrects a winter cold bias in
soil temperatures, which is partly imputed to the inaccuracy of snow modeling and
the non-representation of organic matter. These points are therefore the focus of
current developing work. The soil freezing processes also yield a more reasonable
representation of the active layer, which governs most of the carbon decomposition
processes and is therefore a key variable of the carbon-cycle at high latitudes. The
freezing scheme catches with an increased accuracy the specific features of the
hydrological regime of Siberian rivers in regions underlain by permafrost. However,
the representation of wetlands and the use of a subgrid variability approach appear
necessary, especially in regions undergoing seasonal freezing. It will constitute the
focus of further developments.
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Table 2. Values of the thermal parameters used in ORCHIDEE.

Thermal conductivities (Wm™ K™') | Heat capacities (x10°Jm™K™)

kdry

2.32
2.2
0.6
0.4

C.icy
Cwet
C‘d ry

2.3
3.03
1.8
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Table 3. Numerical nodes of the thermal and hydrological modules in the default configuration,
and in the extended-depth configuration for the thermal module of the new soil freezing scheme.

Layer no.

Depth of the numerical nodes (cm)

Thermal module

Default resolution

Extended depth

Hydrological module

TdooNoOR®N =

1.8
7.9
20
44
93
1.91
3.86

1.8
7.9
20
44
93
1.91
3.86
7.76
15.6
31.2
62.4

0.05
0.19
0.4
0.9
2
4.2
8.7
17.5
35
70
141
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Table 4. Standard deviation o and correlation coefficient r between model (FREEZE, ther-
modynamical) and data for the 20 cm soil temperature, runoff and 20 cm soil moisture over
the 18yr of simulations and data available at Valdai. For each time period the statistics are
computed using the modeled or observed value averaged over the time period. The statistics
improved by the use of the soil freezing module are highlighted.

20 c¢m soil temperature (°C) \ Runoff (mm/period) \ 20 cm soil moisture (-)
annual winter summer \ annual spring autumn \ annual winter summer
o r o r c r |o r o r c r |o r o r o r
data 1.18 1.0 0.9 91 60 49 0.05 0.08 0.1

nofreeze 15 044 19 07 1 09|64 057 34 025 15 059 |0.01 057 001 05 0.08 0.85
freeze 145 044 09 068 09 09|78 070 74 069 37 0.78 | 0.02 030 0.03 025 0.03 0.7
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Fig. 1. (a) Hydraulic conductivities of the three soil types (fine, medium, coarse) represented & ! !
in ORCHIDEE. (b) Liquid water content as a function of temperature as simulated with the LIN- £
EAR freezing for those three soil types. Initial soil volumetric moisture content and temperature ! !
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Freezing front progression (Stefan vs ORCHIDEE)

1» 4 —NOFREEZE |
| —FREEZE, default res B
104 — FREEZE, improved res L
| —STEFAN i
E 0.8 =
2054 i
< L
0.4 1__/,.-———————_____:_-'__.—
i e L

0.2 -
_ / L

pl
oO———"r——7 71 71 T 1 1 1 T r
20 B0 100 140 180
time (h)

Fig. 2. Freezing front progression as calculated by the Stefan solution (STEFAN) and simulated
by three ORCHIDEE simulations: without soil-freezing (NOFREEZE); with the soil-freezing
thermal algorithm at the default resolution (FREEZE, default res.), and with the soil-freezing
thermal algorithm at an improved resolution (FREEZE, improved res.). The horizontal dashed
lines mark the positions of the vertical nodes in the different resolutions.

2243

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

TCD
5, 21972252, 2011

|. Gouttevin et al.

40


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-print.pdf
http://www.the-cryosphere-discuss.net/5/2197/2011/tcd-5-2197-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Consequences of the linear interpolation of atemperature profile

freezing front
depth
overestimation

T=0°C:
freezing front Cold bias
= =
Il T
= ———— T
P
N
N
Interpolated T _ :
profile
N
Depth z0 |]:> —————————————
Real T
profile

Fig. 3. Consequences of the linear interpolation (black, dash) of a temperature profile (black)
in-between vertical nodes. The linear interpolation of a winter profile leads to a systematic
overestimation of the freezing front depth, or equivalently, a cold bias between thermal nodes.
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Influence of the freezing window on the modelled amount of latent heat

Latent heat
(x 10J)
4.

3.

16%

-4% -12%

2.

1.

0.

0-30cm

Fig. 4. Latent heat energy involved in the phase change upon the freezing of the first 30 (left)
and 60 (right) cm of the soil for different ORCHIDEE simulations referenced by the width of their
freezing window (0.1 to 2°C) and theoretically calculated for the corresponding water amount
(Theory). The relative error to Theory is mentioned at the top of each simulation column.
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a. FREEZING FRON b, WATER CONTEMT: linear <. WATER CONTENT: thermnodynarmical
O;DO | 1 1 | | | | 1 1 DOU | 1 | | | 0.00 | | 1 Il 1
0.04 - .04 - 0.04 F
:E: 0.08 3 E 0.08 - E 0.08 -
= 1 - = N - = N [~
- a 2
L oz A ,}— EEvR F 2 paz A =
i L ] —t=0h | ] —t=0h |
—t=12h —t=12h
0.18 9 — freezing frontf 9167 t=12h[ 0167 t=12hf
4 x data L . —t=48h| 4 —t=48h|.
| data error ba — data — data
LT T T 0.20 T T T 0.2¢ T T T T T
5 15 25 35 45 .20 0.30 0.40 0.50 0.20 0.30 0.40 0.50
time (h) volumetric moisture content (=) velumetric moisture content (=)

Fig. 5. Comparison of observed and modelled freezing front progression and cryosuction.
(a) Modelled freezing front progression (blue) and experimental data (points) with afferent error
bars. The freezing front progression modelled with the linear and the thermodynamical freezing
do not differ. (b), (c) Total (frozen + unfrozen) water content evolution within the soil column
at different time steps, for the linear (b) and thermodynamical (c) parameterizations of the
freezing. The modelled water content at 48 h (blue, thick) is to compare to the data at the same
time step (black, thick).
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Fig. 6. Annual cycles of monthly mean 20 cm soil temperature (a), monthly mean runoff (b) and
monthly mean 1-20 cm soil moisture (¢) simulated by ORCHIDEE with (FREEZE) and without
(NOFREEZE) the freezing scheme, and compared with available data (DATA) over 1966—1983.
The grey and the dashed blue envelopes respectively represent the annual variability in data
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Fig. 8. Top: HRST stations locations. Bottom: comparison between observed (x-axis) and modeled (y-axis) soil
temperatures at depths from 0 to 20cm at the HRST stations for the year 1987. Colors refer to the model with and
without the soil new soil freezing scheme; symbols discriminate between the sites where the snow depth is either
properly represented by the model within a +20cm range (correct snow), or underestimated by the model (snow
underestimation) or overestimated by the model (snow underestimation) when compared to the ISLSCP Initiative 1
snow product.
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Fig. 9. Comparison between modeled and observed soil temperatures (in K) at different depths
(shallow, deep, very deep) at lakustk in an experiment where the modeled snow depth is under-
estimated by 30cm (left) and in the forced-snow experiment (right), where the modeled snow
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ALT at CALM stations, 2000
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Fig. 10. Active layer thickness (ALT) for the year 2000 as observed at CALM stations (top);
as modeled without the soil freezing scheme (center); and as modeled with the soil freezing

scheme (bottom).
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Hydrological dynamics of the three main Siberian basins (1984-1994)
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Fig. 11. Mean annual hydrological dynamics of the three main Siberian basins, as simulated
with (FREEZE) and without (NOFREEZE) the new soil freezing scheme for the decade 1984—
1994, and river discharges from the R-ArcticNET database (DATA). In the upper part the soll
freezing scheme uses the thermodynamical parameterization; in the lower part the linear pa-
rameterization is used. Plain curves represent the hydrographs at the mouth of the rivers, thin
dotted lines the drainage at the bottom of the soil column, and large dotted line the surface
runoff. “Err” refers to the mean model error in the cumulated annual discharge over the basins.
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