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1. Introduction

The purpose of this technical note is to describe the physical parameterizations and
numerical implementation of version 4.0 of the Community Land Model (CLM4.0)
which is the land surface parameterization used with the Community Atmosphere Model
(CAM4.0) and the Community Climate System Model (CCSM4.0).  Scientific
justification and evaluation of these parameterizations can be found in the referenced
scientific papers (section 18). Chapters 1-16 constitute the description of CLM when
coupled to CAM or CCSM, while Chapter 17 describes processes that pertain specifically
to the operation of CLM in offline mode (uncoupled to an atmospheric model). Chapters
13 and 14 provide brief overviews only of the urban and carbon-nitrogen submodels.
Full technical descriptions of these submodels can be found in Oleson et al. (2010) and
Thornton et al. (2010, in preparation), respectively. These technical notes and the CLM4
User’s Guide together provide the user with the scientific description and operating

instructions for CLM.

1.1  Model History and Overview

1.1.1 History

The early development of the Community Land Model can be described as the
merging of a community-developed land model focusing on biogeophysics and a
concurrent effort at NCAR to expand the NCAR Land Surface Model (NCAR LSM,
Bonan 1996) to include the carbon cycle, vegetation dynamics, and river routing. The
concept of a community-developed land component of the Community Climate System
Model (CCSM) was initially proposed at the CCSM Land Model Working Group

(LMWG) meeting in February 1996. Initial software specifications and development



focused on evaluating the best features of three existing land models: the NCAR LSM
(Bonan 1996, 1998) used in the Community Climate Model (CCM3) and the initial
version of CCSM; the Institute of Atmospheric Physics, Chinese Academy of Sciences
land model (IAP94) (Dai and Zeng 1997); and the Biosphere-Atmosphere Transfer
Scheme (BATS) (Dickinson et al. 1993) used with CCM2. A scientific steering
committee was formed to review the initial specifications of the design provided by
Robert Dickinson, Gordon Bonan, Xubin Zeng, and Yongjiu Dai and to facilitate further
development. Steering committee members were selected so as to provide guidance and
expertise in disciplines not generally well-represented in land surface models (e.g.,
carbon cycling, ecological modeling, hydrology, and river routing) and included
scientists from NCAR, the university community, and government laboratories (R.
Dickinson, G. Bonan, X. Zeng, Paul Dirmeyer, Jay Famiglietti, Jon Foley, and Paul
Houser).

The specifications for the new model, designated the Common Land Model, were
discussed and agreed upon at the June 1998 CCSM Workshop LMWG meeting. An
initial code was developed by Y. Dai and was examined in March 1999 by Mike
Bosilovich, P. Dirmeyer, and P. Houser. At this point an extensive period of code testing
was initiated. Keith Oleson, Y. Dai, Adam Schlosser, and P. Houser presented
preliminary results of offline 1-dimensional testing at the June 1999 CCSM Workshop
LMWG meeting. Results from more extensive offline testing at plot, catchment, and
large scale (up to global) were presented by Y. Dai, A. Schlosser, K. Oleson, M.
Bosilovich, Zong-Liang Yang, Ian Baker, P. Houser, and P. Dirmeyer at the LMWG

meeting hosted by COLA (Center for Ocean-Land-Atmosphere Studies) in November



1999. Field data used for validation included sites adopted by the Project for
Intercomparison of Land-surface Parameterization Schemes (Henderson-Sellers et al.
1993) (Cabauw, Valdai, Red-Arkansas river basin) and others [FIFE (Sellers et al. 1988),
BOREAS (Sellers et al. 1995), HAPEX-MOBILHY (André et al. 1986), ABRACOS
(Gash et al. 1996), Sonoran Desert (Unland et al. 1996), GSWP (Dirmeyer et al. 1999)].
Y. Dai also presented results from a preliminary coupling of the Common Land Model to
CCM3, indicating that the land model could be successfully coupled to a climate model.

Results of coupled simulations using CCM3 and the Common Land Model were
presented by X. Zeng at the June 2000 CCSM Workshop LMWG meeting. Comparisons
with the NCAR LSM and observations indicated major improvements to the seasonality
of runoff, substantial reduction of a summer cold bias, and snow depth. Some
deficiencies related to runoff and albedo were noted, however, that were subsequently
addressed. Z.-L. Yang and 1. Baker demonstrated improvements in the simulation of
snow and soil temperatures. Sam Levis reported on efforts to incorporate a river routing
model to deliver runoff to the ocean model in CCSM. Soon after the workshop, the code
was delivered to NCAR for implementation into the CCSM framework. Documentation
for the Common Land Model is provided by Dai et al. (2001) while the coupling with
CCM3 is described in Zeng et al. (2002). The model was introduced to the modeling
community in Dai et al. (2003).

Concurrent with the development of the Common Land Model, the NCAR LSM
was undergoing further development at NCAR in the areas of carbon cycling, vegetation
dynamics, and river routing. The preservation of these advancements necessitated

several modifications to the Common Land Model. The biome-type land cover



classification scheme was replaced with a plant functional type (PFT) representation with
the specification of PFTs and leaf area index from satellite data (Oleson and Bonan 2000,
Bonan et al. 2002a, b). This also required modifications to parameterizations for
vegetation albedo and vertical burying of vegetation by snow. Changes were made to
canopy scaling, leaf physiology, and soil water limitations on photosynthesis to resolve
deficiencies indicated by the coupling to a dynamic vegetation model. Vertical
heterogeneity in soil texture was implemented to improve coupling with a dust emission
model. A river routing model was incorporated to improve the fresh water balance over
oceans. Numerous modest changes were made to the parameterizations to conform to the
strict energy and water balance requirements of CCSM. Further substantial software
development was also required to meet coding standards. The resulting model was
adopted in May 2002 as the Community Land Model (CLM2.0) for use with the
Community Atmosphere Model (CAM?2.0, the successor to CCM3) and version 2 of the
Community Climate System Model (CCSM2.0).

K. Oleson reported on initial results from a coupling of CCM3 with CLM2 at the
June 2001 CCSM Workshop LMWG meeting. Generally, the CLM2 preserved most of
the improvements seen in the Common Land Model, particularly with respect to surface
air temperature, runoff, and snow. These simulations are documented in Bonan et al.
(2002a). Further small improvements to the biogeophysical parameterizations, ongoing
software development, and extensive analysis and validation within CAM2.0 and
CCSM2.0 culminated in the release of CLM2.0 to the community in May 2002.

Following this release, Peter Thornton implemented changes to the model structure

required to represent carbon and nitrogen cycling in the model. This involved changing



data structures from a single vector of spatially independent sub-grid patches to one that
recognizes three hierarchical scales within a model grid cell: land unit, snow/soil column,
and PFT. Furthermore, as an option, the model can be configured so that PFTs can share
a single soil column and thus “compete” for water. This version of the model (CLM2.1)
was released to the community in February 2003. CLM2.1, without the compete option
turned on, produced only round off level changes when compared to CLM2.0.

CLM3.0 implemented further software improvements related to performance and
model output, a re-writing of the code to support vector-based computational platforms,
and improvements in biogeophysical parameterizations to correct deficiencies in the
coupled model climate. Of these parameterization improvements, two were shown to
have a noticeable impact on simulated climate. A variable aerodynamic resistance for
heat/moisture transfer from ground to canopy air that depends on canopy density was
implemented. This reduced unrealistically high surface temperatures in semi-arid
regions. The second improvement added stability corrections to the diagnostic 2-m air
temperature calculation which reduced biases in this temperature. Competition between
PFTs for water, in which PFTs share a single soil column, is the default mode of
operation in this model version. CLM3.0 was released to the community in June 2004.
Dickinson et al. (2006) describe the climate statistics of CLM3.0 when coupled to
CCSM3.0. Hack et al. (2006) provide an analysis of selected features of the land
hydrological cycle. Lawrence et al. (2007) examine the impact of changes in CLM3.0
hydrological parameterizations on partitioning of evapotranspiration (ET) and its effect
on the timescales of ET response to precipitation events, interseasonal soil moisture

storage, soil moisture memory, and land-atmosphere coupling. Qian et al. (2006)



evaluate CLM3.0’s performance in simulating soil moisture content, runoff, and river
discharge when forced by observed precipitation, temperature and other atmospheric
data.

Although the simulation of land surface climate by CLM3.0 is in many ways
adequate, most of the unsatisfactory aspects of the simulated climate noted by the above
studies can be traced directly to deficiencies in simulation of the hydrological cycle. In
2004, a project was initiated to improve the hydrology in CLM3.0 as part of the
development of CLM version 3.5. A selected set of promising approaches to alleviating
the hydrologic biases in CLM3.0 were tested and implemented. These included new
surface datasets based on Moderate Resolution Imaging Spectroradiometer (MODIS)
products, new parameterizations for canopy integration, canopy interception, frozen soil,
soil water availability, and soil evaporation, a TOPMODEL-based model for surface and
subsurface runoff, a groundwater model for determining water table depth, and the
introduction of a factor to simulate nitrogen limitation on plant productivity. Oleson et
al. (2008a) show that CLM3.5 exhibits significant improvements over CLM3.0 in its
partitioning of global ET which result in wetter soils, less plant water stress, increased
transpiration and photosynthesis, and an improved annual cycle of total water storage.
Phase and amplitude of the runoff annual cycle is generally improved. Dramatic
improvements in vegetation biogeography result when CLM3.5 is coupled to a dynamic
global vegetation model. Stockli et al. (2008) examine the performance of CLM3.5 at
local scales by making use of a network of long-term ground-based ecosystem

observations [FLUXNET (Baldocchi et al. 2001)]. Data from 15 FLUXNET sites were



used to demonstrate significantly improved soil hydrology and energy partitioning in
CLM3.5. CLM3.5 was released to the community in May, 2007.

The motivation for the next version of the model documented here, CLM4.0
(denoted hereafter as CLM), was to (1) incorporate several recent scientific advances in
the understanding and representation of land surface processes, (2) expand model
capabilities, and (3) improve surface and atmospheric forcing datasets. Included in the
first category are more sophisticated representations of soil hydrology and snow
processes. In particular, new treatments of soil column-groundwater interactions, soil
evaporation, aerodynamic parameters for sparse/dense canopies, vertical burial of
vegetation by snow, snow cover fraction, and aging, black carbon and dust deposition,
and vertical distribution of solar energy for snow were implemented. =~ Major new
capabilities in the model include a representation of the carbon-nitrogen cycle, the ability
to model land cover change in a transient mode, inclusion of organic soil and deep soil
into the existing mineral soil treatment to enable more realistic modeling of permafrost,
an urban canyon model to contrast rural and urban energy balance and climate (CLMU),
and an updated volatile organic compounds (VOC) model. Items of note in the last
category include refinement of the global PFT, wetland, and lake distributions, more
realistic optical properties for grasslands and croplands, and an improved diurnal cycle

and spectral distribution of incoming solar radiation to force the model in offline mode.

1.1.2 Surface Heterogeneity and Data Structure
Spatial land surface heterogeneity in CLM is represented as a nested subgrid

hierarchy in which grid cells are composed of multiple landunits, snow/soil columns, and

PFTs (Figure 1.1). Each grid cell can have a different number of landunits, each landunit



Figure 1.1. Current default configuration of the CLM subgrid hierarchy emphasizing the

vegetated landunit.
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can have a different number of columns, and each column can have multiple PFTs. The
first subgrid level, the landunit, is intended to capture the broadest spatial patterns of
subgrid heterogeneity. The current landunits are glacier, lake, wetland, urban, and
vegetated. The landunit level could be used to further delineate these patterns, for
example, the vegetated landunit could be split into natural and managed (e.g., crops)
landunits. Or the urban landunit could be divided into density classes such as, for
example, city core, industrial/commercial, and suburban.

The second subgrid level, the column, is intended to capture potential variability in
the soil and snow state variables within a single landunit. For example, the vegetated
landunit could contain several columns with independently evolving vertical profiles of
soil water and temperature. Following the example used earlier, the managed vegetation
landunit could be divided into two columns, irrigated and non-irrigated. The snow/soil
column is represented by fifteen layers for soil and up to five layers for snow, depending
on snow depth. The central characteristic of the column subgrid level is that this is where
the state variables for water and energy in the soil and snow are defined, as well as the
fluxes of these components within the soil and snow. Regardless of the number and type
of PFTs occupying space on the column, the column physics operates with a single set of
upper boundary fluxes, as well as a single set of transpiration fluxes from multiple soil
levels. These boundary fluxes are weighted averages over all PFTs. Currently, for
glacier, lake, wetland, and vegetated landunits, a single column is assigned to each
landunit. The urban landunit has five columns (roof, sunlit and shaded wall, and pervious

and impervious canyon floor) (Oleson et al. 2010).



The third subgrid level is referred to as the PFT level, but it also includes the
treatment for bare ground. It is intended to capture the biogeophysical and
biogeochemical differences between broad categories of plants in terms of their
functional characteristics. Up to 16 possible PFTs that differ in physiology and structure
may coexist on a single column. All fluxes to and from the surface are defined at the
PFT level, as are the vegetation state variables (e.g. vegetation temperature and canopy
water storage).

In addition to state and flux variable data structures for conserved components at
each subgrid level (e.g., energy, water, carbon), each subgrid level also has a physical
state data structure for handling quantities that are not involved in conservation checks
(diagnostic variables). For example, the urban canopy air temperature and humidity are
defined through physical state variables at the landunit level, the number of snow layers
and the soil roughness lengths are defined as physical state variables at the column level,
and the leaf area index and the fraction of canopy that is wet are defined as physical state
variables at the PFT level.

The current default configuration of the model subgrid hierarchy is illustrated in
Figure 1.1. Here, only four PFTs are shown associated with the single column beneath
the vegetated landunit but up to sixteen are possible.

Note that the biogeophysical processes related to soil and snow requires PFT level
properties to be aggregated to the column level. For example, the net heat flux into the
ground is required as a boundary condition for the solution of snow/soil temperatures
(section 6). This column level property must be determined by aggregating the net heat

flux from all PFTs sharing the column. This is generally accomplished in the model by
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computing a weighted sum of the desired quantity over all PFTs whose weighting

depends on the PFT area relative to all PFTs, unless otherwise noted in the text.

1.1.3 Biogeophysical Processes

Biogeophysical processes are simulated for each subgrid landunit, column, and PFT

independently and each subgrid unit maintains its own prognostic variables. The same

atmospheric forcing is used to force all subgrid units within a grid cell. The surface

variables and fluxes required by the atmosphere are obtained by averaging the subgrid

quantities weighted by their fractional areas. The processes simulated include (Figure

1.2):

Vegetation composition, structure, and phenology (section 2)

Absorption, reflection, and transmittance of solar radiation (section 3, 4)
Absorption and emission of longwave radiation (section 4)

Momentum, sensible heat (ground and canopy), and latent heat (ground
evaporation, canopy evaporation, transpiration) fluxes (section 5)

Heat transfer in soil and snow including phase change (section 6)

Canopy hydrology (interception, throughfall, and drip) (section 7)

Snow hydrology (snow accumulation and melt, compaction, water transfer
between snow layers) (section 7)

Soil hydrology (surface runoff, infiltration, redistribution of water within the
column, sub-surface drainage, groundwater) (section 7)

Stomatal physiology and photosynthesis (section 8)

Lake temperatures and fluxes (section 9)

Dust deposition and fluxes (section 10)
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Routing of runoff from rivers to ocean (section 11)
Volatile organic compounds (section 12)

Urban energy balance and climate (section 13)
Carbon-nitrogen cycling (section 14)

Dynamic landcover change (section 15)

Dynamic global vegetation (section 16)
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Figure 1.2. Land biogeophysical and hydrologic processes simulated by CLM.

Water table depth is z;, and aquifer recharge rate is ¢,,,,,,, - Adapted from Bonan (2002).
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1.2 Model Requirements

1.2.1 Atmospheric Coupling

The current state of the atmosphere (Table 1.1) at a given time step is used to force
the land model. This atmospheric state is provided by an atmospheric model in coupled
mode. The land model then initiates a full set of calculations for surface energy,
constituent, momentum, and radiative fluxes. The land model calculations are
implemented in two steps. The land model proceeds with the calculation of surface
energy, constituent, momentum, and radiative fluxes using the snow and soil hydrologic
states from the previous time step. The land model then updates the soil and snow
hydrology calculations based on these fluxes. These fields are passed to the atmosphere
(Table 1.2). The albedos sent to the atmosphere are for the solar zenith angle at the next

time step but with surface conditions from the current time step.
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Table 1.1. Atmospheric input to land model

'Reference height Zom m
Zonal wind at z,,, U, ms’
Meridional wind at z_,, Vi ms’
Potential temperature 0. K
Specific humidity at z,,, Qm kg kg
Pressure at z,,, i Pa
Temperature at z,,, atm K
Incident longwave radiation L, W m?
*Liquid precipitation G, uin mm s’
*Solid precipitation 9o mm s’
Incident direct beam visible solar radiation S Vi W m?
Incident direct beam near-infrared solar radiation S b W m?
Incident diffuse visible solar radiation S Vi W m?
Incident diffuse near-infrared solar radiation S, b W m™
Carbon dioxide (CO,) concentration c, ppmv

3 Aerosol deposition rate D, kgm?s’!
*Nitrogen deposition rate NF iy swinn g N) m? yr'!

!
atm

'The atmospheric reference height received from the atmospheric model z’, ~is assumed

to be the height above the surface as defined by the roughness length z, plus

displacement height d . Thus, the reference height used for flux computations (chapter 5)

'
atm = Zam

is z + 2z, +d . The reference heights for temperature, wind, and specific humidity

(Zammn> Zagmm > Zam.) are required. These are set equal to z

atm *

*The CAM provides convective and large-scale liquid and solid precipitation, which are

added to yield total liquid precipitation ¢, and solid precipitation q_,, .
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*There are 14 aerosol deposition rates required depending on species and affinity for
bonding with water; 8 of these are dust deposition rates (dry and wet rates for 4 dust size

bins, D

dst,dryl?

D

dst,dry2?

D

dst,dry3°®

D

dst,dry4 °

D

dst, wetl?

D

dst,wet2?

D

dst,wet3?

D,

sowers )s 3 are  black
carbon deposition rates (dry and wet hydrophilic and dry hydrophobic rates,

D

be,dryhphil ° Dbc,wethphil 4

D,

he.driphor )» @0Nd 3 are organic carbon deposition rates (dry and wet

hydrophilic and dry hydrophobic rates, D, D, iripior)- These fluxes are

oc,dryhphil ? Doc,werhphil > o,
computed interactively by the atmospheric model (when prognostic aerosol
representation is active) or are prescribed from a time-varying (annual cycle or transient),
globally-gridded deposition file defined in the namelist (see the CLM4 User’s Guide).
Aerosol deposition rates were calculated in a transient 1850-2009 CAM simulation (at a
resolution of 1.9x2.5x26L) with interactive chemistry (troposphere and stratosphere)
driven by CCSM3 20" century sea-surface temperatures and emissions (Lamarque et al.
2010) for short-lived gases and aerosols; observed concentrations were specified for
methane, N,O, the ozone-depleting substances (CFCs) ,and CO,. The fluxes are used by
the snow-related parameterizations (sections 3 and 7).

*The nitrogen deposition rate is required by the carbon-nitrogen model when active and
represents the total deposition of mineral nitrogen onto the land surface, combining
deposition of NOy and NH,. The rate is supplied either as a time-invariant spatially-
varying annual mean rate or time-varying for a transient simulation. Nitrogen deposition
rates were calculated from the same CAM chemistry simulation that generated the

aerosol deposition rates.
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Density of air (p,,) (kg m™) is also required but is calculated directly from

P, —0.
— arm O 3786(1["1 Where P

patm R T atm

da™ atm

is atmospheric pressure (Pa), e 1s atmospheric

vapor pressure (Pa), R, is the gas constant for dry air (J kg' K (Table 1.4), and T,

is the atmospheric temperature (K). The atmospheric vapor pressure e, is derived from

P
atmospheric specific humidit keke)as e = Daim ~am .
p p Y 44 (kgkg)as e, 0.622+0.378

The O, partial pressure (Pa) is required but is calculated from molar ratio and the

atmospheric pressure P, as o, = 0.209P,

atm *
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Table 1.2. Land model output to atmospheric model

'Latent heat flux

Sensible heat flux

Water vapor flux

Zonal momentum flux
Meridional momentum flux
Emitted longwave radiation
Direct beam visible albedo
Direct beam near-infrared albedo
Diffuse visible albedo

Diffuse near-infrared albedo
Absorbed solar radiation
Radiative temperature
Temperature at 2 meter height
Specific humidity at 2 meter height
Snow water equivalent
Aerodynamic resistance

Friction velocity

Dust flux

Net ecosystem exchange

A E,+/1Eg

vap v

H‘,+Hg
E‘,+Eg

NEE

sm’!
ms’!
kgm?s’

kgCO, m2s!

lim , 18 the latent heat of vaporization (J kg'l) (Table 1.4) and A is either the latent heat

of vaporization 4, or latent heat of sublimation Aoy ( kg'l) (Table 1.4) depending on

the liquid water and ice content of the top snow/soil layer (section 5.4).

>There are j=1,...,4 dust transport bins.
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1.2.2 Initialization
Initialization of the land model (i.e., providing the model with initial temperature

and moisture states) depends on the type of run (startup or restart) (see the CLM4 User’s
Guide). An startup run starts the model from either initial conditions that are set
internally in the Fortran code (referred to as arbitrary initial conditions) or from an initial
conditions dataset that enables the model to start from a spun up state (i.e., where the land
is in equilibrium with the simulated climate). In restart runs, the model is continued from
a previous simulation and initialized from a restart file that ensures that the output is bit-
for-bit the same as if the previous simulation had not stopped. The fields that are
required from the restart or initial conditions files can be obtained by examining the code.
Arbitrary initial conditions are specified as follows.

Vegetated, wetland, and glacier landunits have fifteen vertical layers, while lakes

have ten. For soil points, temperature calculations are done over all layers, N, 15,

evgrnd =

while hydrology calculations are done over the top ten layers, N, . =10, the bottom five

levsoi

layers being specified as bedrock. Soil points are initialized with surface ground

temperature Tg and soil layer temperature 7;, for i=1,...,N,,, grnd > of 274 K, vegetation
temperature 7, of 283 K, no snow or canopy water (W, =0, W_ =0), and volumetric
soil water content ¢, =0.3 mm’ mm” for layers i=1,...,N, . and 6 =0.0 mm’ mm”
for layers i =N, +1,.....N,,,...- Lake temperatures (7, and T;) are initialized at 277

Kand W, =0. Wetland temperatures (7, and 7)) are initialized at 277 K, 6,=1.0 for

sno

+1,...,N and W =0.

**2 " Vlevgrnd ° sno

layers i =1,...,N,, . and 6, =0.0 for layers i = N,

> Vlevsoi levsoi
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Glacier temperatures (7, =T,

snl+

. and T, for i=snl+1,...,N,,, .. Where snl is the

> Vlevgrn,

negative of the number of snow layers, i.e., snl ranges from -5 to 0) are initialized to

sno

=1000 mm, snow depth z, :W_ (m) where

sno

250 K with a snow water equivalent W,

sno

sno

p,,, =250 kg m™ is an initial estimate for the bulk density of snow, and €,=1.0 for

i=1...,N The snow layer structure (e.g., number of snow layers sn/ and layer

**2 " Vlevgrnd *
thickness) is initialized based on the snow depth (section 6.1). The snow liquid water and

ice contents (kg m™) are initialized as w), ,i =0 and w,

ice,i

=Az,p,,, - respectively, where
i=snl+1,...,0 are the snow layers, and Az, is the thickness of snow layer i (m). The

soil liquid water and ice contents are initialized as w,, , =0 and w,, =Azp, 0, for

ice,i

T.<T,, and w,, ,=Azp, 0, and w,

i ice,i

=0 for 7,>T,, where p,, and p, are the

densities of ice and liquid water (kg m™) (Table 1.4), and T, is the freezing temperature

of water (K) (Table 1.4). All vegetated, wetland, and glacier landunits are initialized with

water stored in the unconfined aquifer and unsaturated soil W, =W, =4800 mm and

water table depth z, =4.8 m.

1.2.3 Surface Data

Required surface data for each land grid cell are listed in Table 1.3 and include the
glacier, lake, wetland, and urban portions of the grid cell (vegetation occupies the
remainder); the fractional cover of each PFT; monthly leaf and stem area index and
canopy top and bottom heights for each PFT; soil color; soil texture, and soil organic

matter density. A number of urban parameter fields are also required. Their description
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can be found in the CLMU technical note (Oleson et al. 2010). The fields are aggregated
to the model’s grid from high-resolution surface datasets (Table 1.3).

Soil color determines dry and saturated soil albedo (section 3.2). The sand, clay,
and organic matter content determine soil thermal and hydrologic properties (section 6.3
and 7.4.1). The maximum fractional saturated area is used in determining surface runoff
and infiltration (section 7.3). At the base spatial resolution of 0.5°, the percentage of
each PFT is with respect to the vegetated portion of the grid cell and the sum of the PFTs
is 100%. The percent lake, wetland, glacier, and urban at their base resolution are
specified with respect to the entire grid cell. The surface dataset creation routines re-
adjust the PFT percentages to ensure that the sum of all land cover types in the grid cell
sum to 100%. A minimum threshold of 1% of the grid cell by area is required of lakes,
glaciers, and wetlands. The minimum threshold for urban areas is 0.1%. The number of
longitude points per latitude, the latitude and longitude at center of grid cell, the north,
south, east, and west edges and the area of each grid cell are also contained on the surface
dataset. The number of longitude points should be the same for each latitude for a
regular grid. The latitude and longitude (degrees) are used to determine the solar zenith
angle (section 3.3).

Soil colors are from Lawrence and Chase (2007) (section 3.2). The International
Geosphere-Biosphere Programme (IGBP) soil dataset (Global Soil Data Task 2000) of
4931 soil mapping units and their sand and clay content for each soil layer were used to
create a mineral soil texture dataset (Bonan et al. 2002b) and an organic matter density
dataset (Lawrence and Slater, 2008) that vary with depth. Percent lake and wetland were

derived from Cogley’s (1991) 1.0° by 1.0° data for perennial freshwater lakes and
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swamps/marshes. Glaciers were obtained from the IGBP Data and Information System
Global 1-km Land Cover Data Set (IGBP DISCover) (Loveland et al. 2000). Urban areas
are derived from LandScan 2004, a population density dataset derived from census data,
nighttime lights satellite observations, road proximity and slope (Dobson et al., 2000) as
described by Jackson et al. (2010). PFTs and their abundance are derived from MODIS
satellite data as described in Lawrence and Chase (2007) (section 15.3.3). Prescribed
PFT leaf area index is derived from the MODIS satellite data of Myneni et al. (2002)
using the de-aggregation methods described in Lawrence and Chase (2007) (section 2.3).
Prescribed PFT stem area index is derived from PFT leaf area index phenology combined
with the methods of Zeng et al. (2002). Prescribed canopy top and bottom heights are
from Bonan (1996) as described in Bonan et al. (2002b). If the carbon-nitrogen model is
active, it supplies the leaf and stem area index and canopy top and bottom heights

dynamically, and the prescribed values are ignored.
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Table 1.3. Surface data required for CLM, their base spatial resolution, and method of

aggregation to the model’s grid

Surface Field Resolution Aggregation Method

Percent glacier 0.5° Area average

Percent lake 1° Area average

Percent wetland 1° Area average

Percent urban 0.5° Area average

Percent sand, . Soil mapping unit with greatest areal extent
S-minute . .

percent clay in grid cell

Soil organic matter density 1° Area average

Soil color 0.5° Sqll color class with greatest areal extent in

grid cell

Maximum fractional
0.5° Area average

saturated area

PFTs (percent of vegetated 0.5° Area average

land)

Monthly leaf and stem area 0.5° Area average

index

Canopy height (top, bottom)  0.5° Area average (does not vary within PFT)

1.2.4 Adjustable Parameters and Physical Constants
Values of certain adjustable parameters inherent in the biogeophysical

parameterizations have either been obtained from the literature or arrived at based on
comparisons with observations. These are described in the text. Physical constants,
generally shared by all of the components in the coupled modeling system, are presented

in Table 1.4.

23



Table 1.4. Physical constants

Pi
Acceleration of gravity

Standard pressure

Stefan-Boltzmann
constant

Boltzmann constant
Avogadro’s number

Universal gas constant

Molecular weight of dry
air

Dry air gas constant

Molecular weight of
water vapor

Water vapor gas constant

Von Karman constant

Freezing temperature of
fresh water

Density of liquid water

Density of ice

Specific heat capacity of
dry air

Specific heat capacity of
water

Specific heat capacity of
ice

Latent heat of
vaporization

Latent heat of fusion

Latent heat of
sublimation

'"Thermal conductivity of
water

'"Thermal conductivity of
ice

'"Thermal conductivity of
air

Radius of the earth

gas

3.14159265358979323846
9.80616
101325

5.67x107°

1.38065x107%

6.02214x 10
N,k

28.966
R, /MW,
18.016
R, /MW,
0.4
273.15

1000
917

1.00464x10°
4.188x10°
2.11727x10°

2.501x10°

3.337x10°
/Imp +Lf

0.6
2.29

0.023

6.37122x10°

m s'2
Pa
Wm?K*

J K molecule™

molecule kmol™

J K kmol™
kg kmol™
JK'kg!
kg kmol™
JK'kg!

K

kg m”

kg m”
Jkg' K!
Jkg! K
Jkg! K
Tkg!
Jkg'!
Tkg!
Wm' K!
Wm' K!

Wm'K!

'Not shared by other components of the coupled modeling system.
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2. Ecosystem Composition and Structure

2.1 Vegetation Composition
Vegetated surfaces are comprised of up to 15 possible plant functional types (PFTs)

plus bare ground (Table 2.1). These plant types differ in leaf and stem optical properties
that determine reflection, transmittance, and absorption of solar radiation (Table 3.1),
root distribution parameters that control the uptake of water from the soil (Table 8.3),
aerodynamic parameters that determine resistance to heat, moisture, and momentum
transfer (Table 5.1), and photosynthetic parameters that determine stomatal resistance,
photosynthesis, and transpiration (Tables 8.1, 8.2). The composition and abundance of
PFTs within a grid cell can either be prescribed as time-invariant fields (e.g., using the
present day dataset described in section 15.3.3) or can evolve with time if the model is

run in transient landcover mode (section 15).
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Table 2.1. Plant functional types

Plant functional type Acronym
Needleleaf evergreen tree — temperate NET Temperate
Needleleaf evergreen tree - boreal NET Boreal
Needleleaf deciduous tree — boreal NDT Boreal
Broadleaf evergreen tree — tropical BET Tropical
Broadleaf evergreen tree — temperate BET Temperate
Broadleaf deciduous tree — tropical BDT Tropical
Broadleaf deciduous tree — temperate BDT Temperate
Broadleaf deciduous tree — boreal BDT Boreal
Broadleaf evergreen shrub - temperate BES Temperate

Broadleaf deciduous shrub — temperate
Broadleaf deciduous shrub — boreal

C; arctic grass

C; grass

C,4 grass

Cropl

1Cr0p2

BDS Temperate
BDS Boreal

"Two types of crops are allowed to account for the different physiology of crops, but

currently only the first crop type is specified in the surface dataset.

2.2 Vegetation Structure

Vegetation structure is defined by leaf and stem area indices (L,S ) (section 2.3)

and canopy top and bottom heights (z,,, z,,,

indices and canopy heights are prescribed for each PFT. Daily leaf and stem area indices
are obtained from gridded datasets of monthly values (section 2.3). Canopy top and

bottom heights are also obtained from gridded datasets. However, these are currently
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invariant in space and time and were obtained from PFT-specific values (Bonan et al.
2002a).

Table 2.2. Plant functional type heights

Plant functional type = 2, (m) z,,, (m)

NET Temperate 17 8.5
NET Boreal 17 8.5
NDT Boreal 14 7
BET Tropical 35 1
BET temperate 35 1
BDT tropical 18 10
BDT temperate 20 11.5
BDT boreal 20 11.5
BES temperate 0.5 0.1
BDS temperate 0.5 0.1
BDS boreal 0.5 0.1
C; arctic grass 0.5 0.01
C; grass 0.5 0.01
C4 grass 0.5 0.01
Cropl 0.5 0.01
Crop2 0.5 0.01

2.3 Phenology

Leaf and stem area indices (m” leaf area m™ ground area) are updated daily by
linearly interpolating between monthly values. Monthly PFT leaf area index values are
developed from the 1-km MODIS-derived monthly grid cell average leaf area index of
Myneni et al. (2002), as described in Lawrence and Chase (2007). Stem area index is

calculated from the monthly PFT leaf area index using the methods of Zeng et al. (2002).
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The leaf and stem area indices are adjusted for vertical burying by snow (Wang and Zeng

2009) as

A=A (1-fr) 2.1)

veg
where A" is the leaf or stem area before adjustment for snow, A is the remaining

exposed leaf or stem area, f’

. 18 the vertical fraction of vegetation covered by snow

Zono — %,
Jro = —ne——bot for tree and shrub

Zmp - Zbot (2 2)
, min(z._ ,z ’ )
T _min(z,,2) for grass and crop
Z

c

where z,,—z,,20, 0< £ <1, z,, is the depth of snow (m) (section 7.2), and

sno sno

z, =0.2 is the snow depth when short vegetation is assumed to be completely buried by

snow (m). For numerical reasons, exposed leaf and stem area are set to zero if less than
0.05. If the sum of exposed leaf and stem area is zero, then the surface is treated as

snow-covered ground.
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3. Surface Albedos

3.1 Canopy Radiative Transfer
Radiative transfer within vegetative canopies is calculated from the two-stream

approximation of Dickinson (1983) and Sellers (1985) as described by Bonan (1996)

di 1

e (1_ _ — 7 —-K(L+S)

'ud(L+S)+[1 (1- B)o |11 -wpl = ofiK By (3.1)
yL+ [1-(1- B)eo |I{ -wpI 1= wpK (1- ,)e ) (3.2)
d(L+S) ’

where IT and Il are the upward and downward diffuse radiative fluxes per unit

incident flux, K = G( ,u) / L is the optical depth of direct beam per unit leaf and stem
area, M is the cosine of the zenith angle of the incident beam, G( ,u) is the relative

projected area of leaf and stem elements in the direction cos ', & is the average
inverse diffuse optical depth per unit leaf and stem area, @ is a scattering coefficient,
and [, are upscatter parameters for diffuse and direct beam radiation, respectively, L is
the exposed leaf area index (section 2.3), and S is the exposed stem area index (section

2.3). Given the direct beam albedo «; , and diffuse albedo «, , of the ground (section

3.2), these equations are solved to calculate the fluxes, per unit incident flux, absorbed by
the vegetation, reflected by the vegetation, and transmitted through the vegetation for

direct and diffuse radiation and for visible (< 0.7 gum) and near-infrared & 0.7 um)

wavebands. The optical parameters G( ,u), U, ®, B,and f, are calculated based on
work in Sellers (1985) as follows.

The relative projected area of leaves and stems in the direction cos™ u is

29



G(u)=¢, +du (3.3)
where ¢ =0.5-0.633y, —0.33y; and ¢, =0.877(1-2¢,) for -0.4< y, <0.6. x,

is the departure of leaf angles from a random distribution and equals +1 for horizontal
leaves, O for random leaves, and —1 for vertical leaves.

The average inverse diffuse optical depth per unit leaf and stem area is

AR L (uﬂ 24
e ¢i b\ 4 G

where ' is the direction of the scattered flux.

The optical parameters @, S, and f,, which vary with wavelength (A), are
weighted combinations of values for vegetation and snow. The model determines that
snow is on the canopy if T, <T,, where T, is the vegetation temperature (K) (section 5)
and T, is the freezing temperature of water (K) (Table 1.4). In this case, the optical

parameters are

@, = O (1= o) + 0" fr (3.5)
@, = 0, B (1= fo) + 00 B frs (3.6)
@, o = O, BoX (1= fret) + OV BN frs 3.7)

where f, , is the wetted fraction of the canopy (section 7.1). The snow and vegetation
weights are applied to the products @, 8, and @, 3, , because these products are used in

the two-stream equations. If there is no snow on the canopy,

0, =0, (3.8)

o, p, =0, B (3.9)
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@, By r = 0, Bx - (3.10)

For vegetation, »,* =&, +7,. «, is a weighted combination of the leaf and stem

reflectances (v , ")
_ leaf stem
Ay =0\ Wy +OW (3.11)

stem

where w,,, = L/(L+S) and w,,, =S/(L+S). 7, is a weighted combination of the

leaf stem

leaf and stem transmittances (7, , 7, )
_ leaf G
Ty =Tx W TTA W, (3.12)

tem *

The upscatter for diffuse radiation is
ve, ve, 1 2 N
W) Bl :E[aA+z'A+(aA—TA)cos 9] (3.13)

where € is the mean leaf inclination angle relative to the horizontal plane (i.e., the angle

between leaf normal and local vertical) (Sellers 1985). Here, cos@ is approximated by

cose_z”% (3.14)

Using  this  approximation, for  vertical leaves (yx, =—1, 0 =90°),
o, B¢ =0.5(a, +17,), and for horizontal leaves (yx, =1, 0=0), o) =a,,

which agree with both Dickinson (1983) and Sellers (1985). For random (spherically

distributed) leaves (x, =0, 0 =60°), the approximation yields
o, B¢ =5/8a, +3/87, whereas the approximate solution of Dickinson (1983) is

@, B¢ =2/3a, +1/37,. This discrepancy arises from the fact that a spherical leaf
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angle distribution has a true mean leaf inclination 0 ~57 (Campbell and Norman 1998)
in equation (3.13), while 0 =60 in equation (3.14).

The upscatter for direct beam radiation is

ve, ve, 1+_K
@ B = ﬁ’lé a,(4), (3.15)

where the single scattering albedo is

ot MG(u)

2 quG(p)+HG(p)

o G(w) {1_ ) n(”¢l+”¢2+G(”)ﬂ
2 up,+G(u)| b +G(u) Hé '

!

a,(u), = d

(3.16)

The upward diffuse fluxes per unit incident direct beam and diffuse flux (i.e., the

surface albedos) are

ITﬁ=£+h2+f5 (3.17)
(o}
IT,=h +h. (3.18)

The downward diffuse fluxes per unit incident direct beam and diffuse radiation,

respectively, are

RV BN (3.19)
o s,
- LT
I, = hys, + 2. (3.20)

5
The parameters h, to h,, o, and s, are from Sellers (1985) [note the error in A, in

Sellers (1985)]:

b=1-0, +o0,p, (3.21)
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c=wp, (3.22)

d = o, iKp, , (3.23)

f= a)AﬁK(l - ﬂo,A) (3.24)
22

po Yo ¢ (3.25)
)75

o =(gK) +c* b’ (3.26)

u, =b—c/05§"A oru =b-cla,, (3.27)

u,=b-cay, oru,=b-ca, , (3.28)

u, = f +ca5{fA oru, =f +ca, , (3.29)

s, =exp{-min[h(L+5),40]} (3.30)

s, =exp{-min[ K (L+S),40]} (3.31)

p = b+ iih (3.32)

p, =b—[ih (3.33)

py=b+ kK (3.34)

p, =b-[K (3.35)

— zih
d, = p‘(uls a )—pz(ul + 7ih)s, (3.36)
1

d, =" A an)s (3.37)
Sl

hy = —dp, - cf (3.38)
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-1
dl
hy=—fp,—cd
p-L (h4(u2 +,Uh)j+(
2 | oS
o Llh
d,| o
= c(u, — mh)
dlsl
= —c(ul‘—;ﬁh)s1
1
By = u, + uh
d2sl
B = -, (u2 - ﬁh)
0 d2

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

Plant functional type optical properties (Table 3.1) for trees and shrubs are from Dorman

and Sellers (1989). Leaf and stem optical properties (VIS and NIR reflectance and

transmittance) were derived for grasslands and crops from full optical range spectra of

measured optical properties (Asner et al. 1998). Optical properties for intercepted snow

(Table 3.2) are from Sellers et al. (1986).
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Table 3.1. Plant functional type optical properties

Plant Functional

leaf

leaf

stem Stem

leaf

leaf

stem

stem

Type XL o, a,. i a,. T T, T T,

NET Temperate 0.01 0.07 035 0.16 039 0.05 0.10 0.001 0.001
NET Boreal 001 0.07 035 0.16 039 005 0.10 0.001 0.001
NDT Boreal 001 0.07 035 0.16 039 005 0.10 0.001 0.001
BET Tropical 0.10 0.10 045 0.16 039 005 025 0.001 0.001
BET temperate 0.10 0.10 045 0.16 039 005 025 0.001 0.001
BDT tropical 001 0.10 045 0.16 039 005 025 0.001 0.001
BDT temperate 025 0.10 045 0.16 039 005 025 0.001 0.001
BDT boreal 025 0.10 045 0.16 039 005 025 0.001 0.001
BES temperate 001 0.07 035 016 039 005 0.10 0.001 0.001
BDS temperate 025 0.10 045 0.16 039 005 025 0.001 0.001
BDS boreal 025 0.10 045 0.16 039 005 025 0.001 0.001
C; arctic grass -030 0.11 035 031 053 005 034 0.120 0.250
Cs grass -030 0.11 035 031 053 005 034 0.120 0.250
C, grass -030 0.11 035 031 053 005 034 0.120 0.250
Cropl -030 0.11 035 031 053 005 034 0.120 0.250
Crop2 -030 0.11 035 031 053 005 034 0.120 0.250

Table 3.2. Intercepted snow optical properties

Waveband (A)
Parameter Vis nir
o’ 0.8 04
g 0.5 0.5
e 0.5 0.5

0
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3.2 Ground Albedos

The overall direct beam «; , and diffuse «,, ground albedos are weighted

combinations of “soil” and snow albedos

a;’u,A = a;;i,A (1 - fsno ) + a;ilw,A sno (348)
ag,A = ami,A (1 - fsno ) + asno,A sno (349)
where f, ~is the fraction of the ground covered with snow which is calculated as (Niu
and Yang 2007)
Z,
foo = tanh — (3.50)
2.5z, [ min(p,,.800)/p,,, ]

where z,,, is the depth of snow (m) (section 7.2), z,, ., =0.01 is the momentum

roughness length for soil (m) (section 5), p,, =100 kg m™ is the density of new snow,

and m=1 is suggested for global applications. The snow density is calculated from

Poo =W, /2., Where W is the snow water equivalent (kg m™) (section 7.2).

sho

a#

soi, A

and «, , vary with glacier, lake, wetland, and soil surfaces. Glacier

albedos are from NCAR LSM (Bonan 1996)

al =0.55.

soi,nir

=a

soi,nir

Unfrozen lake and wetland albedos depend on the cosine of the solar zenith angle u
al  =a,  =0.05(u+0.15)". (3.51)

soi, A

Frozen lake and wetland albedos are from NCAR LSM (Bonan 1996)
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7]
soi,nir

=a =0.40.

soi,nir

As in NCAR LSM (Bonan 1996), soil albedos vary with color class

@l = i = (Ar T D) Sy (3.52)
where A depends on the volumetric water content of the first soil layer 6, (section 7.4)
as A=0.11-0.406, >0, and «,, , and «,, , are albedos for saturated and dry soil

color classes (Table 3.3).

CLM soil colors are prescribed so that they best reproduce observed MODIS local
solar noon surface albedo values at the CLM grid cell following the methods of Lawrence
and Chase (2007). The soil colors are fitted over the range of 20 soil classes shown in
Table 3.3 and compared to the MODIS monthly local solar noon all-sky surface albedo as
described in Strahler et al. (1999) and Schaaf et al. (2002). The CLM two-stream
radiation model was used to calculate the model equivalent surface albedo using
climatological monthly soil moisture along with the vegetation parameters of PFT
fraction, LAI, and SAIL The soil color that produced the closest all-sky albedo in the
two-stream radiation model was selected as the best fit for the month. The fitted monthly
soil colors were averaged over all snow-free months to specify a representative soil color
for the grid cell. In cases where there was no snow-free surface albedo for the year, the
soil color derived from snow-affected albedo was used to give a representative soil color

that included the effects of the minimum permanent snow cover.
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Table 3.3. Dry and saturated soil albedos

Dry Saturated Dry Saturated
g?;gsr vis nir vis nir (Cjﬂgsr vis nir vis nir
1 036 061 025 0.50 11 024 037 0.13 0.26
2 0.34 057 023 046 12 023 035 0.12 0.24
3 032 053 021 042 13 022 033 0.11 0.22
4 0.31 051 020 040 14 0.20 031 0.10 0.20
5 0.30 049 0.19 0.38 15 0.18 029 0.09 0.18
6 029 048 0.18 0.36 16 0.16 0.27 0.08 0.16
7 028 045 0.17 034 17 0.14 025 0.07 0.14
8 027 043 0.16 032 18 0.12 023 0.06 0.12
9 026 041 0.15 0.30 19 0.10 0.21 0.05 0.10
10 025 039 0.14 0.28 20 0.08 0.16 0.04 0.08

3.2.1 Snow Albedo

Snow albedo and solar absorption within each snow layer are simulated with the
Snow, Ice, and Aerosol Radiative Model (SNICAR), which incorporates a two-stream
radiative transfer solution from Toon et al. (1989). Albedo and the vertical absorption
profile depend on solar zenith angle, albedo of the substrate underlying snow, mass
concentrations of atmospheric-deposited aerosols (black carbon, mineral dust, and
organic carbon), and ice effective grain size (r.), which is simulated with a snow aging
routine described in section 3.2.3. Representation of impurity mass concentrations within
the snowpack is described in section 7.2.3. Implementation of SNICAR in CLM is also
described somewhat by Flanner and Zender (2005) and Flanner et al. (2007).

The two-stream solution requires the following bulk optical properties for each

snow layer and spectral band: extinction optical depth (7), single-scatter albedo (w), and
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scattering asymmetry parameter (g). The snow layers used for radiative calculations are
identical to snow layers applied elsewhere in CLM, except for the case when snow mass
is greater than zero but no snow layers exist. When this occurs, a single radiative layer is
specified to have the column snow mass and an effective grain size of freshly-fallen snow
(section 3.2.3). The bulk optical properties are weighted functions of each constituent %,

computed for each snow layer and spectral band as

=71, (3.53)

(3.54)

k
ngwkrk
_

- k
Z O, Ty
1

g (3.55)

For each constituent (ice, two black carbon species, two organic carbon species, and
four dust species), w, g, and the mass extinction cross-section ¢ (m? kg™) are computed
offline with Mie Theory, e.g., applying the computational technique from Bohren and
Huffman (1983). The extinction optical depth for each constituent depends on its mass
extinction cross-section and layer mass, wg (kg m?) as

T, =W, W, (3.56)

The two-stream solution (Toon et al. 1989) applies a tri-diagonal matrix solution to

produce upward and downward radiative fluxes at each layer interface, from which net

radiation, layer absorption, and surface albedo are easily derived. Solar fluxes are

computed in five spectral bands, listed in Table 3.4. Because snow albedo varies strongly
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across the solar spectrum, it was determined that four bands were needed to accurately
represent the near-infrared (NIR) characteristics of snow, whereas only one band was
needed for the visible spectrum. Boundaries of the NIR bands were selected to capture
broad radiative features and maximize accuracy and computational efficiency. We
partition NIR (0.7-5.0um) surface downwelling flux from CLM according to the weights
listed in Table 3.4, which are unique for diffuse and direct incident flux. These fixed
weights were determined with offline hyperspectral radiative transfer calculations for an
atmosphere typical of mid-latitude winter (Flanner et al. 2007). The tri-diagonal solution
includes intermediate terms that allow for easy interchange of two-stream techniques.
We apply the Eddington solution for the visible band (following Wiscombe and Warren
1980) and the hemispheric mean solution (Toon et al. 1989) for NIR bands. These
choices were made because the Eddington scheme works well for highly scattering
media, but can produce negative albedo for absorptive NIR bands with diffuse incident
flux. Delta scalings are applied to 7, w, and g (Wiscombe and Warren 1980) in all
spectral bands, producing effective values (denoted with *) that are applied in the two-

stream solution

T =(l-wg))r (3.57)
. (1-g?
P ol 0L (3.58)
l-g°w
g =5 (3.59)
1+¢
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Table 3.4. Spectral bands and weights used for snow radiative transfer

Spectral band Direct-beam weight Diffuse weight
Band 1: 0.3-0.7um (visible) (1.0) (1.0)
Band 2: 0.7-1.0pum (near-IR) 0.494 0.586
Band 3: 1.0-1.2um (near-IR) 0.181 0.202
Band 4: 1.2-1.5um (near-IR) 0.121 0.109
Band 5: 1.5-5.0um (near-1R) 0.204 0.103

Under direct-beam conditions, singularities in the radiative approximation are
occasionally approached in spectral bands 4 and 5 that produce unrealistic conditions
(negative energy absorption in a layer, negative albedo, or total absorbed flux greater
than incident flux). When any of these three conditions occur, the Eddington
approximation is attempted instead, and if both approximations fail, the cosine of the
solar zenith angle is adjusted by 0.02 (conserving incident flux) and a warning message is
produced. This situation occurs in only about 1 in 10° computations of snow albedo.
After looping over the five spectral bands, absorption fluxes and albedo are averaged
back into the bulk NIR band used by the rest of CLM.

Soil albedo (or underlying substrate albedo), which is defined for visible and NIR
bands, is a required boundary condition for the snow radiative transfer calculation.
Currently, the bulk NIR soil albedo is applied to all four NIR snow bands. With ground
albedo as a lower boundary condition, SNICAR simulates solar absorption in all snow
layers as well as the underlying soil or ground. With a thin snowpack, penetrating solar

radiation to the underlying soil can be quite large and heat cannot be released from the
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soil to the atmosphere in this situation. Thus, solar radiation penetration is limited to

snowpacks with total snow depth greater than or equal to 0.1 m (z,, >0.1) to prevent

unrealistic soil warming within a single timestep.

The radiative transfer calculation is performed twice for each column containing a
mass of snow greater than 1x107° kg m™ (excluding lake and urban columns); once each
for direct-beam and diffuse incident flux. Absorption in each layer i of pure snow is

initially recorded as absorbed flux per unit incident flux on the ground (S ), as albedos

must be calculated for the next timestep with unknown incident flux. Because a single
snow plus soil column is used for the vertical temperature calculation over the entire grid
cell, even though some fraction of the grid cell is snow-free, the absorbed solar flux by

the ground per unit incident flux, or absorptivity (S, ), depends on bulk snow absorptivity

S as

sno

S, =1-[a,, (1= f,,)+(1=5,,) fuo | (3.60)
which can be expressed as
S, =S, fon +(1= £ )(1-a,,). (3.61)
To extend equation (3.61) to the multi-snow-layer absorption case, and conserve
energy, the weighted snow plus snow-free ground absorption fluxes that are used for
column temperature calculations are
Ssno,i

-

sho

Sg,i = Ssno,ifmo + (1 - fmn )(1 - a.mi) (362)

This weighting is performed for direct-beam and diffuse, visible and NIR fluxes. After
the ground-incident fluxes (transmitted through the vegetation canopy) have been

calculated for the current time step (sections 3.1 and 4.1), the layer absorption factors
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(S, ;) are multiplied by the ground-incident fluxes to produce solar absorption (W m?) in

each snow layer and the underlying ground.

3.2.2 Snowpack Optical Properties

Ice optical properties for the five spectral bands are derived offline and stored in a
namelist-defined lookup table for online retrieval (see CLM4 User’s Guide). Mie

properties are first computed at fine spectral resolution (470 bands), and are then
weighted into the five bands applied by CLM according to incident solar flux, [ ¢ ).
For example, the broadband mass-extinction cross section (i) over wavelength interval
A1toAzis

4
[ynrtada
=2

- (3.63)
j I"(1)dAa

Broadband single-scatter albedo (@) is additionally weighted by the diffuse albedo

for a semi-infinite snowpack ()

A)dAa

sno

A
j oW)I* (Ve
4 (3.64)

=

sno

] A
jﬁ(;t)a (1)dA

Inclusion of this additional albedo weight was found to improve accuracy of the five-
band albedo solutions (relative to 470-band solutions) because of the strong dependence
of optically-thick snowpack albedo on ice grain single-scatter albedo (Flanner et al.

2007). The lookup tables contain optical properties for lognormal distributions of ice
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particles over the range of effective radii: 30pum < r. < 1500pum, at Ium resolution.
Single-scatter albedos for the end-members of this size range are listed in Table 3.5.

Optical properties for black carbon are described in Flanner et al. (2007). Single-
scatter albedo, mass extinction cross-section, and asymmetry parameter values for all
snowpack species, in the five spectral bands used, are listed in Tables 3.5, 3.6, and 3.7.
These properties were also derived with Mie Theory, using various published sources of
indices of refraction and assumptions about particle size distribution. Weighting into the
five CLM spectral bands was determined only with incident solar flux, as in equation
(3.62).

Table 3.5. Single-scatter albedo values used for snowpack impurities and ice

Species Band 1 Band2 Band3 Band4 Band5

Hydrophilic black carbon 0.516 0.434 0.346 0.276 0.139
Hydrophobic black carbon 0.288 0.187 0.123 0.089 0.040
Hydrophilic organic carbon 0.997 0.994 0.990 0.987 0.951

Hydrophobic organic carbon  0.963 0.921 0.860 0.814 0.744

Dust 1 0.979 0.994 0.993 0.993 0.953
Dust 2 0.944 0.984 0.989 0.992 0.983
Dust 3 0.904 0.965 0.969 0.973 0.978
Dust 4 0.850 0.940 0.948 0.953 0.955
Ice (re = 30pum) 0.9999 0.9999  0.9992 0.9938 0.9413
Ice (re = 1500pum) 0.9998 0.9960  0.9680 0.8730  0.5500
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Table 3.6. Mass extinction values (m* kg'l) used for snowpack impurities and ice.

Species Band 1 Band2 Band3 Band4 Band5
Hydrophilic black carbon 25369 12520 7739 5744 3527
Hydrophobic black carbon 11398 5923 4040 3262 2224
Hydrophilic organic carbon 37774 22112 14719 10940 5441
Hydrophobic organic carbon 3289 1486 872 606 248
Dust 1 2687 2420 1628 1138 466
Dust 2 841 987 1184 1267 993
Dust 3 388 419 400 397 503
Dust 4 197 203 208 205 229
Ice (re =30um) 55.7 56.1 56.3 56.6 57.3
Ice (re = 1500pum) 1.09 1.09 1.09 1.09 1.1
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Table 3.7. Asymmetry scattering parameters used for snowpack impurities and ice.

Species Band 1 Band2 Band3 Band4 Band5
Hydrophilic black carbon 0.52 0.34 0.24 0.19 0.10
Hydrophobic black carbon 0.35 0.21 0.15 0.11 0.06
Hydrophilic organic carbon 0.77 0.75 0.72 0.70 0.64
Hydrophobic organic carbon  0.62 0.57 0.54 0.51 0.44
Dust 1 0.69 0.72 0.67 0.61 0.44
Dust 2 0.70 0.65 0.70 0.72 0.70
Dust 3 0.79 0.75 0.68 0.63 0.67
Dust 4 0.83 0.79 0.77 0.76 0.73
Ice (re =30um) 0.88 0.88 0.88 0.88 0.90
Ice (re = 1500pum) 0.89 0.90 0.90 0.92 0.97

3.2.3 Snow Aging

Snow aging is represented as evolution of the ice effective grain size (). Previous
studies have shown that use of spheres which conserve the surface area-to-volume ratio
(or specific surface area) of ice media composed of more complex shapes produces
relatively small errors in simulated hemispheric fluxes (e.g., Grenfell and Warren 1999).

Effective radius is the surface area-weighted mean radius of an ensemble of spherical

particles and is directly related to specific surface area (SSA) as r,

e

=3/(p,,SSA), where

Pice 18 the density of ice. Hence, r, is a simple and practical metric for relating the

snowpack microphysical state to dry snow radiative characteristics.
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Wet snow processes can also drive rapid changes in albedo. The presence of liquid
water induces rapid coarsening of the surrounding ice grains (e.g., Brun 1989), and liquid
water tends to refreeze into large ice clumps that darken the bulk snowpack. The
presence of small liquid drops, by itself, does not significantly darken snowpack, as ice
and water have very similar indices of refraction throughout the solar spectrum. Pooled
or ponded water, however, can significantly darken snowpack by greatly reducing the
number of refraction events per unit mass. This influence is not currently accounted for.

The net change in effective grain size occurring each time step is represented in
each snow layer as a summation of changes caused by dry snow metamorphism (dr,,4,),
liquid water-induced metamorphism (dr, ), refreezing of liquid water, and addition of
freshly-fallen snow. The mass of each snow layer is partitioned into fractions of snow
carrying over from the previous time step (f,4), freshly-fallen snow (f,..), and refrozen

liquid water (f,z), such that snow r, is updated each time step ¢ as
T, (t) = I:re (t - 1) + dr;’,dry + d’;,wet :' fold + ’;,Ofnew + r;’,rfz frfrz (365)

Here, the effective radius of freshly-fallen snow (r.p) is fixed globally at 54.5um
(corresponding to a specific surface area of 60 m”> kg'), and the effective radius of
refrozen liquid water (r,,+.) 1s set to 1000pm.

Dry snow aging is based on a microphysical model described by Flanner and
Zender (2006). This model simulates diffusive vapor flux amongst collections of ice
crystals with various size and inter-particle spacing. Specific surface area and effective
radius are prognosed for any combination of snow temperature, temperature gradient,
density, and initial size distribution. The combination of warm snow, large temperature

gradient, and low density produces the most rapid snow aging, whereas aging proceeds
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slowly in cold snow, regardless of temperature gradient and density. Because this model
is currently too computationally expensive for inclusion in climate models, we fit
parametric curves to model output over a wide range of snow conditions and apply these

parameters in CLM. The functional form of the parametric equation is

1/x
dr, ,, :[ﬂ ] _n_ (3.66)
dt dt ), (re—re,o)+77

The parameters (dr./dt)o, 17, and K are retrieved interactively from a lookup table with
dimensions corresponding to snow temperature, temperature gradient, and density. The
domain covered by this lookup table includes temperature ranging from 223 to 273 K,
temperature gradient ranging from 0 to 300 K m™, and density ranging from 50 to 400 kg
m”. Temperature gradient is calculated at the midpoint of each snow layer n, using mid-

layer temperatures (7,) and snow layer thicknesses (dz,), as

dz

(d_TJ _ 1 abS T;z—ldzn +T;zdzn—l + T;wldzn +7:1dzn+l (367)
dZ n dzn + dZn—l dZ” + dZ

n n+l
For the bottom snow layer (n=0), T,+; is taken as the temperature of the top soil layer,
and for the top snow layer it is assumed that 7,,.; = T,,.

The contribution of liquid water to enhanced metamorphism is based on parametric
equations published by Brun (1989), who measured grain growth rates under different

liquid water contents. This relationship, expressed in terms of r, (#m) and subtracting an

offset due to dry aging, depends on the mass liquid water fraction f, as

a’r 1018C fi 3
TR (3.68)

The constant C; is 4.22x10™"°, and: Jig = Wiy | (W, +w,,) (section 7.2).

ice
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In cases where snow mass is greater than zero, but a snow layer has not yet been
defined, r, is set to r,o. When snow layers are combined or divided, r, is calculated as a
mass-weighted mean of the two layers, following computations of other state variables
(section 7.2.6). Finally, the allowable range of r,, corresponding to the range over which

Mie optical properties have been defined, is 30-1500um.

3.3 Solar Zenith Angle

The CLM uses the same formulation for solar zenith angle as the Community

Atmosphere Model. The cosine of the solar zenith angle u is

U =sin@sind —cosgcosdcosh (3.69)
where £ is the solar hour angle (radians) (24 hour periodicity), J is the solar declination
angle (radians), and ¢ is latitude (radians) (positive in Northern Hemisphere). The solar

hour angle % (radians) is
h=2rd+86 (3.70)
where d is calendar day (d =0.0 at 0Z on January 1), and & is longitude (radians)
(positive east of the Greenwich meridian).
The solar declination angle ¢ is calculated as in Berger (1978a,b) and is valid for
one million years past or hence, relative to 1950 A.D. The orbital parameters may be
specified directly or the orbital parameters are calculated for the desired year. The

required orbital parameters to be input by the user are the obliquity of the Earth ¢
(degrees, —90°" < £ <90°), Earth’s eccentricity e (0.0<e <0.1), and the longitude of

the perihelion relative to the moving vernal equinox @ (0° <@ <360") (unadjusted for
the apparent orbit of the Sun around the Earth (Berger et al. 1993)). The solar declination

o (radians) is
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& =sin"'[sin(&)sin(1)] (3.71)
where ¢ is Earth’s obliquity and A is the true longitude of the Earth.

The obliquity of the Earth ¢ (degrees) is

i=47

e=¢*+) Acos(fit+5,) (3.72)

where ¢* is a constant of integration (Table 3.8), A, f;, and &, are amplitude, mean
rate, and phase terms in the cosine series expansion (Berger 1978a,b), and # =7, -1950

where ¢, is the year. The series expansion terms are not shown here but can be found in

the source code file shr_orb_mod.F90.
The true longitude of the Earth A (radians) is counted counterclockwise from the

vernal equinox (A = 0 at the vernal equinox)
1 5. JUN P -~ 13 5 . ~
A=A + 2e—Ze sin (4, —a))+Ze sin2(4, —a))+Ee sin3(4, — @) (3.73)

where A is the mean longitude of the Earth at the vernal equinox, e is Earth’s

m

eccentricity, and @ is the longitude of the perihelion relative to the moving vernal

equinox. The mean longitude A, is

PR 27r(d—dve)

3.74
m0 365 ( )

where d , = 80.5 is the calendar day at vernal equinox (March 21 at noon), and
Ao=2 (le+le3j(1+ﬂ)sina~)—lez(l+ﬂjsin2a~)+le3 l+ﬂ sin3@ | (3.75)
" 2 8 4 \2 8 (3 '

where S =+/1—¢’ . Earth’s eccentricity e is
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e= \/(e ) +(e) (3.76)

where

(3.77)

are the cosine and sine series expansions for e, and M i» &js and Bj are amplitude,

mean rate, and phase terms in the series expansions (Berger 1978a,b). The longitude of
the perihelion relative to the moving vernal equinox @ (degrees) is

. 180
G=T—+y (3.78)
T

where IT is the longitude of the perihelion measured from the reference vernal equinox
(i.e., the vernal equinox at 1950 A.D.) and describes the absolute motion of the perihelion

relative to the fixed stars, and  is the annual general precession in longitude and

describes the absolute motion of the vernal equinox along Earth’s orbit relative to the

fixed stars. The general precession i (degrees) is

Wt (N ( ' )
= +C+ ) F 't + 0, 3.79
Y = 2600 4 Z, ;sin| fi1+6, (3.79)

where 7 (arcseconds) and ¢ (degrees) are constants (Table 3.8), and F,, ﬁ', and 5; are

amplitude, mean rate, and phase terms in the sine series expansion (Berger 1978a,b). The
longitude of the perihelion IT (radians) depends on the sine and cosine series expansions

for the eccentricity e as follows:
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0 for -1x10® <e® <1x10® and " =0
1.57 for -1x10% <e® <1x10°® and ™ <0
0.57 for -1x10% <e* <1x10° and ™ >0
tan™' d +7 for e < -1x10?
I1= s . (3.80)
tan™' — |+ 27 for ¢ >1x10® and ™™ <0
o
tan™' E;OS for ¢ >1x10® and ™" >0
e

The numerical solution for the longitude of the perihelion @ is constrained to be between
0 and 360 degrees (measured from the autumn equinox). A constant 180 degrees is then
added to @ because the Sun is considered as revolving around the Earth (geocentric
coordinate system) (Berger et al. 1993).

Table 3.8. Orbital parameters

Parameter

e*® 23.320556
¥ (arcseconds) 50.439273
¢ (degrees) 3.392506
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4. Radiative Fluxes
The net radiation at the surface is (S’v +S . ) - (Zv + Zg ), where S is the net solar

flux absorbed by the vegetation (‘“v”) and the ground (“g”) and L is the net longwave

flux (positive toward the atmosphere) (W m'z).

4.1 Solar Fluxes
With reference to Figure 4.1, the direct beam flux transmitted through the canopy,

K(L+S

per unit incident flux, is e ), and the direct beam and diffuse fluxes absorbed by the

vegetation, per unit incident flux, are
I =11 —(1-a, )14 —(1-af ) (4.1
I=1-11, ~(1-a,,)1,. (4.2)
IT™ and IT, are the upward diffuse fluxes, per unit incident direct beam and diffuse
flux (section 3.1). I1% and I, are the downward diffuse fluxes below the vegetation
per unit incident direct beam and diffuse radiation (section 3.1). «; , and «, , are the

direct beam and diffuse ground albedos (section 3.2). L and S are the exposed leaf area
index and stem area index (section 2.3). K is the optical depth of direct beam per unit

leaf and stem area (section 3.1).
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Figure 4.1. Schematic diagram of (a) direct beam radiation, (b) diffuse solar radiation,

and (c) longwave radiation absorbed, transmitted, and reflected by vegetation and ground.

n+l

For clarity, terms involving 7" —T" are not shown in (c).

(a) (b)

TL,g T= (1 - gv)l,g T+e,0T2

l Li=(1-¢&)L,, L +6,0T}

TLgT:(l—gg)L,,¢ +g,0T}

4
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The total solar radiation absorbed by the vegetation and ground is

S, =2 S Ve In+8,, 4, Ia (4.3)
A

atm

S, _Zsmw K(L+5) (1—a;A)+

(S VTV 48,30 T4,) (1=, )

atm atm

(4.4)

where S, % and S, |, are the incident direct beam and diffuse solar fluxes (W m™).

For non-vegetated surfaces, e KIS Ih=1x= 0, I1f=0,and I{,=1, so that

S, =2 S Vi (1=t )+ S, by (1- 2, )
A .

S =0

4.5)

Solar radiation is conserved as

D (S U S b ) = (S0 + 8, )+ 2 (S Vo T #8040 114) (4.6)
A

where the latter term in parentheses is reflected solar radiation.

Photosynthesis and transpiration depend non-linearly on solar radiation, via the
light response of stomata. The canopy is treated as two leaves (sunlit and shaded) and the
solar radiation in the visible waveband (< 0.7 um) absorbed by the vegetation is
apportioned to the sunlit and shaded leaves as described by Thornton and Zimmermann
(2007).

The sunlit fraction of the canopy is
1 _ e*KL

fsun = KL

4.7)
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where ¢ " is the fractional area of sunflecks on a horizontal plane below the leaf area

index L. Here, KL<40. The shaded fraction is f,,, =1- f, ., and the sunlit and

shaded leaf area indices are L' = f, L and L' = f, L. In calculating f,

sun un

K=——+= (4.8)

where G( ,u) and u are parameters in the two-stream approximation (section 3.1). To

prevent numerical instabilities, f.

sun

=1, f,,=0, ' =L and L™ =0when L<0.01.

When the sun is below the horizon (£ <0), f,, =0, f, =1, =0,and L™ =L.

Solar radiation in the visible waveband (< 0.7 um) is partitioned to the sunlit and
shaded leaves, excluding that which is absorbed by stems. Sunlit leaves receive the
absorbed direct beam radiation and additionally the absorbed diffuse radiation
(originating from scattered direct beam radiation or from atmospheric diffuse radiation)

apportioned by f, . Shaded leaves receive the absorbed diffuse radiation apportioned by

fsha :

The total visible waveband direct beam radiation absorbed by the canopy is

S 1* I.,. This radiation is partitioned into unscattered direct beam absorbed by the

atm ~ vis

canopy (¢j;, ) and scattered direct beam absorbed as diffuse radiation (¢, ). These two
fluxes are
¢(§;r = Satm J/\ll/lls [1 - e_K(L+S)}(1 - a)ViS) (4.9)
TH
¢£f = Sulm \Lcll\ IW‘S - gr 2 O (4'10)
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With reference to Figure 4.1, ¢ is the portion of the incoming visible waveband direct

beam radiation (S 1* ) that is not transmitted through the canopy as direct beam

atm " vis

“K5)) that is absorbed (1-w, ), where o, is the scattering coefficient

radiation (1—e
(section 3.1). The remainder of the absorbed visible waveband direct beam radiation is

assumed to be scattered direct beam absorbed as diffuse radiation (g, ).

The incoming visible waveband diffuse radiation absorbed by the canopy is

¢dif = S J/ jvi.\' (4'1 1)

The absorbed photosynthetically active (visible waveband) radiation averaged for

the sunlit leaf area is

sun L sun sun
¢ = (¢Zr + ¢Zf fsun + ¢d[f fvun )(Mj/ for L > 0 (412)

and the similar absorbed radiation for the average shaded leaf is

L

¢sha — (¢£f fslm + ¢dif fslm )(M)/Lxha for Lshu >0 (413)

These equations assume the leaves absorb L/ (L + S) of the solar radiation absorbed by

the vegetation.

4.2 Longwave Fluxes
The net longwave radiation (W m?) (positive toward the atmosphere) at the surface

is

L=L"-L,k (4.14)

atm
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where LT is the upward longwave radiation from the surface and L, { is the

downward atmospheric longwave radiation (W m™). The radiative temperature 7., (K)

is defined from the upward longwave radiation as

1/4
T = [L—Tj (4.15)

(o}

where o is the Stefan-Boltzmann constant (W m’> K'4) (Table 1.4). With reference to

Figure 4.1, the upward longwave radiation from the surface to the atmosphere is

veg vg

Lr=5, L 1 +(1-6,.)(1-¢)L,, L+
(4.16)
(1 -0 )gga(Tg” )4 + 48g0(Tg" )3 (Tg”” - T")

veg 8

where L, T is the upward longwave radiation from the vegetation/soil system for
exposed leaf and stem area L+S >0.05, J,, is a step function and is zero for

L+ S <0.05 and one otherwise, &, is the ground emissivity, and Tg”+l and Tg” are the

snow/soil surface temperatures at the current and previous time steps, respectively
(section 6).

For non-vegetated surfaces, the above equation reduces to
n 4 n 3 n+l n
Lt=(1-¢,)L,, ¥ +&,0(T)) +4e,0(T!) (T/" 1)) (4.17)
where the first term is the atmospheric longwave radiation reflected by the ground, the
second term is the longwave radiation emitted by the ground, and the last term is the
increase (decrease) in longwave radiation emitted by the ground due to an increase

(decrease) in ground temperature.

For vegetated surfaces, the upward longwave radiation from the surface reduces to

LY=L, " +deo(T7) (T -T7) (4.18)
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where

L, t=(1-¢)(1-¢)(1-¢,)L,,{
eltst-a)- s ),

1 g, O'(Tg”)
=( e )(1-¢)(1-¢)L,,*
+eo(T)) (4.19)

+gv(1—g )(1—8,)0(@”)4
+4e,0 (T ) (7 1)
+4¢, (1—8g)(1—5v)0'(T" )3 (T"” —T”)

4
+&, (1 —EV)O'(Tg )
where ¢, is the vegetation emissivity and 7" and T" are the vegetation temperatures at

the current and previous time steps, respectively (section 5). The first term in the
equation above is the atmospheric longwave radiation that is transmitted through the
canopy, reflected by the ground, and transmitted through the canopy to the atmosphere.
The second term is the longwave radiation emitted by the canopy directly to the
atmosphere. The third term is the longwave radiation emitted downward from the
canopy, reflected by the ground, and transmitted through the canopy to the atmosphere.
The fourth term is the increase (decrease) in longwave radiation due to an increase
(decrease) in canopy temperature that is emitted by the canopy directly to the atmosphere.
The fifth term is the increase (decrease) in longwave radiation due to an increase
(decrease) in canopy temperature that is emitted downward from the canopy, reflected
from the ground, and transmitted through the canopy to the atmosphere. The last term is
the longwave radiation emitted by the ground and transmitted through the canopy to the

atmosphere.
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The upward longwave radiation from the ground is
L= (1-¢, )L Y +e,0(T)) (4.20)
where L | is the downward longwave radiation below the vegetation

Li-(1-8)L,, L +e0(T") +4s,0(T) (T -17). (4.21)

atm

The net longwave radiation flux for the ground is (positive toward the atmosphere)

L=¢0(T) ~6,6L%-(1-6,)6L,". (4.22)

veg €l ¢ Latm
The above expression for ig is the net longwave radiation forcing that is used in the soil
temperature calculation (section 6). Once updated soil temperatures have been obtained,
the term 4¢,0 (Tg" )3 (T”+1 - Tg”) is added to ig to calculate the ground heat flux (section

4

5.4)

The net longwave radiation flux for vegetation is (positive toward the atmosphere)
- 4 4
L=[2-¢(1-¢)]|eo(T) -ee0(T)) —&[1+(1-2,)(1-5) | L, b 423)

These equations assume that absorptivity equals emissivity. The emissivity of the

ground is
gg = gsoi (1 - fsno ) + gsnofsno (424)
where ¢, =0.96 for soil, 0.97 for glacier, and 0.96 for wetland, ¢,, =0.97,and f, is

the fraction of ground covered by snow (section 3.2). The vegetation emissivity is
g =1—¢VE (4.25)

where L and S are the leaf and stem area indices (section 2.3) and u =1 is the average

inverse optical depth for longwave radiation.
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5. Momentum, Sensible Heat, and Latent Heat Fluxes

The zonal 7, and meridional 7, momentum fluxes (kg m’ s'2), sensible heat flux

H (W m'z), and water vapor flux E (kg m? s'l) between the atmosphere at reference

height z (m) [where x is height for wind (momentum) (m ), temperature (sensible

atm, x

heat) (4 ), and humidity (water vapor) (w); with zonal and meridional winds u_ and

atm

(m s™), potential temperature 6, (K), and specific humidity ¢, (kg kg™)] and the

va tm tm

surface [with u_, v_, @, and ¢, ] are

(uatm B ux )

Tx :_patm— (51)
ram
T, = Py M (5.2)
(Hatm B Hs )
H = _patmcp - (53)
rah
E-—p (4un —4.) 5.4
r

aw

These fluxes are derived in the next section from Monin-Obukhov similarity theory

developed for the surface layer (i.e., the nearly constant flux layer above the surface

sublayer). In this derivation, u, and v, are defined to equal zero at height z,, +d (the

apparent sink for momentum) so that »,  is the aerodynamic resistance (s m") for

am

momentum between the atmosphere at height z and the surface at height z,, +d .

atm,m

Thus, the momentum fluxes become

T =Pum Do (5.5)

am
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1%
T, = Py (5.6)

am

Likewise, 8, and ¢, are defined at heights z,, +d and z,, +d (the apparent sinks for

heat and water vapor, respectively). Consequently, r,, and r, are the aerodynamic

w

resistances (s m") to sensible heat and water vapor transfer between the atmosphere at

heights z,,,, and z and the surface at heights z,, +d and z,,6 +d , respectively.

atm, atm,w

The specific heat capacity of air C, (J kg' K') is a constant (Table 1.4). The
atmospheric potential temperature used here is

eatm = T + Fdzatl71,h (57)

where T, is the air temperature (K) at height z,, , and I') =0.0098 K m™ is the

negative of the dry adiabatic lapse rate [this expression is first-order equivalent to

0, =T ( P./P,, )Rd“/ “ (Stull 1988), where P, is the surface pressure (Pa), P, is

the atmospheric pressure (Pa), and R, is the gas constant for dry air (J kg' K) (Table

1.4)]. By definition, 6, =T,. The density of moist air (kg m™) is

P, —0.378e
— _atm atm 5 8
patm RdaT;Jtm ( )

where the atmospheric vapor pressure e (Pa) is derived from the atmospheric specific

atm

humidity ¢,

P
ea,m — qatm atm . (59)
0.622+0.378q,,,
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5.1 Monin-Obukhov Similarity Theory

The surface vertical kinematic fluxes of momentum wu'w' and v'w' (m® s?),
sensible heat 'w' (K m s), and latent heat g'w’ (kg kg'1 ms™), where u', V', w', @',
and ¢’ are zonal horizontal wind, meridional horizontal wind, vertical velocity, potential

temperature, and specific humidity turbulent fluctuations about the mean, are defined
from Monin-Obukhov similarity applied to the surface layer. This theory states that when
scaled appropriately, the dimensionless mean horizontal wind speed, mean potential

temperature, and mean specific humidity profile gradients depend on unique functions of

—d
¢ = ZT (Zeng et al. 1998) as

k(z—d)olul _

" > =4,(¢) (5.10)
k(z-d)oo

o o 4 G40
k(Z—d)@_q_
—q* P =4,($) (5.12)

where z is height in the surface layer (m), d is the displacement height (m), L is the
Monin-Obukhov length scale (m) that accounts for buoyancy effects resulting from

vertical density gradients (i.e., the atmospheric stability), k is the von Karman constant

(Table 1.4), and |u| is the atmospheric wind speed (m s™). @, ¢, ,and @, are universal

(over any surface) similarity functions of ¢ that relate the constant fluxes of momentum,

sensible heat, and latent heat to the mean profile gradients of |u , @, and ¢ in the surface
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layer. In neutral conditions, ¢, = ¢, = ¢, =1. The velocity (i.e., friction velocity) u, (m

s'l), temperature 6, (K), and moisture g, (kg kg'l) scales are

u’ =\/ u'w' ’ +(v'w ’ :ﬂ (5.13)
o -
Qu, =-0'w =- H (5.14)
pathp
qu, =—q'w = _ £ (5.15)
patm

where |r| is the shearing stress (kg m™' s?), with zonal and meridional components

o Tx z-y

uw =— and v'w' = —

patm patm

, respectively, H is the sensible heat flux (W m'z) and

E is the water vapor flux (kg m™~s™).
The dimensionless length scale L is the Monin-Obukhov length defined as

2
u3 u. o

L=- - = k "é“”" (5.16)
80,
k| =5 o'w'
ev,atm
where g is the acceleration of gravity (m s™) (Table 1.4), and 0, aom = O (1 +0.61q,,,)

is the reference virtual potential temperature. L > 0 indicates stable conditions. L <0
indicates unstable conditions. L = oo for neutral conditions. The temperature scale 8,, is

defined as

0., = [9* (1+0.61g,,,)+0.619 q*]u* (5.17)

V¥ atm

where @, is the atmospheric potential temperature.
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Following Panofsky and Dutton (1984), the differential equations for ¢, ({),

¢,(¢). and ¢, (&) can be integrated formally without commitment to their exact forms.

Integration between two arbitrary heights in the surface layer z, and z; (z, > z;) with

horizontal winds |u|1 and |u

q, and g, results in

| U ,—d | z,—d 7, —d
-, = 2 i 22y, (224 ). (52

q. 2, —d 2, —d zl—dj_
—qg, =—|In — + Y .
q, — 4, k|: [Zl—d} l//w[ I j l//w( I |

The functions v, ('), v, ({), and y,, ({) are defined as

voto)- ] L0y,

Zom/L X
1- h
nie)-f L0,

AGEE

ZOW/I‘ X

,» potential temperatures ¢, and 6,, and specific humidities

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

where z,,, 2,,,and z,, are the roughness lengths (m) for momentum, sensible heat, and

water vapor, respectively.

Defining the surface values

|u|1 =0atz =gz, +d,
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0, =0 atz =z, +d, and
q, =4, atz, = z,, +d,

and the atmospheric values at z, = 2

atm, x

lul, =V,= Ju,, +v2, +U? >1, (5.24)
6,=0,, and
q2 = qatm’
the integral forms of the flux-gradient relations are
u Z —d Z —-d Z j
V — = 1 atm,m _ atm,m + L0om_ 525
a k { Zorn j l//ﬂ‘l[ L j l//ﬂl( L ( )
0 I Zatmn — d Zatm.h d Z
0 -0 =—|In| —= - — + Ok 5.26
atm K k I [ ZOh J lr//h ( L lr//h L ( )
CI* me,w - d Zatm,w - d ZQ )
—q. =—=|In| —— |-y, | —— |+, | == |]. 5.27
qatm qS k [ ( ZOW j l//w ( L ] [//W ( L ( )

The constraint V, > 1 is required simply for numerical reasons to prevent H and E from

becoming small with small wind speeds. The convective velocity U, accounts for the

contribution of large eddies in the convective boundary layer to surface fluxes as follows

U ,=0 =0 (stable)
(5.28)
U, = pw, <0 (unstable)
where w, is the convective velocity scale
/3
w, = (—‘ge”*@*z'} : (5.29)

z;, =1000 is the convective boundary layer height (m), and f =1.
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The momentum flux gradient relations are (Zeng et al. 1998)

¢,(£)=0. k2/3( )1/3 for { <—1.574 (very unstable)
8, (&)=(1-16£)""  for -1.574 < ¢ <0 (unstable) 5:30)
6, (&) =1+ 54 for 0 < ¢ <1 (stable)
?, (5) = for {>1 (very stable).
The sensible and latent heat flux gradient relations are (Zeng et al. 1998)
P, (é’) =4, (é’) 0. 9k4/3( ()_1/3 for £ < —0.465 (very unstable)
$,()=9,()=(1-16¢)"" for 0465 <£ <0 (unstable) ;1
$,(¢)=4.({)=1+5¢ for 0 < ¢ <1 (stable)
&, (§)=¢W (§)Z5+§ for {>1 (very stable).

To ensure continuous functions of ¢, (¢), 4,(¢), and ¢, (<), the simplest approach

(i.e., without considering any transition regimes) is to match the relations for very

m w

unstable and unstable conditions at £, = —1.574 for ¢, ({) and &, =¢, =-0.465 for

$,($)=9,(¢) (Zeng et al. 1998). The flux gradient relations can be integrated to yield

wind profiles for the following conditions:

Very unstable (' <—1.574)

v, - %{mﬂ v, (gm)} 114 (<) =) ]+ v (ZT]} (5.32)

ZOm

Unstable (—1.574<¢ <0)

U Zamm —d _ Zom
V. = p {MT v, (()}rwm( . j} (5.33)

Stable (0<¢ <1)
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-d
Va _ £{|:1n me,m + 54’:| _5@} (534)

ZOm L

Very stable (£ >1)

Va:%{{m%w}[smgwq]—s%} (5.35)
Om
where
2
l//m(é’)=21n(1;xJ+ln£l+2x j—Ztan1x+% (5.36)

/4

and x =(1-16£)" .
The potential temperature profiles are:

Very unstable (' <—0.465)

Zon

0,, — 0, = %{m oLy (¢, )} +08[(=¢,) " = (=0)" ]+ w, (Zﬂj} (5.37)

Unstable (-0.465<¢ <0)

6* Z tm,h _d Z
9, —0 =21 1p2mr "% Ly, | 2 5.38
atm K k {|: ZOh l//h (é,):| Wh( L j} ( )
Stable (0<¢ <1)
—d
9. —g =) 1nlem =8 5o | 5w (5.39)
k Zon L

Very stable (£ >1)

) :%{lni+5}+[51n§’+§—1]—5%}. (5.40)

Zon
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The specific humidity profiles are:

Very unstable (¢ <—0.465)

Qo — 4, = %{m% v, (gw)} +0.8)(=¢,) " =(=¢) " 4w, (%)} (5.41)

Z0w

Unstable (-0.465<¢ <0)

* Zarm wo d ,
Gum =4, = q—{ln’——'//w(é )} +y, (ZLJ} (5.42)
k ZOw L

Stable (0<¢ <1)

q* Zutm,w _d Z()
am — 4y = In—"—— 450 | -5 (5.43)
Gam =95 =7 { - 4} I }
Very stable (¢ >1)
G — ¢, =L Lo v 5 |+ [5Ing 4 ¢ 1] 5% (5.44)
arm 5 k ZOW L
where
1+ x°
v,($)=vw,({)=2In il (5.45)

Using the definitions of u,, 6, , and g, , an iterative solution of these equations can
be used to calculate the surface momentum, sensible heat, and water vapor flux using

atmospheric and surface values for |u

, 6, and g except that L depends on u,, 6,, and

q.. However, the bulk Richardson number

R, = H‘f-agl 0. £ (Z‘”;;" —) (5.46)

v,atm

69



is related to ¢ (Arya 2001) as

—d —d -
R, = g{m(%}-m (g)}{m[%)-w (;)} . (5.47)

Using ¢, =¢2 =(1-16¢ )_1/ * for unstable conditions and ¢, =¢ =1+5¢ for stable
conditions to determine y,,(¢) and y, (&), the inverse relationship ¢ = f(R,;) can be

solved to obtain a first guess for ¢ and thus L from

Zﬂtm m _d
R, 1(]
= “om 0.01<¢ <2

for R, > 0 (neutral or stable)

~ 1-5min(R,,0.19) . (5.48)
-d
¢ =Ryln [%j -100< 4 <-0.01 for R, <O (unstable)
O0m

Upon iteration (section 5.3.2), the following is used to determine ¢ and thus L

(Zunn —d ) kg0,
u’o

=y atm

£ = (5.49)

where

0.01<4 <2 for £ >0 (neutral or stable)
-100 < ¢ <-0.01 for £ <0 (unstable)

The difference in virtual potential air temperature between the reference height and the

surface 1s

0, 0., =(0,,-0.)(1+0.61q,,)+0.610,, (q... —4,)- (5.50)

v,atm v, atm atm
The momentum, sensible heat, and water vapor fluxes between the surface and the

atmosphere can also be written in the form

T =P (o =1) (5.51)

am
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¢, =—p,, Van =) (5.52)

(Hatm - Hs )
H=-p,,C, e %) (5.53)
rah
E=—p,, M (5.54)

aw

where the aerodynamic resistances (s m'l) are

2
\% 1 Z —-d Z —d z j
r — Ja _ ln atm, m _ atm,m + L0m 555
am u*2 kZVa |: ( Zom j l//m ( L j [//m ( L ( )

Hatm 93* _ 1 _11'1 Zatm,m —-d _ Zatm,m —d n (Z()_m
ah 9*1/1* k 2Va Zom l//m L Wm L
- (5.56)
< - d Z - d Z
ln atm, h _ atm, h + ﬂ
L [ Zon j Wh{ L ) V/h( L H
= | —d —d
raw — qatm qs — 21 ln Zaltm,m _ !//m Zalm,m + l//m Z()_m
q.u, kv, Zom L L
- (5.57)

In Zatm,w -d Zatm,w -d n (ZOW j .
Zou Ve L ML

A 2-m height “screen” temperature is useful for comparison with observations

o 2+z2 2+7 z
T, =60 +—|1In Ly Oh | 4 20k 5.58
2m s k |: ( ZOh J l//h ( L j lr//h ( L j:| ( )

where for convenience, “2-m” is defined as 2 m above the apparent sink for sensible heat

(2,, +d). Similarly, a 2-m height specific humidity is defined as

G =4 + qk* {m (%J —V. (2+—LZ°W) ty, ( Zzw H : (5.59)
Ow

Relative humidity is
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’ TZm

RH, =min [100 Don xlOOj (5.60)
qsut

where ¢ is the saturated specific humidity at the 2-m temperature 7, (section 5.5).

t

5.2 Sensible and Latent Heat Fluxes for Non-Vegetated
Surfaces
Surfaces are considered non-vegetated for the surface flux calculations if leaf plus

stem area index L+ S <0.05 (section 2.3). By definition, this includes bare soil,

wetlands, and glaciers. The solution for lakes is described in section 9. For these

surfaces, the surface temperature ¢, =T, is also the ground surface temperature 7, (this

can be either the soil or snow surface) so that the sensible heat flux H, (W m'z) is, with

reference to Figure 5.1,

H,=-p,.C, M (5.61)
rah

where p_, 1s the density of atmospheric air (kg m?), C , 1s the specific heat capacity of

air (J kg' K) (Table 1.4), 6,,, is the atmospheric potential temperature (K), and r,, is

tm
the aerodynamic resistance to sensible heat transfer (s m'l).

The water vapor flux E, (kg m?s™) is, with reference to Figure 5.2,

E =-

8

BroiPain (G — 4,) (5.62)
3

w

where [, is an empirical function of soil water (Sakaguchi and Zeng 2009), ¢,,,, is the

atm

atmospheric specific humidity (kg kg™), g, is the specific humidity of the soil surface

(kg kg), and r_ is the aerodynamic resistance to water vapor transfer (s m"). The

aw
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specific humidity of the soil surface g, is assumed to be proportional to the saturation
specific humidity
T,
4, = A4, (5.63)

T&’
sat

where ¢, is the saturated specific humidity at the ground surface temperature 7,

(section 5.5). The factor « is a weighted combination of values for soil and snow
a= asoi,l (1 - fsno ) + asnofsno (564)
where f  is the fraction of ground covered by snow (section 3.2), and «,,, =1.0.

a =1.0 for wetlands and glaciers. «,,, refers to the surface soil layer and is a function

of the surface soil water matric potential ¥ as in Philip (1957)

= s 565
asm,l eXp [ 1 x 103 vaTg ] ( . )

where R, is the gas constant for water vapor (J kg' K') (Table 1.4), g is the

gravitational acceleration (m s'z) (Table 1.4), and v, is the soil water matric potential of
the top soil layer (mm). The soil water matric potential v, is

W, =W,8 0 2 —1x10° (5.66)
where y, , is the saturated matric potential (mm) (section 7.4.1), B, is the Clapp and

Hornberger (1978) parameter (section 7.4.1), and s, is the wetness of the top soil layer

with respect to saturation. The surface wetness s, is a function of the liquid water and

ice content

1 wliq 1 Wice 1
5 = — + : 0.01<s5 <1.0 (5.67)
Azle pliq pice

sat,1
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where Az, is the thickness of the top soil layer (m), p,, and p,., are the density of liquid

water and ice (kg m'3) (Table 1.4), w,, , and w,,, are the mass of liquid water and ice of

ice,1

the top soil layer (kg m™) (section 7), and 0., is the saturated volumetric water content
(i.e., porosity) of the top soil layer (mm® mm™) (section 7.4.1). If ¢ >gq, and

dqg

Guim >4, then g, =4, and =0. This prevents large increases (decreases) in g,

8

for small increases (decreases) in soil moisture in very dry soils.

The function [

; ranges from O to 1 and is intended to represent the molecular
diffusion process from the soil pore to the surface within the dry part of the soil
(Sakaguchi and Zeng 2009) as

1 626,,o0rq,,—q,>0

Boi = . (5.68)

2
0'25(1_f5n0)|:1_COS[7T 901 }:l +fsno 01 < efc,l

fe.l
where 6, is the field capacity of the top soil layer and 0.01<6) /Hﬂ,,l <1. The

volumetric water content of the top soil layer (mm® mm™) is

w,. w.
01 _ 1 lig,1 + ice,1 . (5.69)
AZ] p[iq pice

The volumetric water content at field capacity is derived by assuming a hydraulic
conductivity of 0.1 mm day" and inverting the hydraulic conductivity function (section

7.4.1) as

1

2B;+3
efl',l = esat,l [ 01 jl (570)
sat,1

86400k
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where k_, , is the saturated hydraulic conductivity of the top soil layer (mm s) (section
7.4.1) and the exponent B, is a function of soil texture (section 7.4.1).

The roughness lengths used to calculate r,,, r,, and 7, are Zz,, =2y,

ah aw

Zon = Zon 0 and Zy, = 2, . The displacement height d = 0. The momentum roughness
length is z,, , =0.01 for soil, glaciers, and wetland, and z,, , =0.0024 for snow-

covered surfaces ( f

o >0). In general, z,, is different from z,, because the transfer of
momentum is affected by pressure fluctuations in the turbulent waves behind the
roughness elements, while for heat and water vapor transfer no such dynamical
mechanism exists. Rather, heat and water vapor must be transferred by molecular

diffusion across the interfacial sublayer. The following relation from Zilitinkevich

(1970) is adopted by Zeng and Dickinson (1998)

0.45
~a(u.zgm, /0)

Zong = Zow.g = Zom, g€ (5.71)
where the quantity u,z,, , / v is the roughness Reynolds number (and may be interpreted
as the Reynolds number of the smallest turbulent eddy in the flow) with the kinematic
viscosity of air v =1.5x107” m*s™ and a = 0.13.

The numerical solution for the fluxes of momentum, sensible heat, and water vapor

flux from non-vegetated surfaces proceeds as follows:

1. An initial guess for the wind speed V, is obtained from eq. (5.24) assuming an

initial convective velocity U.=0 m s for stable conditions (6

v,atm

—-0,,20 as

evaluated from eq. (5.50)) and U, =0.5 for unstable conditions (&

v,atm

-0,,<0).
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2. An initial guess for the Monin-Obukhov length L is obtained from the bulk
Richardson number using egs. (5.46) and (5.48).

3. The following system of equations is iterated three times:

Friction velocity u, (egs. (5.32), (5.33), (5.34), (5.35))

e Potential temperature scale 6, (egs. (5.37), (5.38), (5.39), (5.40))

e Humidity scale g, (egs. (5.41), (5.42), (5.43), (5.44))

e Roughness lengths for sensible z,, , and latent heat z,, , (eq. (5.71))
e Virtual potential temperature scale 6, (eq. (5.17))

e Wind speed including the convective velocity, V, (eq. (5.24))

e Monin-Obukhov length L (eq. (5.49))

4. Aerodynamic resistances r, , r,,and r,  (egs. (5.55), (5.56), (5.57))
5. Momentum fluxes 7z, , 7, (egs. (5.5), (5.6))

6.  Sensible heat flux H, (eq. (5.61))

7. Water vapor flux E, (eq. (5.62))

8. 2-m height air temperature 7, and specific humidity g,, (egs. (5.58), (5.59))

The partial derivatives of the soil surface fluxes with respect to ground temperature,
which are needed for the soil temperature calculations (section 6.1) and to update the soil

surface fluxes (section 5.4), are

OH C
g _ patm p (572)
a7;; rah

aEg — ﬂsoiparm dqg
oT, r dT,

aw

(5.73)
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where

d d T,
e _ g, (5.74)
dT, drT,
The partial derivatives La and La , which cannot be determined analytically, are
. OH OE
ignored for —% and —%.
oT,

8

5.3 Sensible and Latent Heat Fluxes and Temperature for
Vegetated Surfaces

In the case of a vegetated surface, the sensible heat H and water vapor flux E are

partitioned into vegetation and ground fluxes that depend on vegetation 7, and ground

V

T, temperatures in addition to surface temperature 7, and specific humidity g, . Because

of the coupling between vegetation temperature and fluxes, Newton-Raphson iteration is
used to solve for the vegetation temperature and the sensible heat and water vapor fluxes
from vegetation simultaneously using the ground temperature from the previous time
step. In section 5.3.1, the equations used in the iteration scheme are derived. Details on

the numerical scheme are provided in section 5.3.2.

5.3.1 Theory

The air within the canopy is assumed to have negligible capacity to store heat so

that the sensible heat flux H between the surface at height z,, +d and the atmosphere at

height z must be balanced by the sum of the sensible heat from the vegetation H,

atm, h

and the ground H

H=H, +H, (5.75)
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where, with reference to Figure 5.1,

(Hatm _]1)
H=-p,C,———= (5.76)
Van
H,=-p,C,(T, —Tv)(“s) (5.77)
T,
(TS -7, )
H,=-p,C,~— (5.78)

Fan

where p,,, is the density of atmospheric air (kg m>), C , 1s the specific heat capacity of

air (J kg K) (Table 1.4), 6, ., is the atmospheric potential temperature (K), and r,, is

the aerodynamic resistance to sensible heat transfer (s m™).

Here, T, is the surface temperature at height z,, +d, also referred to as the canopy

air temperature. L and S are the exposed leaf and stem area indices (section 2.3), 7, is
the leaf boundary layer resistance (s m'l), and rah' is the aerodynamic resistance (s m'l) to

heat transfer between the ground at height z,,” and the canopy air at height z,, +d .
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Figure 5.1. Schematic diagram of sensible heat fluxes for (a) non-vegetated surfaces and

(b) vegetated surfaces.

(a)

Zafm,h T Qarm
rah
Zon  1s=1g
(b)
Zam’i,h - Qarm
rah
ZOh +d . Tv
A /L+S
r !
ah
z ! T
0h ‘g

79



Figure 5.2. Schematic diagram of water vapor fluxes for (a) non-vegetated surfaces and

(b) vegetated surfaces.
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Equations (5.75)-(5.78) can be solved for the canopy air temperature 7|

h h h
0, +cT, +cT,

a~ atm

T = 5.79
’ ch + c:,‘ +c! .79)
where

=L (5.80)

rah
¢, = l (5.81)

rah

L+S§

= ( ) (5.82)

T

are the sensible heat conductances from the canopy air to the atmosphere, the ground to
canopy air, and leaf surface to canopy air, respectively (m s™).

When the expression for 7, is substituted into equation (5.77), the sensible heat flux

from vegetation H, is a functionof 6, , T, , and T,

tm

h
C

H, ==p,,C,[ 0, +cT, —(c! + cg)z,]m. (5.83)
Lt te

Similarly, the expression for 7, can be substituted into equation (5.78) to obtain the

sensible heat flux from ground H,

a~atm

H, =-p,.C, [che +clT, = (cl + )T, Lc—gzh (5.84)

The air within the canopy is assumed to have negligible capacity to store water

vapor so that the water vapor flux E between the surface at height z,, +d and the
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atmosphere at height z must be balanced by the sum of the water vapor flux from the

atm,w

vegetation E, and the ground E,

E=E, +E, (5.85)
where, with reference to Figure 5.2,

E=—p, (9um = 4.) (5.86)

(9, a%)
E, ==pyy—"" (5.87)

total
ﬂsoi (qs - q )

E, ==p,, ,—g (5.88)

r;zw + r}ilfer

where ¢,,, is the atmospheric specific humidity (kg kg™), r,, 1s the aerodynamic

w

resistance to water vapor transfer (s m™), qST;l (kg kg) is the saturation water vapor

specific humidity at the vegetation temperature (section 5.5), ¢, is the specific humidity
at the ground surface (section 5.2), r, ' is the aerodynamic resistance (s m™') to water

vapor transfer between the ground at height ZOW' and the canopy air at height z, +d,
B, 1s an empirical function of soil water (section 5.2), and r,,, is a resistance for the
plant litter layer (s m™). r, , is the total resistance to water vapor transfer from the
canopy to the canopy air and includes contributions from leaf boundary layer and sunlit

sha

and shaded stomatal resistances r,, r'*", and r,

N Ay

(Figure 5.2). The water vapor flux

from vegetation is the sum of water vapor flux from wetted leaf and stem area E
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(evaporation of water intercepted by the canopy) and transpiration from dry leaf surfaces

El

v

E =E'+E.

Equations (5.85)-(5.88) can be solved for the canopy specific humidity g,

w w
€y, T Cq,

qx w w w
¢, t¢, e,
where
1
w —
Ca =
Taw
o = (L+5S) "
h
cw — ﬂsoi
8 i
raw + nitter

(5.89)

(5.90)

(5.91)

(5.92)

(5.93)

are the water vapor conductances from the canopy air to the atmosphere, the leaf to

canopy air, and ground to canopy air, respectively. The term r" is determined from

contributions by wet leaves and transpiration and limited by available water and potential

evaporation as
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14

w, pot [ ‘ c
E; Fyy t —A;” ‘
E"" >0,8 >0

14

min ﬁvet + rdry ’

w, pot
Ev

w, pot " Wcan
ESTr,, e

v At E:v,pul > O, ﬂt <0 (594)

" _ .
r"={min| f ., B

1 E"" <0

where f, ,, is the fraction of leaves and stems that are wet (section 7.1), W,

can

is canopy

water (kg m'z) (section 7.1), At is the time step (s), and S, is a soil moisture function

limiting transpiration (section 8). The potential evaporation from wet foliage per unit

wetted area is

Patm (qx o qu;r )

E"r = — (5.95)
Y
The term rd,y” is
f . T Lsun Lsha
Ty, = — + - (5.96)
7 sun sha
L \n+r™ n+1

where f, is the fraction of leaves that are dry (section 7.1), L™ and L™ are the sunlit

n a

and shaded leaf area indices (section 4.1), and ™" and r™* are the sunlit and shaded

stomatal resistances (s m'l) (section 8).

When the expression for g, is substituted into equation (5.87), the water vapor flux

T,
sat

from vegetation E, is a function of ¢,,,,, q,,and ¢
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E, =P [ + €0, — () + ) )l | (5.97)

Similarly, the expression for g, can be substituted into equation (5.88) to obtain the

water vapor flux from the ground beneath the canopy E,

E, =Pl + 0l — () + ) a, | —— (5.98)

The aerodynamic resistances to heat (moisture) transfer between the ground at

height z,," (z,, ) and the canopy air at height z,, +d (z,, +d ) are

' / 1
r, =r =——o 5.99
ah aw CSUav ( )
where
1
u, =V, =u, (5.100)
rv

is the magnitude of the wind velocity incident on the leaves (equivalent here to friction

velocity) (m s'l) and C, is the turbulent transfer coefficient between the underlying soil

and the canopy air. C| is obtained by interpolation between values for dense canopy and

bare soil (Zeng et al. 2005)

C. =C

K s,bare

W+C

vdense L =W) (5.101)
where the weight W is

W=e"9, (5.102)
The dense canopy turbulent transfer coefficient in Zeng et al. (2005) is modified from its

original value of 0.004 (Dickinson et al. 1993) by Sakaguchi and Zeng (2009) to account

for stability as
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0.004 T -T,<0

Cs,dense = 0004 (5103)
7 - T, —Tg >0
+ymin(S$,10)

where ¥ =0.5 and S is a stability parameter determined from

S = Bop (Ts _Tg)
Tu’

§H

(5.104)

where g is the gravitational acceleration (m s?) (Table 1.4), and z,  is canopy top

top

height (m) (Table 2.2). The bare soil turbulent transfer coefficient is

U -0.45
C = E(MJ (5.105)
a

s,bare
13

where the kinematic viscosity of air v =1.5x107 m?s™ and a = 0.13.

The litter resistance r,  (Sakaguchi and Zeng 2009) (s m'l) 18

litter

Bitter = 1 (l—e‘%) (5.106)
0.004u,

where the effective litter area index % (m2 m'z) is the fraction of plant litter area index

litter

L, (currently set to 0.5 m* m™) that is not covered by snow
L, =L, | 1-min( £ 1)]. (5.107)
The effective snow cover of the litter layer is

snow — Z.S‘HO (5 . 1 08)

litter
Zlitter
where Az, =0.05m is assumed as a typical depth for the litter layer, and z_ 1is the

depth of snow (section 7.2) (m).

The leaf boundary layer resistance 7, is

86



7}) = CL(qu/dleaf )_1/2 (5109)

v

where C, =0.01 m s is the turbulent transfer coefficient between the canopy surface

and canopy air, and d,,,, is the characteristic dimension of the leaves in the direction of

wind flow (Table 5.1).
The partial derivatives of the fluxes from the soil beneath the canopy with respect to
ground temperature, which are needed for the soil temperature calculations (section 6.1)

and to update the soil surface fluxes (section 5.4), are

h h
OH, puwmC, c;+c

' h h h
oT, Ta €, tC, FC,

(5.110)

OE . Vel d
s — "Bsulpatm yca YCV - qg . (5.111)
aTg raw + riitter C; + C:v + C; dTg

or! or,
“ah gnd a;"j” , which cannot be determined analytically, are

The partial derivatives

OH oE
g and —.
oT

8

ignored for

The roughness lengths used to calculate r

am?

r,,and r, from equations (5.55),
(5.56), and (5.57) are 2z, = Zon,» Zon = Zony. and 2z, =2Z,,,. The vegetation

displacement height d and the roughness lengths are a function of plant height and

adjusted for canopy density following Zeng and Wang (2007)
ZOm,v = ZOh,v = ZOw,v = eXp |:V ln (ZZUPRZOm ) + (1 - V) ln (ZOm,g )j| (51 12)

d=z,RV (5.113)

top
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where z,,, is canopy top height (m) (Table 2.2), R, and R, are the ratio of momentum

roughness length and displacement height to canopy top height, respectively (Table 5.1),

and z,, . is the ground momentum roughness length (m) (section 5.2). The fractional

weight V' is determined from

_ l—exp{—ﬁmin[LJrS,(L+S)CJ}

1—exp[—ﬁ(L+S)Cr] ©-114)

where =1 and (L+ S ) =2 (m® m™) is a critical value of exposed leaf plus stem area

cr

for which z,, reaches its maximum.

88



Table 5.1. Plant functional type aerodynamic parameters

Plant functional type R, R, d,, (m)
NET Temperate 0.055 0.67 0.04
NET Boreal 0.055 0.67 0.04
NDT Boreal 0.055 0.67 0.04
BET Tropical 0.075 0.67 0.04
BET temperate 0.075 0.67 0.04
BDT tropical 0.055 0.67 0.04
BDT temperate 0.055 0.67 0.04
BDT boreal 0.055 0.67 0.04
BES temperate 0.120 0.68 0.04
BDS temperate 0.120 0.68 0.04
BDS boreal 0.120 0.68 0.04
C; arctic grass 0.120 0.68 0.04
C; grass 0.120 0.68 0.04
C, grass 0.120 0.68 0.04
Cropl 0.120 0.68 0.04
Crop2 0.120 0.68 0.04
5.3.2 Numerical Implementation
Canopy energy conservation gives
-S.+Lo(T,)+ H,(T,)+ AE,(T,) = 0 (5.115)

where S, is the solar radiation absorbed by the vegetation (section 4.1), L. is the net
longwave radiation absorbed by vegetation (section 4.2), and H,6 and AE, are the
sensible and latent heat fluxes from vegetation, respectively. The term A is taken to be

the latent heat of vaporization A

va

, (Table 1.4).
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L., H ,»and AE, depend on the vegetation temperature 7,. The Newton-Raphson
method for finding roots of non-linear systems of equations can be applied to iteratively

solve for 7, as

_ EV_ZV_HV—/lEv

AT, =— (5.116)
0L, OH, OAE,
+ +
oT, 0T, 0T,
where AT, =T""' —T" and the subscript “n” indicates the iteration.
The partial derivatives are
82\’ _ 3
o7 45,0(2-¢(1-¢,)]|T, (5.117)
oH c!
r=p. C (c'+c!)—2—0 5.118
a].:) patm p(a g)CZ'i‘Cf?-f‘C(Z ( )
OAE : c’ dq”
=1 ¢’ +c) - s 5.119
oT, pwm(” g)c;”+cf,”+c;” dT, ( )

. o 0 0 . . .
The partial derivatives a};‘f’ and Lan , which cannot be determined analytically, are

v

. OoH OAE . . . .
ignored for 6TV and 5T . However, if { changes sign more than four times during

the temperature iteration, { = —0.01. This helps prevent “flip-flopping” between stable
and unstable conditions. The total water vapor flux E,, transpiration flux E;, and

sensible heat flux H  are updated for changes in leaf temperature as

dq” c’
E =- c” +c’q, —(c’ +c')| qh, + 2w AT L 5.120)
v patm a qatm g qg ( a g )(qmt dT VJ:| C:/ + C‘tv + C‘:f (

v

90



" d . .
E =11 Do | €+l q, — () +C§”)[qf;t +ﬂATvﬂc—” G.121)

dT, c;“+cvw+c:
h
H=—p Clc'o +c"T —(¢"+" (T +AT I 5122
v Patm p|:ca azm+cg g (Ca +Cg)( v+ V)i|c +CCL+C: ( )

The numerical solution for vegetation temperature and the fluxes of momentum,
sensible heat, and water vapor flux from vegetated surfaces proceeds as follows:

1. Initial values for canopy air temperature and specific humidity are obtained from

T +9ﬂtﬂl
T = Ze (5.123)
: 2
+
q, = e 7 dam zq‘”’”- (5.124)

2. An initial guess for the wind speed V, is obtained from eq. (5.24) assuming an

initial convective velocity U =0 m s for stable conditions (6
y Y

v,atm

-0,,20 as

evaluated from eq. (5.50)) and U, =0.5 for unstable conditions (&

v,atm _917,5' < O)
3. An initial guess for the Monin-Obukhov length L is obtained from the bulk
Richardson number using equation (5.46) and (5.48).

4.  TIteration proceeds on the following system of equations:

e Friction velocity u, (egs. (5.32), (5.33), (5.34), (5.35))

e Ratio ﬁ (egs. (5.37), (5.38), (5.39), (5.40))

atm N

o Ratio —L— (egs. (5.41), (5.42), (5.43), (5.44))

q(lfm _qs

e Aerodynamic resistances 7,

am

, r,,and r_ (egs. (5.55), (5.56), (5.57))

e Magnitude of the wind velocity incident on the leaves U, (eq. (5.100))
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Leaf boundary layer resistance r, (eq. (5.109))

Aerodynamic resistances 7, and 7, (eq. (5.99))

sha

and 7,

sun

Sunlit and shaded stomatal resistances 7, (section 8)

Sensible heat conductances c¢”

a’?

cg, and ¢! (egs. (5.80), (5.81), (5.82))

Latent heat conductances c,’, ¢,’, and ¢, (egs. (5.91), (5.92), (5.93))

Sensible heat flux from vegetation H, (eq. (5.83))

Latent heat flux from vegetation AE, (eq. (5.97))

If the latent heat flux has changed sign from the latent heat flux computed at the
previous iteration (1E,""' x AE" < 0), the latent heat flux is constrained to be
10% of the computed value. The difference between the constrained and
computed value (A, =0.1AE,""" — AE""") is added to the sensible heat flux
later.

Change in vegetation temperature A7, (eq. (5.116)) and update the vegetation
temperature as 7' =T" +AT,. T, is constrained to change by no more than
1°K in one iteration. If this limit is exceeded, the energy error is

0L sy OMong g OE,
oT, E oT,

v v v

Ay=S,—L, - AT, (5.125)

where AT =1or —1. The error A, is added to the sensible heat flux later.
Water vapor flux E, (eq. (5.120))

Transpiration E, (eq. (5.121) if B >0, otherwise E! =0)
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The water vapor flux E, is constrained to be less than or equal to the sum of

transpiration E, and the water available from wetted leaves and stems W, /A .

can

The energy error due to this constraint is

A, = maX(O, E —E! —%) (5.126)
t

The error AA, is added to the sensible heat flux later.
Sensible heat flux H  (eq. (5.122)). The three energy error terms, A, A,, and

AA, are also added to the sensible heat flux.

The saturated vapor pressure e, (section 8), saturated specific humidity ¢, and

dq;,

its derivative at the leaf surface (section 5.5), are re-evaluated based on

v

the new T, .
Canopy air temperature 7. (eq. (5.79))

Canopy air specific humidity g, (eq. (5.90))
Temperature difference 6, —6

N

Specific humidity difference ¢,,,, —¢

N

. 0
Potential temperature scale 6, = —— 5 (6,,—0,) where - o was
atm - s atm - s
calculated earlier in the iteration
Humidity scale g, = L(qmm —gq,) where — % was calculated earlier
qatm - q.ﬁ' qafln - qx

in the iteration
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e Virtual potential temperature scale &,, (eq. (5.17))
e Wind speed including the convective velocity, V, (eq. (5.24))

e Monin-Obukhov length L (eq. (5.49))

e The iteration is stopped after two or more steps if ATV <0.01 and

Tn _ Tnfl

v v

Tn+l _ Tn
v

Vv 2

AE"™' — AE"|<0.1 where AT, = max(

), or after forty

iterations have been carried out.

5. Momentum fluxes 7, , 7, (egs. (5.5), (5.6))

X

6.  Sensible heat flux from ground H, (eq. (5.84))
7. Water vapor flux from ground E, (eq. (5.93))

8. 2-m height air temperature 7

2m

specific humidity g¢,,, relative humidity RH,

(egs. (5.58), (5.59), (5.60))

5.4 Update of Ground Sensible and Latent Heat Fluxes

The sensible and water vapor heat fluxes derived above for bare soil and soil

beneath canopy are based on the ground surface temperature from the previous time step

T, and are used as the surface forcing for the solution of the soil temperature equations

(section 6.1). This solution yields a new ground surface temperature Tg’”l. The ground

n+l

sensible and water vapor fluxes are then updated for 7, as

OH
H=H +(T"-T)—* (5.127)
oT,
OE
' n+l n
E =E +(T/"-T, )aTg (5.128)
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where H, and E, are the sensible heat and water vapor fluxes derived from equations

(5.72) and (5.73) for non-vegetated surfaces and equations (5.110) and (5.111) for

vegetated surfaces using 7,'. One further adjustment is made to H ; and E; . If the soil

moisture in the top snow/soil layer is not sufficient to support the updated ground

evaporation, i.e., if E; >0 and f,,, <1 where

vap

_ (Wice,xnlﬂ + W/iq,anl )/At <
fevap - npft -

Z(E; )j (wt)j

j=1

1, (5.129)

an adjustment is made to reduce the ground evaporation accordingly as

E!=f, .E: (5.130)
npft ’ . ’ . .
The term ; (E ¢ )_; (wt)j is the sum of E, over all evaporating PFTs where (E . ),- is the

ground evaporation from the j” PFT on the column, (w t)j is the relative area of the

j" PFT with respect to the column, and npft is the number of PFTs on the column.

w

ice,snl+

, and wy,, ., are the ice and liquid water contents (kg m’) of the top snow/soil
layer (section 7). Any resulting energy deficit is assigned to sensible heat as

H!=H_ +(E,-E!). (5.131)

The ground water vapor flux E;’ is partitioned into evaporation of liquid water

from snow/soil ¢q,, , (kg m™ s™"), sublimation from snow/soil ice q,., (kg m”? s, liquid

dew on snow/soil ¢q,,, (kg m™s™), or frost on snow/soil ¢ frost (K8 m~?s™) as

" Wliq,anl "
Yseva =max Eg 50 Eg 2O,VV +Wliq,snl+1 >0 (5132)

ice, snl+l1
Wice,snl+l + Wliq,snl+l
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Qs =Ey =y E; 20 (5.133)

G =|EI|  El<0and T,>T, (5.134)

G =|EI|  El<0and T, <T,. (5.135)

The loss or gain in snow mass due t0 ¢,,.,» Gups 9sgen» @04 G, ON a snow surface are

accounted for during the snow hydrology calculations (section 7.2). The loss of soil

surface water due to ¢, , is accounted for in the calculation of infiltration (section 7.3),

while losses or gains due to ¢q,,,,, g and ¢, on a soil surface are accounted for

sdew ?
following the sub-surface drainage calculations (section 7.5).

The ground heat flux G is calculated as

G=S,-L,—H, - AE, (5.136)

where §g is the solar radiation absorbed by the ground (section 4.1), Zg is the net

longwave radiation absorbed by the ground (section 4.2)

L-eo(T') ~6,6L4-(1-8,)6L,,++4e,0(T') (T -T"), (5.137)

g veg“ g v g Tatm g
and H, and AE, are the sensible and latent heat fluxes after the adjustments described

above.
When converting ground water vapor flux to an energy flux, the term A is

arbitrarily assumed to be

A ifw, .,=0andw, ,, >0
/1 :{ sub lig, snl+1 2, snl+1 } (5138)

Avap otherwise
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where 4, and 4, are the latent heat of sublimation and vaporization, respectively (J

kg™) (Table 1.4). When converting vegetation water vapor flux to an energy flux, Arap 18

used.

The system balances energy as

Se+Sv+L, \-L1-H -H -4 E ~AE -G=0. (5.139)

vap v

5.5 Saturation Vapor Pressure

T

T sat

sat

Saturation vapor pressure e, (Pa) and its derivative , as a function of

temperature T (°C), are calculated from the eighth-order polynomial fits of Flatau et al.

(1992)
el, =100[ a, +aT +--+a,T" | (5.140)
desTa, R
7=100[bo+blT+---+bnT ] (5.141)

where the coefficients for ice are valid for —=75°C £ T <0°C and the coefficients for

water are valid for 0°C <7 <100°C (Table 5.2 and 5.3). The saturated water vapor

T
specific humidity ¢’ and its derivative 4. are
r 0.622¢], (5.142)
G = p 0,378 '
. .622P '
dqmt — 0 6 atm 5 desat . (5.143)
ar - (p,, -0.378¢,) 4T
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Table 5.2. Coefficients for e

water ice
a, 6.11213476 6.11123516

a,  4.44007856x10™"  5.03109514x10°"
a, 1.43064234x107%  1.88369801x107>
a, 2.64461437x10™  4.20547422x107*
a, 3.05903558x107°°  6.14396778x10°°
as  1.96237241x10°  6.02780717x107®
as  8.92344772x107""  3.87940929x 107"
a, -3.73208410x107"° 1.49436277x107"2
as  2.09339997x107'%  2.62655803x107"

T

Table 5.3. Coefficients for 2%t

dT

water ice
by, 4.44017302x107"  5.03277922x107"
b, 2.86064092x1072  3.77289173x107?
b, 7.94683137x10™* 1.26801703x107
b, 1.21211669x107° 2.49468427x107°
b, 1.03354611x107  3.13703411x10”’
by 4.04125005x107"°  2.57180651x107°
by -7.88037859x107"° 1.33268878x107"
b, -1.14596802x107* 3.94116744x107"
b, 3.81294516x107"7 4.98070196x10"
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6. Soil and Snow Temperatures
The first law of heat conduction is

F=-AVT (6.1)
where F' is the amount of heat conducted across a unit cross-sectional area in unit time
(W m?), A is thermal conductivity (W m™ K), and VT is the spatial gradient of
temperature (K m'l). In one-dimensional form

F =-1 or (6.2)
: 0z

where z is in the vertical direction (m) and is positive downward and F, is positive

upward. To account for non-steady or transient conditions, the principle of energy
conservation in the form of the continuity equation is invoked as

oT oF
c—=——= (6.3)
ot 0z
where ¢ is the volumetric snow/soil heat capacity (J m> K'l) and ¢ is time (s).

Combining equations (6.2) and (6.3) yields the second law of heat conduction in one-

dimensional form

227, 64
This equation is solved numerically to calculate the soil and snow temperatures for a
fifteen-layer soil column with up to five overlying layers of snow with the boundary
conditions of & as the heat flux into the surface snow/soil layer from the overlying
atmosphere and zero heat flux at the bottom of the soil column. The temperature profile

is calculated first without phase change and then readjusted for phase change (section

6.2).
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6.1 Numerical Solution
The soil column is discretized into fifteen layers where the depth of soil layer i, or

node depth, z;, (m), is
7 = £, {exp[0.5(i-0.5)]-1f (6.5)
where f, =0.025 is a scaling factor. The thickness of each layer Az, (m) is

O.S(Zl +z2) i=1

Az, =40.5(z,, -2, )i= 2,3, s Npporna —1 (6.6)
ZN - ZN—l l = Nlevgrnd
where N, ., =15 is the number of soil layers. The depths at the layer interfaces z,,
(m) are

0.5(z, +z, i=12,...,N,, .. 1
zhi:{ ( ) fevernd } (6.7)

ZNze\»gmd + O.SAZNI(‘\’gﬂld L= Nle"gr"d

The exponential form of equation (6.5) is to obtain more soil layers near the soil surface
where the soil water gradient is generally strong (section 7.4).

The overlying snow pack is modeled with up to five layers depending on the total
snow depth. The layers from top to bottom are indexed in the Fortran code as

i =-4,-3,-2,-1,0, which permits the accumulation or ablation of snow at the top of the

snow pack without renumbering the layers. Layer i =0 is the snow layer next to the soil
surface and layer i =snl+1 is the top layer, where the variable snl is the negative of
the number of snow layers. The number of snow layers and the thickness of each layer is

a function of snow depth z_,_ (m) as follows.

sno
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snl=-1

AZ0 = ano
snl=-2

AZ—l = ano/2
Az, = Az,
snl=-2

Az =0.02

AZO = Z.ww - AZ—I
snl =-3

Az, =0.02

Az, =(z,, —0.02)/2

sno

Azy = Az,

snl =-3

Az, =0.02

Az_, =0.05

Az, =z, —Az, — Az,

snl = -4

Az ;=0.02

Az, =0.05

Az = (ng - Az, - Az, )/2
Az, = Az,

snl =—4

Az, =0.02

Az, =0.05

Az, =0.11

Azy =z, = Az — Az, — Az
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for0.01<z < 0.03}’

for 0.03<z,,, <0.04

for 0.04<z_ <0.07
for 0.07<z, <0.12
for 0.12<z, <0.18

for 0.18<z,, <0.29

for 0.29<z_ <0.41




snl =-=5
Az , =0.02
Az, =0.05 for 0.41<z_ <0.64
Az, =0.11 ’
Az, = (Zsm) —Az,—Az;-Az, )/2
Az, = Az,
snl =-5
Az, =0.02
Az, =0.05 for 0.64<z_,
Az, =0.11 '
Az ,=0.23
Azy =z, Az, — Az, - Az, — Az,

The node depths, which are located at the midpoint of the snow layers, and the layer
interfaces are both referenced from the soil surface and are defined as negative values
z; = 2z,; — 0.5Az i=snl+1,...,0 (6.8)
Zpi = Zpin — AZiy i=snl,...,—1. (6.9)
Note that z, ,, the interface between the bottom snow layer and the top soil layer, is zero.
Thermal properties (i.e., temperature 7, [K]; thermal conductivity 4 [W m’ K'];
volumetric heat capacity ¢, [J m™ K]) are defined for soil layers at the node depths

(Figure 6.1) and for snow layers at the layer midpoints.

The heat flux F, (W m?) from layer i to layer i +1 is

F = —z[zh!i][Tf i/t j (6.10)

L%

where the thermal conductivity at the interface A |:Zh, i] is
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liii-#l (Zi+] _ Zi) i=snl+ 1, , Nlevgrnd -1

i[zh,i]: ﬂ’i(zi+l_zh,i)+ii+l(zh,i _Zi) . (6.11)
0 i = Nlevgrnd

These equations are derived, with reference to Figure 6.1, assuming that the heat flux

from i (depth z;) to the interface between i and i+1 (depth z, ;) equals the heat flux

from the interface to i +1 (depth z,,,), i.e.,

I,-T I,-T
-, = —EM’"—’” (6.12)
i T4 Zint T i

where T, is the temperature at the interface of layers i and i+1. Solving equation (6.12)

for T, and substituting 7, back into the left side of equation (6.12) yields equations

(6.10) and (6.11).
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Figure 6.1. Schematic diagram of numerical scheme used to solve for soil temperature.

Shown are three soil layers, i—1, i, and i+1. The thermal conductivity A, specific heat

capacity c, and temperature 7' are defined at the layer node depth z. T, is the interface

temperature. The thermal conductivity A [zh] is defined at the interface of two layers

z,. The layer thickness is Az. The heat fluxes F, , and F, are defined as positive

upwards.

Az — =1 ======40 57,
} Zh,i—l ﬂ{zh,i—l}
' F,
i—1
Az | —_—X - - =11,z
[ Zh,i A[Zhsl}Tm
Fi
Z — — _— LI | _v_ I Z
A"i+1 { 27+1’];'+l’ci+l"z'+l
Zh,i+l ﬂ'[zh,z#l}

The energy balance for the i layer is

c,Az,
|

1 1
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where the superscripts n and n + 1 indicate values at the beginning and end of the time
step, respectively, and At is the time step (s). This equation is solved using the Crank-

Nicholson method, which combines the explicit method with fluxes evaluated at n (

F",F") and the implicit method with fluxes evaluated at n+1 (F"', F"")

1

%(T;M —Tin) :a(_Fif] +E”)+(1—a)(—l«j.f]“ +En+1) 6.14)

where a = 0.5, resulting in a tridiagonal system of equations

r=aT"" +bT"" +cT"' (6.15)

iTi- it i i+l

where a,, b,, and ¢, are the subdiagonal, diagonal, and superdiagonal elements in the
tridiagonal matrix and r, is a column vector of constants.

For the top snow/soil layer i = snl + 1, the heat flux from the overlying atmosphere

into the surface snow/soil layer 4 (W m’?, defined as positive into the soil) is
W' = -aF" - (1 - a) ) (6.16)

The energy balance for layer i = sn/ +1 is then

The heat flux & at n +1 may be approximated as follows

h = h +%(T;“‘ ~1"). (6.18)

The resulting equations are then

n+ n n ah n+
T =T")=h +ﬁ(Ti '-1))

1 1 1

c,Az,
“ar |

1

ﬁ[zh’i](Ti” _T;Zl) —(l—a) //{l[zh,i](z—;nﬂ _7:21,1)

liy T % L%

(6.19)

-
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A A
b, _1+i[(1 )M_%
ciAZi < T % oT;
A
Ci:—(l—a) At |:Zh,1:|
GAZ 2, — %
gy {h O
c,Az o7,

where

Zin T X

e Al

The heat flux into the snow/soil surface from the overlying atmosphere % is

h = Sg,i:snl+1 - Zg - Hg - //LEg

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

where S ¢.i=sni+1 18 the solar radiation absorbed by the top layer (section 3.2.1), Zg is the

longwave radiation absorbed by the ground (positive toward the atmosphere) (section

42), H . is the sensible heat flux from the ground (section 5), and AE ¢ is the latent heat

flux from the ground (section 5). The partial derivative of the heat flux & with respect to

ground temperature is

oh 9L, OH, OAE,

oT or, oT oT

8 8 8 8

where the partial derivative of the net longwave radiation is

oL,
aT

4

= 45},,0'(T")3

8
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and the partial derivatives of the sensible and latent heat fluxes are given by equations

(5.72) and (5.73) for non-vegetated surfaces, and by equations (5.110) and (5.111) for

vegetated surfaces. o is the Stefan-Boltzmann constant (W m? K'4) (Table 1.4) and ¢,

oh
is the ground emissivity (section 4.2). For purposes of computing # and 7 the term
8

A is arbitrarily assumed to be

A ifw, ,,,=0andw,_ ., >0
/1 :{ sub lig, snl+1 e, snl+1 } (628)

Aap otherwise

where 4, and 4, are the latent heat of sublimation and vaporization, respectively (J

kg (Table 1.4), and w,_,,,, and w,

icesni+1 are the liquid water and ice contents of the
top snow/soil layer, respectively (kg m?) (section 7).

The surface snow/soil layer temperature computed in this way is the layer-averaged
temperature and hence has somewhat reduced diurnal amplitude compared with surface
temperature. An accurate surface temperature is provided that compensates for this effect
and numerical error by tuning the heat capacity of the top layer (through adjustment of

the layer thickness) to give an exact match to the analytic solution for diurnal heating.

The top layer thickness for i = snl +1 is given by
Az =0.5] 2 =20+, (20— 2 | (6.29)

where ¢, is a tunable parameter, varying from O to 1, and is taken as 0.34 by comparing
the numerical solution with the analytic solution (Z.-L. Yang 1998, unpublished

manuscript). Ag, is used in place of Az, for i = snl/+1 in equations (6.19)-(6.24). The
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top snow/soil layer temperature computed in this way is the ground surface temperature
n+l
;.
The boundary condition at the bottom of the snow/soil column is zero heat flux,

F, =0, resulting in, for i = N

levgrnd °

ﬁ(wﬂ _Tln) i[zh,,;l}(Tifl _Tin) )i[z"’“](zn‘ﬂ _T"M) (6.30)

l ") =g +(l-a
At Z; — 2 2~ L
At ﬂ’[zh 171]
- (- : 6.31
¢ ( )czAZi 3= Zl 1 ( )
A .
b=1+(1-a)-2 [21] (6.32)
CiAZi % T4y
¢, =0 (6.33)
=T e F, (6.34)
Az,
where
Al z,
F = —M(m 1) (6.35)
<~ %y

For the interior snow/soil layers, snl+1<i < N,

evgrnd

68 (o gy Aa 0 2T) | A 02T

i i

At iy — X% T %0

1 n+l TR (6.36)
—(l—a)/l[zh'iJ(T" ) )A[ZM—J(TI'—I ")

+(l-a
Zin — % T g
At A [Zh i—l:l
=—(1- : 6.37
“ ( 05) cAz 7z, -z, ( :
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b =1+(1-a)-2 F’[Z”’”L A[Z}“]} (6.38)

ciAZi Zi - Z,'_l Zi+1 - Zi
At /1 |:Zh 1}
- (1- > 6.39
‘ ( 0‘) Az 2~ % o
At At -
7 F_ S . 6.40
(A C,Az; (7 )+ cAz, o

where S ... 1s the absorbed solar flux in layer i (section 3.2.1).

6.2 Phase Change

Upon solution of the tridiagonal equation set (Press et al. 1992), the snow/soil

temperatures are evaluated to determine if phase change will take place as

n+l . .
"™ >T, and w,,, >0 i=snl+1,...,N,,,,, melting
T <T, and w, , >0 i=snl+1,...,0 freezing (6.41)
n+l . .
™ <T,and w,, , >w, o0 =1L i Ny freezing

where T is the soil layer temperature after solution of the tridiagonal equation set,

1

W, and w, , are the mass of ice and liquid water (kg m™) in each snow/soil layer,

ice,i

respectively, and T, is the freezing temperature of water (K) (Table 1.4). For the

freezing process in soil layers, the concept of supercooled soil water from Niu and Yang
(2006) is adopted. The supercooled soil water is the liquid water that coexists with ice
over a wide range of temperatures below freezing and is implemented through a freezing

point depression equation

= Az.0

Wliq, max, i i sat,i

(6.42)

/B,
10°L, (T, - T,
f( f ’) Tl' <Tf
g];l//mt,i
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where w,, .. is the maximum liquid water in layer i (kg m™) when the soil temperature
T, is below the freezing temperature 7,, L, is the latent heat of fusion (J kg'l) (Table
1.4), g is the gravitational acceleration (m s) (Table 1.4), and V.., and B; are the soil

texture-dependent saturated matric potential (mm) and Clapp and Hornberger (1978)

exponent (section 7.4.1).

For the special case when snow is present (snow mass W, >0) but there are no

explicit snow layers (snl =0) (i.e., there is not enough snow present to meet the

minimum snow depth requirement of 0.01 m), snow melt will take place for soil layer

i =1 if the soil layer temperature is greater than the freezing temperature (7,""' > T,).

The rate of phase change is assessed from the energy excess (or deficit) needed to

change 7, to freezing temperature, T,. The excess or deficit of energy H, (W m?) is

determined as follows

I’l+§—;ﬁ(7}.—7;")+aF;”+(1_a)F;n+l
Az, o -
H, = At (Tf T’) i=snl+1 643
a(E' - F)+(1-a)(F - E)
_%ﬁf _Zn>+§g¢ i=snl+2,....N,, ..

n+l

where F"' and Fifl” are calculated from equations (6.24) and (6.35) using 7", and

1

S ... 18 the solar absorbed flux in layer i. If the melting criteria is met (equation (6.41))

HAt . ) .
and H, =———>0, then the ice mass is readjusted as

L,

wrl =i —H, >0 i=snl+1,...,N (6.44)

ice,i > Vlevgrnd *
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If the freezing criteria is met (equation (6.41)) and H, <O, then the ice mass is
readjusted for i = sn/+1,...,0 as

witl, = min(w +wl, W, —H,) (6.45)

and for i =1,...,N,,.,., as

: n n n n n n n
el min (Wliq,i + Wice,i - Wliq,max,i’ Wicg,,’ - Hm) Wliq,i + Wice,i = "lig, max,i
ice,i = n " i (646)
0 Wiig.i T Wice.i < Wiig max.i
Liquid water mass is readjusted as
n+l _ _ n n n+1
Wiig.i = Wiig.i T Wice.i =™ Wice.i >0. (6.47)

Because part of the energy H, may not be consumed in melting or released in freezing,

the energy is recalculated as

L.(w"  —w"!
Hl.* _ Hi _ 'f ( ice,i lCe,l) (648)
At
and this energy is used to cool or warm the snow/soil layer (if |H x| >0)as
T+ A, - A Oh ) snl+1
n+l Az, ¢Az, OT
" = (6.49)
At
T, + H, i=snl+2,...N,,
f CAAZA i levgrnd

1 1

For the special case when snow is present (W, > 0), there are no explicit snow

no

H At

layers (snl=0), and >0 (melting), the snow mass W, = (kg m?) is reduced

¥
according to

H At

Wn+1 — Wn _

sno sno

20. (6.50)
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The snow depth is reduced proportionally

n+l

n+l H ; n 6
ano e ano * 5 1)
“771 (

sno

Again, because part of the energy may not be consumed in melting, the energy for the

surface soil layer i =1 is recalculated as

sno sno

At

Lf (Wn _ Wn+l)

H,=H, -

13 1

(6.52)

If there is excess energy ( H,, > 0), this energy becomes available to the top soil layer as
H =H,. (6.53)

The ice mass, liquid water content, and temperature of the top soil layer are then

determined from equations (6.44), (6.47), and (6.49) using the recalculated energy from

equation (6.53). Snow melt M ¢ (kg m?s™) and phase change energy E s (W m?) for

this special case are

no_ n+l
M,y = Hone =W - Moo > (6.54)
t
E, =LM,;. (6.55)

The total energy of phase change E, (W m’) for the snow/soil column is

Nlergrnd
Ep = Ep,lS + Z Ep,i (656)
i=snl+1
where
P ) 657
pi— f At : :

The total snow melt M (kg m> s'l) is
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M=M; + > M, (6.58)
i=snl+1
where
(Wincei - Z:lz)
M =—=2>0. (6.59)
At
The solution for snow/soil temperatures conserves energy as
i=N,(,vg,_”d CAZ
G-E, - (T -T")=0 6.60
! i:;H At ( l l ) ( )

where G is the ground heat flux (section 5.4).

6.3 Soil and Snow Thermal Properties
The thermal and hydraulic (section 7.4.1) properties of the soil are assumed to be a

weighted combination of the mineral and organic properties of the soil (Lawrence and
is

Slater 2008). The soil layer organic matter fraction f

om,i

fom,i = pom,i /pom,max * (661)

Soil thermal conductivity A, (W m’! K'l) is from Farouki (1981)

KEiﬂ’sati—F(l_Ke,’)ﬂfd”i Sri>1><10_7
A=y . ’ i=1....,N,..

. S, <1x107 (6.62)
ﬂ“i = //{’bedrock = levsoi + 1’ v Nl@Vgrnd

where 1

sat, i

is the saturated thermal conductivity, A

iry.i 18 the dry thermal conductivity,

K, . is the Kersten number, S, ; is the wetness of the soil with respect to saturation, and

Apotro =3 W m" K is the thermal conductivity assumed for the deep ground layers

(typical of saturated granitic rock; Clauser and Huenges, 1995). For glaciers and

wetlands,
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_ ﬂ"/iq,i 7: 2 Tf
A= (6.63)
A i <T,

ice,i

where 4, and 4, are the thermal conductivities of liquid water and ice, respectively

(Table 1.4). The saturated thermal conductivity A ., (W m™' K™') depends on the thermal

conductivities of the soil solid, liquid water, and ice constituents

lfe.mr.i g.mz.i

//i’s,i ﬂ’liq Tf 6 64

isat'i - 1_9.\(41 i gvm i gml [_Hliq i ( ) )
ﬂ's,i /1 /1 i < Tf

lig ice

N
\Y

where the thermal conductivity of soil solids A _; varies with the sand, clay, and organic

matter content
ﬂ’s,i = (1 - fom,i )j’s,min,i + fom,i/Is,om (665)

where the mineral soil solid thermal conductivity A4 . is

s, min,i

B 8.80 (%sand)l_+2.92 (%clay)
pmind (%sand) +(%clay)

i i

L, (6.66)

and 2 =025W m"' K' (Farouki, 1981). @

s,om sat,i

is the volumetric water content at

saturation (porosity) (section 7.4.1).

The thermal conductivity of dry soil is
//{’dry,i = (1 - \fom,i)//i’dry,min,i + fom,i/ldry,om (667)

where the thermal conductivity of dry mineral soil 4, . (W m’ K™ depends on the

,min,i

bulk density p, , =2700(1-6

sat,i

) (kg m'3) as

0.135p, , +64.7
emnt T 2700-0.947p,

(6.68)
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and A =0.05 W m™ K (Farouki, 1981) is the dry thermal conductivity of organic

dry,om

matter. The Kersten number K, ; is a function of the degree of saturation S, and phase

of water
log(S . )+1=20T, =T,
K, = £(5) Y (6.69)
’ Srt 7: < f
where
w,. . w, . 6. +6 .
Sri — lig,i + ice,i 1 — lig,i ice,i S 1 (670)
* pliqAZi piceAZi esaz,i Hsm,i

Thermal conductivity 4, (W m’ K'l) for snow is from Jordan (1991)

A =2, +(7.75%107 p,,, +1.105x10° o2, ) (4

ice

~ i) (6.71)

where A, is the thermal conductivity of air (Table 1.4) and p

sno,i

is the bulk density of

snow (kg m'3)

w

ice,i
p‘vnn,i -

Az,

1

+Ww, .
ol (6.72)

The volumetric heat capacity ¢, (J m™ K™ for soil is from de Vries (1963) and

depends on the heat capacities of the soil solid, liquid water, and ice constituents

ice,i lig,i
)+ AZ Cice + AZ Cliq

1 1

c, = cs,i(l—H

sat,i

(6.73)

where C,, and C,, are the specific heat capacities (J kg K™ of liquid water and ice,
respectively (Table 1.4). The heat capacity of soil solids c_;(J m”> K7 is

Cs,i = (1 - fom,i )Cs,min,i + fom,ics,om (674)

where the heat capacity of mineral soil solids ¢ Jm? K is

s,min, i
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[ 2.128 (%sand)i+2.385 (%clay)
s,min,i (675)

(%sand) + (%clay)

i i

ijxlo6 i:L""Nlevxoi

+1,....,N

**2 " Vlevgrnd

c = cs,bedrock = N

s,min,i levsoi

where ¢ =2x10° J m™ K is the heat capacity of bedrock and Cyom =2.5x10°7 m>

s,bedrock
K™ (Farouki, 1981) is the heat capacity of organic matter. For glaciers, wetlands, and
SNOW

Wice,i Wliq,i
ci = Cice + Cliq .
Az, Az

1 1

(6.76)

For the special case when snow is present (W, > 0) but there are no explicit snow layers

sno

(snl = 0), the heat capacity of the top layer is a blend of ice and soil heat capacity

W,
¢ =¢ +——"= (6.77)

where ¢ is calculated from equation (6.73) or (6.76).
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7. Hydrology

The model parameterizes interception, throughfall, canopy drip, snow accumulation
and melt, water transfer between snow layers, infiltration, evaporation, surface runoff,

sub-surface drainage, redistribution within the soil column, and groundwater discharge

snow water AW_  soil water

sno °

and recharge to simulate changes in canopy water AW

can

Aw,, ., and soil ice Aw,,,,, and water in the unconfined aquifer AW, (all in kg m™ or

ice,i

mm of H,0) (Figure 7.1).

The total water balance of the system is

Nievsgi 4 ain + Dm0 — Ev -E, - 9over
AW, + AW, + > (Aw,,, +Aw,, )+ AW, :[ ¢ t o (7.0)
i=1

‘ ‘ “ _qdrai - qrgwl _qsnwcp,ice
where ¢g,,,, 1s liquid part of precipitation, g, is solid part of precipitation, E, is ET

from vegetation (section 5), E, is ground evaporation (section 5), ¢,,,, is surface runoff

over

(section 7.3), q,,, is sub-surface drainage (section 7.5), ¢,,,, and g, ., are liquid and

solid runoff from glaciers, wetlands, and lakes, and runoff from other surface types due to

snow capping (section 7.6) (all in kg m?s?h), N

levsoi

is the number of soil layers (note

that hydrology calculations are only done over soil layers 1 to N,

levso

;3 ground levels

N,

levsoi

+1to N are currently hydrologically inactive; Lawrence et al. 2008) and A? is

levgrnd

the time step (s).
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Figure 7.1. Hydrologic processes.

An unconfined aquifer is added to the bottom of the soil column. The depth to the water

table is z, (m). Changes in aquifer water content W, (mm) are controlled by the balance

between drainage from the aquifer water g, and the aquifer recharge rate g,

(kg m> s'l) (defined as positive from soil to aquifer).

Hydrology

Precipitation

* Evaporation
Interception Canopy Wate

|_| >

Sublimation

Throughfall
Stemflow

Evaporation

B
::| Transpiration

Infiltration
l Surface Rugoff

----- Soil Water A

Soail

| -2~ _ - Redistribution ZZ "]
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7.1 Canopy Water
Precipitation is either intercepted by the canopy, falls directly through to the

snow/soil surface (throughfall), or drips off the vegetation (canopy drip). Interception by

vegetation ¢, (kg m™~ s™) does not distinguish between liquid and solid phases

Gy = Ay + a0 ) {1 —exp[~0.5(L+5) ]} (7.2)

where L and S are the exposed leaf and stem area index, respectively (section 2.3), and
a =0.25 scales interception from point to grid cell (Lawrence et al. 2007). Throughfall
(kg m? s™), however, is divided into liquid and solid phases reaching the ground (soil or

snow surface) as

Qoo = Grain| 1- {1 -exp[-0.5(L+5)]} | (7.3)

Guice = Q| 1@ {1=exp[-0.5(L+8)]} . (7.4)

Similarly, the canopy drip is

W’:: _u/can,max qrain > 0 (7 5)
erip,liq - At 4, 4in +qsn0 - |
W(Zznlr _chn,max qsrm > O (7 6)
qdrip,ice - At Grain t Do - |
where
wlaniir = WC’Zm + qinert 2 O (7.7)

is the canopy water after accounting for interception, W 1is the canopy water from the

can

previous time step, and W, (kg m™?) is the maximum amount of water the canopy can

can,max

hold

L4 =p(L+S). (7.8)

can,max
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The maximum storage of solid water is assumed to be the same as that of liquid water,

p=0.1 kg m™ (Dickinson et al. 1993). The canopy water is updated as

WVH'I = W" + QintrAt - (erip,liq + erip,ice ) At - E\rvAt 2 O ° (79)

where E is the flux of water vapor from stem and leaf surfaces (section 5).
The total rate of liquid and solid precipitation reaching the ground is then
D erma iig = Dunruiig T Darip.iiq (7.10)
Qorndice = Dinru,ice T Darip.ice - (7.11)
Solid precipitation reaching the soil or snow surface, q,,,, . A?, is added immediately to
the snow pack (section 7.2). The liquid part, g,,,, At is added after surface fluxes

(section 5) and snow/soil temperatures (section 6) have been determined.
The wetted fraction of the canopy (stems plus leaves), which is required for the
surface albedo (section 3.1) and surface flux (section 5) calculations is (Dickinson et al.

1993)

2/3
W,
—n | <1 L+S>0
Joer = L(HSJ (7.12)

0 L+S=0

while the fraction of the canopy that is dry and transpiring is

—(1_ﬁ”e’)L L+S>0

Jaw =9 L+S : (7.13)
0 L+S=0

7.2 Snow

The parameterizations for snow are based primarily on Anderson (1976), Jordan

(1991), and Dai and Zeng (1997). Snow can have up to five layers. These layers are
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indexed in the Fortran code as i =—-4,-3,-2,—1,0 where layer i =0 is the snow layer

next to the top soil layer and layer i =—4 is the top layer of a five-layer snow pack.
Since the number of snow layers varies according to the snow depth, we use the notation
snl+1 to describe the top layer of snow for the variable layer snow pack, where snl is
the negative of the number of snow layers. Refer to Figure 7.2 for an example of the

snow layer structure for a three layer snow pack.

Figure 7.2. Example of three layer snow pack (snl=-3).

Shown are three snow layers, i =—2, i =—1, and i =0. The layer node depth is z, the

layer interface is z,, and the layer thickness is Az .

Z), 3 Snow/atm interface

Azﬁz { 7, - i=snl+l=-2
b Yo

Az—l I = i=snl+2=-1

Zh,-1
Azo P e ——— i=snl+3=0

0
20 Snow/soil interface
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The state variables for snow are the mass of water w,, ; (kg m’), mass of ice w,

ice,i

(kg m'z), layer thickness Az, (m), and temperature 7; (section 6). The water vapor phase

is neglected. Snow can also exist in the model without being represented by explicit

snow layers. This occurs when the snowpack is less than a specified minimum snow

depth (z,,, <0.01 m). In this case, the state variable is the mass of snow W,

o (kg m?).

The next two sections (7.2.1 and 7.2.2) describe the ice and water content of the
snow pack assuming that at least one snow layer exists. Section 7.2.3 describes how
black and organic carbon and mineral dust particles are represented within snow,
including meltwater flushing. See section 7.2.4 for a description of how a snow layer is
initialized.

7.2.1 Ice Content

The conservation equation for mass of ice in snow layers is

(Awice,i )p .
ow. . Dice,i-1 _T i=snl+1
ice,i — (714)
at (Awice,i)
R i:S?ll-l—Z,...,O
At

where g, , is the rate of ice accumulation from precipitation or frost or the rate of ice

loss from sublimation (kg m™ s™") in the top layer and (Aw. ) / At is the change in ice
p

ice,i

due to phase change (melting rate) (section 6.2). The term g¢,.,,, i1s computed in two

ice,i—

steps as

ice.ict = Dgrnaice T (qusz - qsubl) (7.15)
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where q,,,,... 18 the rate of solid precipitation reaching the ground (section 7.1) and
440 and g, are gains due to frost and losses due to sublimation, respectively (section
5.4). In the first step, immediately after ¢,,,, ., has been determined after accounting for

interception (section 7.1), a new snow depth z_ (m) is calculated from

sno

Zoy = Zy A2, (7.16)
where
At
Az, = emdiceC (7.17)
p&‘l‘l{)
and p_  is the bulk density of newly fallen snow (kg rn'3) (Anderson 1976)
50+1.7(17)" T, >T,+2
Py =15041.7(T,, T, +15)° T, -15<T, <T, +2 (7.18)
50 T, <T,-15

where T

atm

is the atmospheric temperature (K), and 7 is the freezing temperature of

water (K) (Table 1.4). The mass of snow W_ is

sno

Wy::l = WSZO + qgmd,iceAt : (719)

The ice content of the top layer and the layer thickness are updated as

W =" F Gy ice D (7.20)

ice,snl+1 ice,snl+1

AZH-H — AZVL + AZ

snl+1 snl+1 sno *

(7.21)
Since wetlands are modeled as columns of water (no soil), snow is not allowed to

accumulate if the surface temperature is above freezing (7, >7;). In this case, the

incoming solid precipitation is assigned to the runoff term g¢,,,, (section 7.6).
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In the second step, after surface fluxes and snow/soil temperatures have been

determined (sections 5 and 6), w,, ..., is updated for frost or sublimation as

n+l

Wice,snl+1 = wirtl:e,snlﬂ + (q_frost - qsubl )At . (722)

If Wn+l

ice,snl+1

<0 upon solution of equation (7.22), the ice content is reset to zero and the

liquid water content wj,, .., is reduced by the amount required to bring w!

ice,snil+

, up to
Zero.

The snow water equivalent W is capped to not exceed 1000 kg m? If the

sno

addition of ¢, were to result in W, >1000 kg m’?, the frost term 4o 18 instead

sno

added to the ice runoff term ¢ (section 7.6).

snwep,ice

7.2.2 Water Content

The conservation equation for mass of water in snow layers is

AW,y
= (qliq,i—l _qziq,i)+(Al—i)p (7.23)

awliq,i
ot

where ¢, ;, is the flow of liquid water into layer i from the layer above, g, ; is the
flow of water out of layer i to the layer below, (Awli . i) /At is the change in liquid
p

water due to phase change (melting rate) (section 6.2). For the top snow layer only,
qliq,i—l = qgrnd,liq + (qsdew - qseva) (724)

where ¢ is the rate of liquid precipitation reaching the snow (section 7.1), g, , 18

grnd,liq
the evaporation of liquid water and ¢, is the liquid dew (section 5.4). After surface

fluxes and snow/soil temperatures have been determined (sections 5 and 6), w,, ., 1S

updated for the liquid precipitation reaching the ground and dew or evaporation as
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n+l _.n
Wliq,snlJrl - Wliq,xnlﬂ + (qgrnd,liq + qsdew - qxeva )At : (725)

When the liquid water within a snow layer exceeds the layer’s holding capacity, the

excess water is added to the underlying layer, limited by the effective porosity (1-6,.,) of

the layer. The flow of water is assumed to be zero (g, , =0) if the effective porosity of

either of the two layers (1-6,

ice,i

and 1-6,,,,,) 1s less than 6, =0.05, the water
impermeable volumetric water content. Thus, water flow between layers, g, ; , for layers

i=snl+1,...,0, is initially calculated as

P |:91iq,i =S, (1 0,0 )] Az

Qiigi = v >0 (7.26)
where the volumetric liquid water 6, ; and ice 6,,; contents are
Wice i

Opei =7 — <1 (7.27)

’ Azilolce

Wliq i
eliq,i = <1- gice,i ) (7.28)
Azipliq

and S =0.033 is the irreducible water saturation (snow holds a certain amount of liquid

water due to capillary retention after drainage has ceased (Anderson 1976)). The water

holding capacity of the underlying layer limits the flow of water g, , calculated in

equation (7.26), unless the underlying layer is the surface soil layer, as

< Piq |:1 Oreinn = Oigin ] Az,

Qigi < ~ i=snl+1,...,—1. (7.29)
The volumetric liquid water content 6, is updated as
6’17;1 = el’ilq,i + (qi—l _Qi)At . (7.30)
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Equations (7.26)-(7.30) are solved sequentially from top (i=snl+1) to bottom (i=0)

snow layer in each time step. The total flow of liquid water reaching the soil surface is

then g, , which is used in the calculation of surface runoff and infiltration (section 7.3).

7.2.3 Black and organic carbon and mineral dust within show
Particles within snow originate from atmospheric aerosol deposition (D,, in Table

1.1 (kg m? s'l) and influence snow radiative transfer (sections 3.2.1, 3.2.2, and 3.3.3).
Particle masses and mixing ratios are represented with a simple mass-conserving scheme.
The model maintains masses of the following eight particle species within each snow
layer: hydrophilic black carbon, hydrophobic black carbon, hydrophilic organic carbon,
hydrophobic organic carbon, and four species of mineral dust with the following particle
sizes: 0.1-1.0, 1.0-2.5, 2.5-5.0, and 5.0-10.0 um. Each of these species has unique
optical properties (Table 3.5) and meltwater removal efficiencies (Table 7.1).

The black carbon and organic carbon deposition rates described in Table 1.1 are

combined into four categories as follows

Dbc,hphil = Dbc,dryhphil + Dbc,werhphil (7.31)
Dbc,hphob = Dbc,dryhphob (7.32)
Doc,hphil = Doc,dryhphil + Doc,wethphil (7.33)
Doc,hphob = Doc,dryhphob (7.34)

Deposited particles are assumed to be instantly mixed (homogeneously) within the
surface snow layer and are added after the inter-layer water fluxes are computed (section
7.2.2) so that some aerosol is in the top layer after deposition and is not immediately

washed out before radiative calculations are done. Particle masses are then redistributed
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each time step based on meltwater drainage through the snow column (section 7.2.2) and
snow layer combination and subdivision (section 7.2.6). The change in mass of each of

the particle species Am,, ; (kg m?) is

Amsp,i = |:ksp (qliq,i—lcsp,i—l - qu'q,ici ) + Dsp :| At (735)
where k, is the meltwater scavenging efficiency that is unique for each species (Table
7.1), gy, 18 the flow of liquid water into layer i from the layer above, g, ; is the flow

of water out of layer i into the layer below (kg m? s'l) (section 7.2.2), ¢ and ¢, are

sp,i—1
the particle mass mixing ratios in layers i—1 and i (kg kg™), D,, is the atmospheric

deposition rate (zero for all layers except layer snl+1), and At is the model time step
(s). The particle mass mixing ratio is

ms i
¢ =—= (7.36)
Wliq,i +w

Values of k, are partially derived from experiments published by Conway et al. (1996).

Particles masses are re-distributed proportionately with snow mass when layers are
combined or divided, thus conserving particle mass within the snow column. The mass
of particles carried out with meltwater through the bottom snow layer is assumed to be

permanently lost from the snowpack, and is not maintained within the model.
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Table 7.1. Meltwater scavenging efficiency for particles within snow

Species

sp

Hydrophilic black carbon
Hydrophobic black carbon
Hydrophilic organic carbon
Hydrophobic organic carbon
Dust species 1 (0.1-1.0 um)
Dust species 2 (1.0-2.5 um)
Dust species 3 (2.5-5.0 um)
Dust species 4 (5.0-10.0 um )

0.20
0.03
0.20
0.03
0.02
0.02
0.01
0.01

7.2.4 Initialization of snow layer

If there are no existing snow layers (sn/+1=1) but z

for solid precipitation g

sno?

Azy = 2,

z, =—0.5Az,

2, = —AZ,

T, = min(Tf, mm)'
Wiceo = Weno

Wiig,0 0

7.2.5 Snow Compaction

>0.01 m after accounting

sno

then a snow layer is initialized (snl =—1) as follows

(7.37)

Snow compaction is initiated after the soil hydrology calculations [surface runoff

(section 7.3), infiltration (section 7.3), soil water (section 7.4), groundwater-soilwater

interactions (section 7.5)] are complete.

Compaction of snow includes three types of

processes: destructive metamorphism of new snow (crystal breakdown due to wind or

thermodynamic stress); snow load or overburden (pressure); and melting (changes in

snow structure due to melt-freeze cycles plus changes in crystals due to liquid water).

128



The total fractional compaction rate for each snow layer Cp, (s is the sum of the three

compaction processes

1 OAz,
Ri — A_ZZT = Crii +Croi + Crye (7.38)

Compaction is not allowed if the layer is saturated

w. . w,. .
1| —Xel 4 lel 1<0.001 (7.39)
Azipie  AZipy,

or if the ice content is below a minimum value (w, . <0.1).

Compaction as a result of destructive metamorphism Cj,, (s is temperature

dependent (Anderson 1976)

Crii = {ALZ, %memmm =—(,¢,C, €XP [—c4 (Tf -T )} (7.40)

where ¢, =2.777x107 (s) is the fractional compaction rate for 7, =T, , ¢, =0.04 K,

and
Wice i 3
¢ =1 ——<100 kg m
Az,
Wice i Wice i -3
¢, =exp| —0.046 ——100 ——>100 kg m
Az, Az,
(7.41)
Wiig. i
c,=2 —>0.01
Az,
w,. .
c,=1 —41 <0.01
Az,
where w,,; / Az, and w,, / Az, are the bulk densities of liquid water and ice (kg m?).
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The compaction rate as a result of overburden Cy, , (s is a linear function of the

snow load pressure P, ; (kg m'2) (Anderson 1976)

P
C,, =|L95% Y (7.42)
! Azi at overburden 77

where 7 is a viscosity coefficient (kg s m™) that varies with density and temperature as

Wicei
n =1,€exp| c; (Tf—ﬂ)+c6 A ’ (7.43)

where 7, =9x10° kg s m”, and ¢, =0.08 K', ¢, =0.023 m’ kg are constants. The

snow load pressure P . is calculated for each layer as the sum of the ice w,

s, ice,i

and liquid
water contents wj, ; of the layers above plus half the ice and liquid water contents of the

layer being compacted

P, :M+ jfl (Wi + Wi ) (7.44)

Y 2 j=snl+l
The compaction rate due to melting C,, (s is taken to be the ratio of the change

in snow ice fraction after the melting to the fraction before melting

1 0Az 1 vei ™ frves
C, =| L85 Lk o, Jics ~Jies (7.45)
' Az, Ot ; At Sivei
where the fraction of ice f, ; is
w; e, i
f;‘cei = — (746)
’ Wice,i + Wliq,i

and melting is identified during the phase change calculations (section 6.2).

The snow layer thickness after compaction is then
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Az = A7) (14 Cp At). (7.47)

7.2.6 Snow Layer Combination and Subdivision
After the determination of snow temperature including phase change (section 6),

snow hydrology (sections 7.2.1, 7.2.2, and 7.2.3), and the compaction calculations
(7.2.5), the number of snow layers is adjusted by either combining or subdividing layers.

The combination and subdivision of snow layers is based on Jordan (1991).

7.2.6.1 Combination

If a snow layer has nearly melted or if its thickness Az, is less than the prescribed

minimum thickness Az _. (Table 7.2), the layer is combined with a neighboring layer.

The overlying or underlying layer is selected as the neighboring layer according to the
following rules
e If the top layer is being removed, it is combined with the underlying layer
e If the underlying layer is not snow (i.e., it is the top soil layer), the layer is
combined with the overlying layer
e If the layer is nearly completely melted, the layer is combined with the
underlying layer
e If none of the above rules apply, the layer is combined with the thinnest
neighboring layer.

A first pass is made through all snow layers to determine if any layer is nearly

melted (w,

ice,i

<0.1). If so, the remaining liquid water and ice content of layer i is

combined with the underlying neighbor i +1 as

Wig.ist = Wiig.int T Wiiqi (7.48)
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+w

ice,i*®

w, (7.49)

ice,i+l = Wice,Hl
This includes the snow layer directly above the top soil layer. In this case, the liquid
water and ice content of the melted snow layer is added to the contents of the top soil

layer. The layer properties, 7,, w

is Wicei» Wigi» Az, are then re-indexed so that the layers
above the eliminated layer are shifted down by one and the number of snow layers is

decremented accordingly.

At this point, if there are no explicit snow layers remaining (sn/=0), the snow

water equivalent W, = and snow depth z ,  are set to zero, otherwise, W and z,  are
re-calculated as
i=0
‘Alsno = Z (Wice,i + Wliq,i) (750)
i=snl+1
i=0
ano = Z AZi . (751)

If the snow depth 0 <z <0.01 m, the number of snow layers is set to zero, the total ice

sno

i=0
content of the snowpack Z w,

i=snl+1

is assigned to W

sno ?

and the total liquid water

ce,i

i=0
Z W, 1s assigned to the top soil layer. Otherwise, the layers are combined according

i=snl+1
to the rules above.

When two snow layers are combined (denoted here as 1 and 2), their thickness
combination (c) is

Az, =Az, +Az,, (7.52)

their mass combination is
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Wig.e = Wiiga T Wiig .2 (7.53)

Wice,c = Wice,l + Wice,Z ’ (754)
and their temperatures are combined as
hc - Lf Wli c
T.=T,+ — (7.55)
Cicewice,c + Cliqwliq,c
where 1, = h, +h, is the combined enthalpy A, of the two layers where
h = (Cicewice,i +CliyWiig.i )(7: -7, ) +Lowy, ;- (7.56)

In these equations, L, is the latent heat of fusion (J kg') and C,, and C,, are the
specific heat capacities (J kg™’ K™) of liquid water and ice, respectively (Table 1.4). After
layer combination, the node depths and layer interfaces (Figure 7.2) are recalculated from

z,=2,-05Az, i=0,..snl+1 (7.57)

G =% —Az i=0,... snl+1 (7.58)

1

where Az, is the layer thickness.

Table 7.2. Minimum and maximum thickness of snow layers (m)

Layer Az . N, N, (Azmax ) , (Azmax )u
1 (top) 0.010 1 >1 0.03 0.02

2 0.015 2 >2 0.07 0.05

3 0.025 3 >3 0.18 0.11

4 0.055 4 >4 0.41 0.23

5 (bottom) 0.115 5 - - -

The maximum snow layer thickness, Az, , depends on the number of layers, N, and N,

max
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7.2.6.2 Subdivision
The snow layers are subdivided when the layer thickness exceeds the prescribed

maximum thickness Az_. with lower and upper bounds that depend on the number of

snow layers (Table 7.2). For example, if there is only one layer, then the maximum
thickness of that layer is 0.03 m, however, if there is more than one layer, then the
maximum thickness of the top layer is 0.02 m. Layers are checked sequentially from top
to bottom for this limit. If there is only one snow layer and its thickness is greater than
0.03 m (Table 7.2), the layer is subdivided into two layers of equal thickness, liquid water
and ice contents, and temperature. If there is an existing layer below the layer to be

subdivided, the thickness Az, liquid water and ice contents, w,, , and w, and

temperature 7, of the excess snow are combined with the underlying layer according to

equations (7.52)-(7.55). If there is no underlying layer after adjusting the layer for the
excess snow, the layer is subdivided into two layers of equal thickness, liquid water and
ice contents. The vertical snow temperature profile is maintained by calculating the slope

between the layer above the splitting layer (7;) and the splitting layer (7,) and

constraining the new temperatures (7,"', 7T,"*") to lie along this slope. The temperature

of the lower layer is first evaluated from

Tn _ Tn A n+l
T =T | ——2 2| (7.59)
(A +Az)/2 )\ 2
then adjusted as,
T;Hl — T2n 713, 2 Tf
Tn _ T}’l A n+l (7.60)
T2n+l :]'vzn + 1 i { Z2 j 7—;!< Tf
(Az, +425)/2 ) 2
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where here the subscripts 1, 2, and 3 denote three layers numbered from top to bottom.
After layer subdivision, the node depths and layer interfaces are recalculated from

equations (7.57) and (7.58).

7.3 Surface Runoff and Infiltration
The simple TOPMODEL-based (Beven and Kirkby 1979) runoff model (SIMTOP)

described by Niu et al. (2005) is implemented to parameterize runoff. A key concept
which is

underlying this approach is that of fractional saturated/impermeable area f

sat °
determined by the topographic characteristics and soil moisture state of a grid cell. The
surface runoff consists of overland flow due to saturation excess (Dunne runoff) and

infiltration excess (Hortonian runoff) mechanisms

Qover = fmtqliq,() + (1 — fou ) max (09 Diiq,0 ~ Dinfi, max ) (7.61)
where ¢, , is liquid precipitation reaching the ground plus any melt water from snow
(kg m?s™") and Qinr.max. 18 @ Maximum soil infiltration capacity (kg m™s™). In Niu et al.

(2005), f,,, was a function of soil moisture whose potential or maximum value, f,__, was

ax

solely determined by topographic characteristics. Niu and Yang (2006) modified the

expression for f, to include a dependence on impermeable area fraction in frozen soil,

fpen»> Of the top i =1 soil layer as

fvat = (1 - ffrz,l ) fmax eXp (_O'SfoverZV ) + ffrz,l (762)

where f is a decay factor (m™), and Zy 1s the

max

is the maximum saturated fraction, f

over

water table depth (m) (section 7.5). The maximum saturated fraction, f ., is defined as

ax

the discrete cumulative distribution function (CDF) of the topographic index when the
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grid cell mean water table depth is zero. Thus, f

max

is the percent of pixels in a grid cell
whose topographic index is larger than or equal to the grid cell mean topographic index.
It should be calculated explicitly from the CDF at each grid cell at the resolution that the
model is run. However, because this is a computationally intensive task for global
applications, f,  is calculated once from the CDF at a spatial resolution of 0.5° by 0.5°
following Niu et al. (2005) and then area-averaged to the desired resolution (section
1.2.3). The 0.5° resolution is compatible with the resolution of other CLM input surface

datasets (e.g., plant functional types, leaf area index). The decay factor f

over

for global

simulations was determined through sensitivity analysis and comparison with observed
runoff to be 0.5 m™.

The impermeable fraction f,_, is parameterized as a function of soil ice content (Niu

w. .
exp {—a Ll - "“H —exp(—a)
Wice,i + wliq,i

1—exp(-a)

and Yang 2006)

Jpei = (7.63)

where « =3 is an adjustable scale-dependent parameter, and w,,, and w, , are the ice

and liquid water contents of soil layer i (kg m™).

The maximum infiltration capacity g,,, .., in equation (7.61) is determined from soil
texture and soil moisture (Entekhabi and Eagleson 1989) as
qinﬂ,max = kmt,l I:l +v (S - 1)] . (764)

The liquid water content of the top soil layer relative to effective porosity and adjusted

for saturated fraction is determined from
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6,

lig,1

- sat
max (eimp 4 Hsat 1 Hice 1 ) Hli 1
g = : : >0 - >20.01 (7.65)
l - fvaz max (Hzmp ’ esar,l - Hice,l )
1- £, =001
where 6, , and ,,, are the volumetric liquid water and ice contents of the top soil layer,
and 6, = 0.05 is a minimum effective porosity. The variable v is
v= —(d—‘/’j ! (7.66)
ds ),_; 0.5Az,

where Az, is the thickness of the top soil layer (mm) and

d
(_W] — By.,. (7.67)
dS s=1

The saturated hydraulic conductivity k& (kg m? s7), volumetric water content at

sat,1

saturation (i.e., porosity) &

.1 » Clapp and Hornberger (1978) exponent B, and saturated
soil matric potential y, , (mm) are determined from soil texture (section 7.4.1).

Infiltration into the surface soil layer is defined as the residual of the surface water
balance
Binfi = D1iq,0 ~ Dover ~ Dseva (7.68)
when no snow layers exist, and
insi = D1ig.0 — over (7.69)
when at least one snow layer is present. ¢, , is the evaporation of liquid water from the

top soil layer (section 5.4). Infiltration ¢, , and explicit surface runoff ¢, are not

over

inf

allowed for glaciers and wetlands.

137



7.4 Soil Water

Soil water is predicted from a multi-layer model, in which the vertical soil moisture
transport is governed by infiltration, surface and sub-surface runoff, gradient diffusion,
gravity, canopy transpiration through root extraction, and interactions with groundwater
(Figure 7.1). The following derivation generally follows that of Z.-L. Yang (1998,
unpublished manuscript) with modifications by Zeng and Decker (2009).

For one-dimensional vertical water flow in soils, the conservation of mass is stated as

90 _ % _ (7.70)
ot 0z

where € is the volumetric soil water content (mm3 of water mm™ of soil), ¢ is time (8), z

is height above some datum in the soil column (mm) (positive upwards), ¢ is soil water
flux (kg m? s or mm s'l) (positive upwards), and Q is a soil moisture sink term (mm of
water mm™ of soil ') (ET loss). This equation is solved numerically by dividing the soil
column into multiple layers in the vertical and integrating downward over each layer with
an upper boundary condition of the infiltration flux into the top soil layer g, , and a

lower boundary condition specified as zero flux.

The soil water flux g in equation (7.70) can be described by Darcy’s law

q =—k% (7.71)

where k is the hydraulic conductivity (mm s™), and v, 1s the hydraulic potential (mm).
The hydraulic potential is

l//h = l//m + Wz (7'72)
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where y, is the soil matric potential (mm) (which is related to the adsorptive and

capillary forces within the soil matrix), and y, is the gravitational potential (mm) (the
vertical distance from an arbitrary reference elevation to a point in the soil). If the
reference elevation is the soil surface, then y_=z. Letting y =y, , Darcy’s law

becomes

q=—k {M} . (7.73)
0z

Darcy’s equation can be further manipulated to yield

qz—k{w}z—k(a—wﬂj:—k(%a—wﬂj. (7.74)
0z 0z 0z 00

Substitution of this equation into equation (7.70), with Q =0, yields the Richards

equation

90 _2 k[%a—WJH . (1.75)
ot 0z| \ oz 06

Zeng and Decker (2009) note that this @-based form of the Richards equation
cannot maintain the hydrostatic equilibrium soil moisture distribution because of the
truncation errors of the finite-difference numerical scheme. They show that this

deficiency can be overcome by subtracting the equilibrium state from equation (7.73) as

— {M} (7.76)
0z

where C is a constant hydraulic potential above the water table z,

0

sat

0,(x)]"
Z
C:l//E+Z:l//.sat|: - j| +Z:l//mt+zv (777)
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so that

q= -k {M} (778)
0z

where y, is the equilibrium soil matric potential (mm). Substitution of equations (7.77)

and (7.76) into equation (7.75) yields Zeng and Decker’s (2009) modified Richards

equation

59:£HMH—Q (7.79)

ot oz a7

where the soil moisture sink term Q is now included.

7.4.1 Hydraulic Properties

The hydraulic conductivity k; (mm s) and the soil matric potential y, (mm) for

layer i vary with volumetric soil water 6, and soil texture. As with the soil thermal

properties (section 6.3) the hydraulic properties of the soil are assumed to be a weighted
combination of the mineral properties, which are determined according to sand and clay
contents based on work by Clapp and Hornberger (1978) and Cosby et al. (1984), and
organic properties of the soil (Lawrence and Slater 2008).

The hydraulic conductivity is defined at the depth of the interface of two adjacent

layers z,, (Figure 7.3) and is a function of the saturated hydraulic conductivity k [Zh’,-]

, the total (ice plus liquid) volumetric soil moisture of the two layers 6, and 6,,, and the

impermeable fraction f,_.

140



2 0.5(9 40

sat,i sat,i+1

0 5 9 0 2B;+3
(I—MJ]CW[ZM:I[ . ( Ak M) )} ISiSNlevsoi_l

(7.80)

lz]=

0 2B;+3
(1 - ffrz,i )ksaz [Zhl](e_l} 1= Ny

where f, . is defined in equation (7.63).
Because the hydraulic properties of mineral and organic soil may differ
significantly, the bulk hydraulic properties of each soil layer are computed as weighted

averages of the properties of the mineral and organic components. The water content at

saturation (i.e. porosity) is

Orars == f o i + Lo B (7.81)
where f, . is the soil organic matter fraction, 6, , =0.9 (Farouki 1981; Letts et al.
2000) is the porosity of organic matter and the porosity of the mineral soil 8, . . is

0, i min; = 0.489—0.00126(% sand ), ' (7.82)
The exponent “ B is

By = (= f,,)Busini + JomiBon (7.83)

where B, =2.7 (Letts et al. 2000) and

B . =291+0.159(%clay), . (7.84)

The soil matric potential (mm) is defined at the node depth z, of each layer i

(Figure 7.3)

Hi - 8 9
W=V 7 >-1x10 O.OISQ—’SI (7.85)

sat,i sat,i

where the saturated soil matric potential (mm) is
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Wsat,i = (1 - fom,i )l//sat,min,i + fom,il/jsat,om (786)

where w . =-103mm (Letts et al. 2000) is the saturated organic matter matric
potential and the saturated mineral soil matric potential v, . .is
I'Umt,mm’i — _10.0 X 101.88—0‘013](%861}161),» . (7.87)

sat,om )

The saturated hydraulic conductivity, k_, [z,”.] (mm s™), for organic soils (k

may be two to three orders of magnitude larger than that of mineral soils (k ). Bulk

sat, min

soil layer values of k_, calculated as weighted averages based on f, may therefore be
determined primarily by the organic soil properties even for values of f, aslow as 1 %.

To better represent the influence of organic soil material on the grid cell average
saturated hydraulic conductivity, the soil organic matter fraction is further subdivided
into “connected” and “unconnected” fractions using a result from percolation theory
(Stauffer and Aharony 1994, Berkowitz and Balberg 1992). Assuming that the organic
and mineral fractions are randomly distributed throughout a soil layer, percolation theory

predicts that above a threshold value f

o = Fesnoa » connected flow pathways consisting
of organic material only exist and span the soil space. Flow through these pathways

interacts only with organic material, and thus can be described by & This fraction of

sat,om *

the grid cell is given by

Brere
fperc = Nperc (fom - f;hreshold ) ! fum fom 2 ‘fthreshold
f perc = O -fom < ‘fthreshold

(7.88)

where B7 =0.139, fy e =0.5, and N, =(1-fyu0) ™. In the unconnected

perc

portion of the grid cell, f

uncon

=(1— Soere ), the saturated hydraulic conductivity is
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assumed to correspond to flow pathways that pass through the mineral and organic

components in series

k k

sat, min sat,om

Kyt uncon = Sncon [(1 ~on) + Vo= S )J : (7.89)

where saturated hydraulic conductivity for mineral soil depends on soil texture (Cosby et

al. 1984) as

I:Zh’i] _ 0,0070556 « 10—0.884+0.0153(%xand)’. ) (7.90)

kmt, min

The bulk soil layer saturated hydraulic conductivity is then computed as

Kyui I:Zh,z} = Juncon,iK sat uncon I:Zh,i j| + (= Foconi K ar.om |:Zh,i:| . (7.91)

7.4.2 Numerical Solution
With reference to Figure 7.3, the equation for conservation of mass (equation

(7.70)) can be integrated over each layer as

~Zp,i-1

j 99 4r - —j Z—Zdz - [ 0az. (7.92)

Note that the integration limits are negative since z is defined as positive upward from
the soil surface. This equation can be written as

06,,.
Az, a—tq =—q,,+q,—¢ (7.93)

where ¢, is the flux of water across interface z,,, ¢, is the flux of water across
interface z,, ,, and e, is a layer-averaged soil moisture sink term (ET loss) defined as

positive for flow out of the layer (mm s'). Taking the finite difference with time and

evaluating the fluxes implicitly at time n+1 yields
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Az AO,, .

iq,i n+l n+l
=—q', +q —e (7.94)
At :
where AG,, ;= 6?,:‘;1 -0y, 18 the change in volumetric soil liquid water of layer i in time

At and Az, is the thickness of layer i (mm).
The water removed by transpiration in each layer e, is a function of the total

transpiration E; (section 5) and the effective root fraction 7,

e, =r E . (7.95)

e, i’ v
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Figure 7.3. Schematic diagram of numerical scheme used to solve for soil water fluxes.

Shown are three soil layers, i—1, i, and i+1. The soil matric potential { and

volumetric soil water 6,

are defined at the layer node depth z. The hydraulic
conductivity k[zh] is defined at the interface of two layers z,. The layer thickness is

Az. The soil water fluxes ¢, , and ¢, are defined as positive upwards. The soil

moisture sink term e (ET loss) is defined as positive for flow out of the layer.

> Zh,i -] k [zh,z'% }

i’giiq,i’ Z

? Zh’j k {Zh,i :l
q;

_— _— —_— —_— _v- —_— —_—
AZi+1 <e,-+1 +— Wi+l’91iq.i+l’zi+l

Z, . ~
hi+l k {“haﬂl}
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Note that because more than one plant functional type (PFT) may share a soil column, the
transpiration E| is a weighted sum of transpiration from all PFTs whose weighting

depends on PFT area as
npft

E =% (E) (wi), (7.96)

= !

where npft is the number of PFTs sharing a soil column, (E:) _is the transpiration from
J

the j” PFT on the column, and ( w t)j is the relative area of the j" PFT with respect to

the column. The effective root fraction r,; is also a column-level quantity that is a

weighted sum over all PFTs. The weighting depends on the per unit area transpiration of

each PFT and its relative area as

npft

> (), (E2), (1),

r == (7.97)

e npft

2. (E1), (wr),

j=1 !

where (};J) is the effective root fraction for the ;" PFT

J

(8) } ‘ (7.98)

and (rl.)j is the fraction of roots in layer i (section 8), (wi)j is a soil dryness or plant
wilting factor for layer i (section 8), and ( ﬁt)j is a wetness factor for the total soil

column for the j* PFT (section 8).
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The soil water fluxes in equation (7.94), which are a function of 6, and 6, .,

because of their dependence on hydraulic conductivity and soil matric potential, can be

linearized about & using a Taylor series expansion as

qinJrl :qln + aq[ Ae + aql Ae

. . 7.99)
ae]iq,i o ae]iq,iﬂ e (
oq, 0q,_
Mgt 4 HoAG, . +—FLAG, . 7.100
ql—l qz—l aeliq,l;l lig,i—1 aeliq’i lig,i ( )

1 n+l

Substitution of these expressions for ¢’ and ¢, into equation (7.94) results in a

general tridiagonal equation set of the form

n=aA6, ., +bAb,,  +cAO,, ., (7.101)
where
g =1 (7.102)
a eliq,i—l

. . Az,
p=t0 O 04 (7.103)

a eliq,i a 0/[(],[ At
¢ =4 (7.104)

agliq,iﬂ

r=q;,—q +e,. (7.105)

The tridiagonal equation set is solved over i =1,..., N, _.+1 where the layer i=N,, . +1

> * Vlevsoi levsoi

is a virtual layer representing the aquifer.
The finite-difference forms of the fluxes and partial derivatives in equations (7.102)

-(7.105) can be obtained from equation (7.78) as
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440

g’ = —k[z,,,il}{(%l v+ _WE’”)] (7.106)

g = k[zh,,][(% V) W _WE"')} (7.107)

Zig — X

06 z,—2z,., 00, oo Z,— 2

lig,i-1 lig,i-1

aq, =[k|:Zh’iJ oy, :lak[zh,il:II:(Wil_l//l)—}_(y/E’i_l//E*il)] (7.108)

iq,i—1

aq., _ [k[zh“] oy, ]_ ok [Z,m«,l] {(l//m —V ) +(V/E,i _V/E,il)] (7.109)

aHliq,i %740 aeﬁq,i 89154,; 4~

oq, _!k[zh,,»:' oy, ]_ak[zh,l}[(‘//,V/;+1)+(V/E,i+1'//EJ):l (7.110)

Zy—% 0 eliq,i Zin T %

60]iq,i+l i — X agliq,iﬂ agliq,iﬂ i T X

dq, |:k|:Zh,i] v, ]8/{[2,1,,-]{(‘//,'_‘//1+1)+(‘//E,i+1_WE,z)]' (7.111)

The derivatives of the soil matric potential at the node depth are derived from

equation (7.85)

Wi __p Vi (7.112)
06,414 0.
oy, |
Vi — g% (7.113)
aeliq,i 01
OWin --B., Vin (7.114)
aeliq,iﬂ 9i+1

with the constraint 0.016,,,. <60, <60

i sat,i *
The derivatives of the hydraulic conductivity at the layer interface are derived from

equation (7.80)
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6k[zh,i_,] 3 ak[zh,i_l] _ ffrz,i—l + ffrz,i
89,;61,571 - aHliq,i - 1_ 2 J(ZBll +3)kmr [ZILFI:'X (7 115)
[ 05(6.,+6) 177 os |
_0~5<9xaz,i4 + amz,i) esaf:ifl
8k|:Zh,,':| _ ak[zh,i] _ ffrz,i + ffrz,i+1
00,,, 00 - 2 }(2& el (7.116)

r 2B;+2
0'5(9i+0i+1) (05
10.5(6,,,+0 )] (a_j

sat,i sat,i+1

7.4.2.1 Equilibrium soil matric potential and volumetric moisture

The equilibrium soil matric potential y, can be derived from equation (7.77) as

V=V, [%J (7.117)

sat

and the equilibrium volumetric water content 6, (z) at depth z can also be derived as

QE(Z):Gsat [WJ B- (7118)

Here, the soil matric potentials, the water table depth z, and the soil depths have units of

mm. For the finite-difference scheme, a layer-average equilibrium volumetric water

content is used in equation (7.117) and can be obtained from

0, = j eE—(Z)dZ (7.119)

which when integrated yields
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1 1

l-— 1—
o o . . —Zo+ 7, . 5 —zo+ 7, . B;
QEJ- — sat,lw.mt,l Wsat,z % h,i _ (//sat,z v h,i—1 (7120)
1 1 l//sat,i l//sar,i
(Zh,i ™ Zpi-1 ) "B

i

Equation (7.120) is valid when the water table z,, is deeper than both interface depths
Z,,, and z,,. Since the water table can be within the soil column, the equation is
modified if the water table is within soil layer i (z,,, <zy <z,,) as a weighted average

of the saturated part and the unsaturated part

- i~ 3y Ly = Zpia
9E,i = eE,sarﬁi + HE,unsuZ,i (7121)
hi — Zhi-t Zhi ~ Zpict
where 6, . =0, and the unsaturated part &, ... is
) Ty
sat,it sat,i sat,i < + < i— '
0, = L] | Yoo Zo0 T i | (7.122)
(Z -z ) 1 _ i Wmt,i
A% h,i—1 Bi

If zy<z,,,, then 9_,:9 =0 If the water table is below the soil column

sat,i *

(zy >2,, ), an equilibrium volumetric soil moisture is calculated for a virtual layer

i = Nlev.wi +1 as
L
_— 9 . . A B,
QEJ:N, » — .suz,l—ll//sat,z—l 1_ Wsat,z—l v h,i—1 (7123)
(Z -7 ) 1_L V sari-1
\% h,i—1 Bi_l
The equilibrium volumetric soil moisture is constrained by
0<6,,<6,,. (7.124)

The equilibrium soil matric potential is then
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Oni | A
Vi =Vini| 5o [ 2=1x10 L>0.01 (7.125)

sat,i

7.4.2.2 Equation set for layer i =1
For the top soil layer (i =1), the boundary condition is the infiltration rate (section
7.3), ¢\ =—q;, . and the water balance equation is

Az A 49“/ A ] ]
— g™ g —e.. (7.126)
At qmﬂ ql

1

After grouping like terms, the coefficients of the tridiagonal set of equations for i =1 are

a =0 (7.127)
bi :%_% (7.128)
00,,, At
¢ = _%4; (7.129)
aelz'q,iJrl
= —4; +e (7.130)

7.4.2.3 Equation set for layers i =2,...,.N, . —1

*2 " Vlevsoi

The coefficients of the tridiagonal set of equations for i =2,...,N,, . —1 are
a = 04, (7.131)
a 0/[(],[—1
b = g, _ g, , _ Az, (7.132)
a eliq,i aalt‘q,i At
¢ =4 (7.133)
aeliq,iﬂ
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r=q;,—q +e,. (7.134)

N,

levsoi

7.4.2.4 Equation set for layers i = N +1

levsoi®***

For the lowest soil layer (i=N,,, ), the bottom boundary condition depends on the

evsoi

depth of the water table. If the water table is within the soil column (z; <z, , ), a

zero-flux bottom boundary condition is applied (g =0) and the coefficients of the

tridiagonal set of equations for i = N,,, . are
g =1 (7.135)
a eliq,i—l
. Az,
b=l A% (7.136)
aHliq,i At
¢, =0 (7.137)
n=q’, +e,. (7.138)
The coefficients for the aquifer layer i =N, . +1 are then
a =0 (7.139)
b =24 (7.140)
At
¢, =0 (7.141)
r=0. (7.142)

If the water table is below the soil column (z, >z, , ), the coefficients for

i=N

levsoi

are

a = _ 04, (7.143)

lig,i-1
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b = 0q, oq,, Az
l aeliq,i aeliq,i At
0q,
C, = 9
agliq,iﬂ

_ . n __n
=4 —4q; e

The i =N, .+1 terms are evaluated usin
levsoi
T 8
V/NI = W‘Yal’Nlev.mi [SNI('V.MI'-H j| z—1x1 0
ZNIevml+l - 0 S(ZV + ZNI )
where
6 +6
— sar, Nlevwi Nlﬂvwi
sNIev.mi+] - 05 0.01< sNIev.mi+] <1 ’
sat,Nj,

Wi, is evaluated from equations (7.123) and (7.125), and

0 l//NIeL*xr;i+l —_B WN/BV +1
o0 - Nievsoi s
1iq, Nyeysoi 1 Nievsoi -~ sat. N,
The coefficients for the aquifer layer i =N, +1 are then
_ 94,
i
0 911'4,1’—1
S 99, _Ag
l a Hliq,i At
¢, =0
_ n
i =dia

(7.144)

(7.145)

(7.146)

(7.147)

(7.148)

(7.149)

(7.150)

(7.151)

(7.152)

(7.153)

(7.154)

Upon solution of the tridiagonal equation set (Press et al. 1992), the liquid water

contents are updated as follows
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Wiigi =w[jq’l. +A0]iq,iAZi i=1...,N,,.:- (7.155)
The volumetric water content is
Wliq i Wice i
0, = + — (7.156)
Azipliq Azipice

7.5 Groundwater-Soil Water Interactions
Drainage or sub-surface runoff is based on the SIMTOP scheme (Niu et al. 2005)

with a modification to account for reduced drainage in frozen soils. In the work of Niu et

al. (2005), the drainage ¢, . (kg m™s") was formulated as

qdrai = qdmi,max eXp (_fdraiZV ) : (7157)

Here, the water table depth z, has units of meters. To restrict drainage in frozen soils,

Niu et al. (2005) added the following condition

for w.

ice, Nigyyi

(7.158)

qdmi = O > Wliqulms.mi :

In preliminary testing it was found that a more gradual restriction of drainage was
required so that the water table depth remained dynamic under partially frozen

conditions. The following modification is made to equation (7.157)

qdmi = (1 - f;'mp )qdmi,max eXp (_fdraiZV ) (7 1 59)
where f, is the fraction of impermeable area determined from the ice content of the soil

layers interacting with the water table

,»:%:m- Wice,i Az
i= iy Wice i * Wi d |
eXp| —& 1- = i=N1" i - _exp(_a)
z Az,
i=jwt
f;‘mp = — 2 O (7160)
I—exp (—a)
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where o =3 1is an adjustable scale-dependent parameter, jwt is the index of the layer

directly above the water table, w,

ice,i

and w, , are the ice and liquid water contents of soil

layer i (kg m™), and Az, is the layer thickness (mm). This expression is functionally the

same as that used to determine the impermeable fraction (equation (7.63)). In equation

(7.159), the decay factor f, ., =2.5 m" and the maximum drainage when the water table

depth is at the surface ¢, .. =5.5% 10° kg m™® s' were determined for global
simulations through sensitivity analysis and comparison with observed runoff.
Determination of water table depth z,, is based on work by Niu et al. (2007). In this

approach, a groundwater component is added in the form of an unconfined aquifer lying
below the soil column (Figure 7.1). The groundwater solution is dependent on whether
the water table is within or below the soil column. Two water stores are used to account

for these solutions. The first, W_, is the water stored in the unconfined aquifer (mm) and

is proportional to the change in water table depth when the water table is below the lower

boundary of the hydrologically-active soil column. The second, W,, is the actual

groundwater which can include water within the soil column. When the water table is

below the soil column W, =W, . When the water table is within the soil column, W, is

constant because there is no water exchange between the soil column and the underlying

aquifer, while W, varies with soil moisture conditions.

In either case, W, is first updated as

W”“ = ‘/Vt” + (qrecharge - qdmi ) At (7 1 6 1)
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where Ar is the model time step (), g, 18 the recharge to the aquifer (kg m™s™), and

the drainage ¢, calculated from equation (7.159) is equivalent to the groundwater
discharge.
For the case when the water table is below the soil column, the water stored in the

unconfined aquifer W, (mm) is updated as

a a

W =W+ (qrecharge ~ b irai )At (7.162)

and W' is reset as W' =W""'. The recharge rate is defined as positive when water

enters the aquifer

AG Az,

lig, Nipysoi +1 tevsoi 71
recharge At

where A6 =g -9’

hion 1 = Oign, 1~ Oign, w18 the change in liquid water content for layer

i=N

levsoi

+1 calculated from the solution of the soil water equations (section 7.4), and

Az, () is

AZN/W.\W"*'I = Zg - Zh’N/ev.mi : (7164)

The water table depth is calculated from the aquifer water storage scaled by the average

specific yield S, =0.2 [the fraction of water volume that can be drained by gravity in an

unconfined aquifer (Niu et al. 2007)]

W
7o =2 +25-———. 7.165

v RN joysoi 103 Sy ( )
The form of equation (7.165) originates from the assumption that the initial amount of
water in the aquifer is 4800 mm and the corresponding water table depth is one meter

below the bottom of the soil column. The water table depth is at the bottom of the soil
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column (z, =z, , ) when the aquifer water is at its prescribed maximum value (5000
mm). The bottom soil layer liquid water content is updated for excess aquifer water as

Wiy =W +max(0,W, —5000) (7.166)
and aquifer water is reset to W, <5000 .

For the case when the water table is within the soil column, there is no water
exchange between the soil column and the underlying aquifer. However, variations of

the water table depth are still calculated as

i Nigvsoi
W/t - 103 X 25Sy - Z AZi (esal,i - 0[66,i>
i=jwt+2 .
Zh, wi+l ]Wt = 1’ s Nlevmi - 2
! 103 (esat,jwt-#] - eice,jwt-H )
zy = (7.167)
W, —10° x 258, N
< jwe+l JW = evsoi
" l L 103 (esat,jwt-*—l - 01'ce,jwt+1 ) :

where jwt is the index of the layer directly above the water table, and limits are placed
on the water table depth as 0.05<z, <80. In the work of Niu et al. (2007), the water

table depth in this case was calculated with the specific yield determined by the volume

of air pores (the pore space not filled with water) within the soil to convert W, to a water

table depth. However, this was found to result in unstable water table calculations for a
significant proportion of grid cells in global simulations. More specifically, when
repeatedly forcing the model with a single year of atmospheric data, the temporal
evolution of water table depth was significantly different from year to year for some grid
cells, with occasional rapid (within a few days) movement of the water table to the soil
surface in some cases. This occurred in grid cells with soil water contents near saturation

because of the small amount of available pore space. This had deleterious implications
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for stability of surface fluxes and temperature. In equation (7.167), the calculation is

-0

ice,i

based on effective porosity (6, >0.01) only. Although less defensible from a

at,i
physical viewpoint, the approach stabilizes the water table calculation for these grid cells
and eliminates unrealistic oscillations in surface fluxes and temperature.

In this case, the drainage ¢, is extracted from the soil liquid water in layers within
the water table. The partitioning of drainage from these layers is proportional to the layer

thickness-weighted hydraulic conductivity as

B Daraik I:Zh,,- ] AtAz,

n+l _ _ n .
Wigi = Wigi ~ v i=jwt+1,...,N,, .. (7.168)
Z k I:Zh,i ] Az,
i=jwt+l

where Ar is the time step (s).
After the above calculations, two numerical adjustments are implemented to keep the

liquid water content of each soil layer (w,, ;) within physical constraints of

wg‘;“sW,iq,is(e —Q(‘e,i)Azi where wl'f;i“ =0.01 (mm). First, beginning with the

sat,i

bottom soil layer i=N

levsoi °

any excess liquid water in each soil layer

(Wigi =Wy —(Qmm. _ch,f)AZi >0) is successively added to the layer above. Any

excess liquid water that remains after saturating the entire soil column (plus a maximum

surface ponding depth w)"

=10 kg m?), is added to drainage ¢, . Second, to prevent
negative w, ., each layer is successively brought up to w, :w,‘};‘" by taking the

required amount of water from the layer below. If this results in w,, , < w,‘;‘;“ , then the

layers above are searched in succession for the required amount of water (w,‘;;'" ~Wig Ny )
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min

and removed from those layers subject to the constraint w, ., >w;". If sufficient water

is not found, then the water is removed from W, and g, , .
The soil surface layer liquid water and ice contents are then updated for dew ¢, .

frost ¢,,,, , or sublimation ¢, (section 5.4) as

n+l

W/iq,l = er;q,l + qsdewAt (7169)
Wieoh = Wiy + 0 A (7.170)
Wﬁill = Wieet = QiDL - (7.171)

Sublimation of ice is limited to the amount of ice available.

7.6 Runoff from glaciers, wetlands, and snow-capped surfaces

All surfaces are constrained to have a snow water equivalent W_ <1000 kg m™.

sno
For snow-capped surfaces, the solid and liquid precipitation reaching the snow surface
and dew in solid or liquid form, is separated into solid g¢,,,,,.. and liquid ¢, runoff

terms

qsanp,ice = qgrnd,ice + qfrost (7 172)
qsnwcp,liq = qgrnd,liq + qdew (7 173)

and snow pack properties are unchanged. The g, .. runoff is sent to the River

Transport Model (RTM) (section 11) where it is routed to the ocean as an ice stream and,
if applicable, the ice is melted there.

For snow-capped surfaces other than glaciers, wetlands, and lakes the ¢, ..

runoff is assigned to the glaciers, wetlands, and lakes runoff term ¢, (e.g.
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Qrowt = Domoepiig )- FOT glacier and wetland surfaces the runoff term ¢,,,, is calculated from

the residual of the water balance

(W/an _ an )
qrgwl = qgrnd,ice + qgrnd,liq - Eg - Ev - A—t - qsnwc‘p,ice (7 174)

where W" and W™ are the water balances at the beginning and ending of the time ste
b b g g g P

defined as
N
M/b = ‘/Vcan + Wmo + Z(Wice,i + Wliq,i ) . (7 175)
i=1

Currently, glaciers and wetlands are non-vegetated and £, =W, =0. The contribution

of lake runoff to ¢,,,, is described in section 9.3. The runoff term g,,,, may be negative

for glaciers, wetlands, and lakes, which reduces the total amount of runoff available to

the RTM.

160



8. Stomatal Resistance and Photosynthesis

Leaf stomatal resistance, which is needed for the water vapor flux (section 5), is
coupled to leaf photosynthesis in a manner similar to Collatz et al. (1991, 1992) (see also

Sellers et al. 1992, 1996). These equations are solved for sunlit and shaded leaves using

sun

average absorbed photosynthetically active radiation for sunlit and shaded leaves [ ¢,

¢ W m? (section 4.1)] to give sunlit and shaded stomatal resistance (", 7" s m™)

and photosynthesis (A™,A™ pmol CO, m™” s'). Canopy photosynthesis is

A+ AT where " and ™ are the sunlit and shaded leaf area indices

: | 1
(section 4.1). Canopy conductance is — L™ + —— L.

T I

The equation set and its numerical implementation are unchanged from Bonan
(1996) and Oleson et al. (2004). New features are the calculation of the photosynthetic

parameter V,

cmax

and the scaling of photosynthesis over canopy depth for sunlit and

shaded leaves.

8.1 Stomatal resistance
Leaf stomatal resistance is calculated from the Ball-Berry conductance model as

described by Collatz et al. (1991) and implemented in a global climate model by Sellers
et al. (1996). The model relates stomatal conductance (i.e., the inverse of resistance) to
net leaf photosynthesis, scaled by the relative humidity at the leaf surface and the CO,
concentration at the leaf surface. The primary difference between the CLM
implementation and that used by Collatz et al. (1991) and Sellers et al. (1996) is that they

used net photosynthesis (i.e., leaf photosynthesis minus leaf respiration) instead of gross
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photosynthesis. As implemented here, stomatal conductance equals the minimum
conductance (b ) when gross photosynthesis ( A ) is zero. Leaf stomatal resistance is

L (8.1)
r, ¢, €

S

where r, is leaf stomatal resistance (s m’ umol'), m is a plant functional type
dependent parameter (Table 8.1), A is leaf photosynthesis ( zmol CO, m™s™), ¢, is the
CO; partial pressure at the leaf surface (Pa), e, is the vapor pressure at the leaf surface
(Pa), e, is the saturation vapor pressure (Pa) inside the leaf at the vegetation temperature

I, P, is the atmospheric pressure (Pa), and b =2000 is the minimum stomatal

atm

conductance ( zmol m? s™) when A =0. Typical values are m=9 for C; plants and

m =4 for C4 plants (Collatz et al. 1991, 1992, Sellers et al. 1996). Sellers et al. (1996)
used b =10000 for Cs plants and b =40000 for C4 plants. Here, b was chosen to give a

maximum stomatal resistance of 20000 s m"'. Leaf photosynthesis is calculated

sun

separately for sunlit (A*") and shaded ( A™") leaves to give " and r’.

Ay

Resistance is converted from units of s m*> gmol' to s m”" as: 1 s m' =

0, ; . . - -
Zamymol™ m? s, where R, 1s the universal gas constant (J K kmol™)

atm

-9
1x10°R,,

s

(Table 1.4) and @, is the atmospheric potential temperature (K).
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Table 8.1. Plant functional type (PFT) photosynthetic parameters.

PFT m o CN, F,, f(N) SLA, SLA, v, v,
NET Temperate 6 0.06 35 0.05 0.72 0.010 0.00125 -66000 -255000
NET Boreal 6 006 40 004 078 0.008 0.001 -66000 -255000
NDT Boreal 6 0.06 25 008 0.79 0.024 0.003 -66000 -255000
BET Tropical 9 0.06 30 006 0.83 0.012 0.0015 -66000 -255000
BET temperate 9 0.06 30 0.06 0.71 0.012 0.0015 -66000 -255000
BDT tropical 9 0.06 25 0.09 0.66 0.030 0.004 -35000 -224000
BDT temperate 9 0.06 25 0.09 0.64 0.030 0.004 -35000 -224000
BDT boreal 9 006 25 009 070 0.030 0.004 -35000 -224000
BES temperate 9 0.06 30 0.06 0.62 0.012 0 -83000 -428000
BDS temperate 9 0.06 25 0.09 0.60 0.030 0 -83000 -428000
BDS boreal 9 006 25 009 076 0.030 0 -83000 -428000
Csarcticgrass 9 0.06 25 0.09 0.68 0.030 0 -74000 -275000
Cs grass 9 006 25 009 0.61 0.030 0 -74000 -275000
C, grass 5 004 25 009 0.64 0.030 0 -74000 -275000
Cropl 9 006 25 0.10 0.61 0.030 0 -74000 -275000
Crop2 9 006 25 0.10 0.61 0.030 0 -74000 -275000

o (mol CO, mol™ photon); CN, (gC g N); F,\x (g N Rubisco g N); SLA, (m*g' C);

y, and v (mm).

8.2 Photosynthesis
Photosynthesis in C; plants is based on the model of Farquhar et al. (1980) as

modified by Collatz et al. (1991). Photosynthesis in C4 plants is based on the model of

Collatz et al. (1992). Leaf photosynthesis is A:min(wc,wj,we). The RuBP

carboxylase (Rubisco) limited rate of carboxylation w, ( 4 mol CO, m? s'l) 18
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V (cl. —1"*)

cmax

for C, plants
w,=1c+K (1+0,/K,) P ¢ ~T.>0. 8.2)

c

for C, plants

The maximum rate of carboxylation allowed by the capacity to regenerate RuBP (i.e., the

light-limited rate) w; ( #zmol CO; m™s™) s

(cl. - F*)4.6¢a
for C, plants
w, = ¢, +2I, c,—I',>0. (8.3)
4.6pc for C, plants

The export limited rate of carboxylation for C; plants and the PEP carboxylase limited

rate of carboxylation for C4 plants w, ( # mol CO, m?s?)is

0.5V, for C, plants
= , : 8.4
e =1 4000v Pi for C, plants &4

cmax
atm

Collatz et al. (1992) used the term 18000V

cmax

for C4 w,, and Sellers et al. (1996) used

20000V__ . These values cause C4 photosynthesis to saturate at low values of ambient

cmax

CO,. The term 4000V

¢ max

results in saturation at about 400 ppm.

In these equations, ¢, is the internal leaf CO, partial pressure (Pa) and

1

0, =0.209P,  is the O, partial pressure (Pa). K_ and K, are the Michaelis-Menten

atm

constants (Pa) for CO, and O,. These vary with vegetation temperature 7, (°C) according

to the Q,, function as in Collatz et al. (1991) and Sellers et al. (1996)

T,-25

Kc = KCZS (ake) 10 (85)
K(I = K{)25 (ak()) 10 (86)
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where K ,; =30.0 and K ,; =30000.0 are values (Pa) at 25°C, and a, =2.1 and
a,, =1.2 are the relative changes in K, and K, , respectively, for a 10°C change in
temperature. The CO, compensation point I', (Pa) is

Kc

1
2K

o

r =

s

0.210,. 8.7)

The term 0.21 represents the ratio of maximum rates of oxygenation to carboxylation,
which is virtually constant with temperature (Farquhar and von Caemmerer 1982). « is
the quantum efficiency ( £ mol CO, per umol photons) (Table 8.1), and ¢ is the
absorbed photosynthetically active radiation (W m'z) (section 4.1), which is converted to
photosynthetic photon flux assuming 4.6 4 mol photons per Joule. V__  is the

maximum rate of carboxylation (umol CO, m™? s™) and varies among plant functional

types and with sunlit and shaded leaves. Photosynthesis is calculated for sunlit and

shaded leaves using ¢ and ¢ and V" and V*™

cmax cmax

8.3  Vemax

The maximum rate of carboxylation varies with foliage nitrogen concentration
and specific leaf area and is calculated as in Thornton and Zimmermann (2007). At 25°C,

vV

cmax 25

= N F g Fyrlpos (8.8)
where N, is the area-based leaf nitrogen concentration (g N m™ leaf area), F,,, is the
fraction of leaf nitrogen in Rubisco (g N in Rubisco g" N), F, =7.16 is the mass ratio

of total Rubisco molecular mass to nitrogen in Rubisco (g Rubisco g'1 N in Rubisco), and

dg,s = 60 is the specific activity of Rubisco (umol CO, g Rubisco s™). N, is calculated

from mass-based leaf N concentration and specific leaf area
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N-——1
CN, SLA

8.9)
where CN, is the leaf carbon-to-nitrogen ratio (g C g N) and SLA is specific leaf area
(m” leaf area g' C). Table 8.1 lists values of F,,, and CN, for each plant functional

type.

V

cmax 25

is calculated separately for sunlit and shaded leaves using specific leaf
area for sunlit and shaded leaves (SLA™,SLA™) as in Thornton and Zimmermann
(2007). This canopy scaling approach keeps mass-based leaf N concentration (CN, )

constant with depth in the canopy, but allows SLA to increase with greater cumulative

leaf area index so that N, and V,

cmax 25

decrease with leaf area index. Specific leaf area is
assumed to increase linearly with greater cumulative leaf area index (x, m* m™)

SLA(x) =SLA, +SLA x (8.10)
where SLA, is the value for SLA at the top of the canopy (m? leaf area g'1 C) and SLA,

is the linear slope coefficient (Table 8.1). The mean specific leaf area for sunlit leaves is

_ IOLSLA(X)e’K"dx _ —(cSLA,KL+cSLA, +cSLAK —SLA, — SLAK )

SLA™ 8.11
Lstm KZLsun ( )
and similarly for shaded leaves
SLAmL sun ysun
LSLA(X)[I—eiKX:IdX L(SLA0+ > j—SLA L
S lAsha _ Jo LSha = Lsha (812)

where L is the exposed leaf area index (m2 m'z) (section 2.3), exp(—Kx) is the fraction

of sunlit leaves at canopy depth x (section 4.1), L' and L™ are the sunlit and shaded

leaf area index (section 4.1), K is the light extinction coefficient (section 4.1), and
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c=exp(—KL). Because K, L', and L™ vary with solar zenith angle, SLA™ and

SLA*™ (and hence V' and V™ ) vary over the course of a day and through the year.

cmax

V

cmax 25

and SLA™ to derive N, in equation (8.9). Table 8.2 list derived values for V,

top of the canopy using SLA, .

cmax

Table 8.2. Values for V__ .. at the top of the canopy.
Plant Functional Type xS V. X f ( N)
NET Temperate 61 44
NET Boreal 54 42
NDT Boreal 57 45
BET Tropical 72 59
BET temperate 72 51
BDT tropical 52 34
BDT temperate 52 33
BDT boreal 52 36
BES temperate 72 44
BDS temperate 52 31
BDS boreal 52 39
C; grass arctic 52 35
C; grass 52 31
C, grass 52 33
Cropl 57 35
Crop2 57 35

167

is calculated from equation (8.8) for sunlit and shaded leaves using S

max 25

sun

at the



\% varies with leaf temperature (7)), soil water (S ), and as a function of

cmax

daylength ( DYL)
V. (24) 10 f(T)Bf(DYL)f(N /o active b
Vo= s )Tv-zs f(T,)B.f(DYL)f(N) w/o active bgc s
Vs (24) 10 f(T,)B.f (DYL) with active bgc

The term f(N) scales V

cmax

for nitrogen limitation. V__ as defined by Thornton and

cmax

Zimmermann (2007) represents the maximum achievable photosynthetic rate in the
absence of nitrogen limitation. When the biogeochemical model is active, the
photosynthetic rate calculated using equations (8.2)-(8.4) represents a potential
photosynthesis that is subsequently reduced if mineralized nitrogen is not sufficient to

sustain the potential growth. In the standard CLM, without biogeochemistry active, V.

is multiplied by a prescribed nitrogen availability factor [ f (N )] that varies among plant

functional types (Table 8.1). This factor was derived so that the simulated photosynthetic
rate is comparable to the realized photosynthetic rate when the biogeochemistry model is
active.

Vv varies with leaf temperature according to a Q,, function. Additionally,

f (TV) is a function that mimics thermal breakdown of metabolic processes (Farquhar et

al. 1980, Collatz et al. 1991)

-1
220000 +710(T, +Tf)ﬂ 810

0.001R,, (T, +T})

f(Tv)—{l+exp[

where T, is the freezing temperature of water (K) (Table 1.4), and R, is the universal

s

gas constant (J K! kmol'l) (Table 1.4).
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f(DYL) is a function that scales V.

cmax

for daylength and introduces seasonal

variation to V.,

cmax

2
f(DYL)z% (8.15)
(DYL,,.)
with 0.01< f(DYL)<1. Daylength (seconds) is given by
DYL = 2x13750.987 1 cos ' | S Uat)sin (decl) (8.16)
cos (lat)cos(decl)

where lat (latitude) and decl (declination angle) are from section 3.3. Maximum

daylength ( DYL,

max

) is calculated similarly but using the maximum declination angle for

present-day orbital geometry (+23.4667° [£0.409571 radians], positive for Northern

Hemisphere latitudes and negative for Southern Hemisphere).

The function S, ranges from one when the soil is wet to near zero when the soil

is dry and depends on the soil water potential of each soil layer, the root distribution of

the plant functional type, and a plant-dependent response to soil water stress

B, =2 wr, (8.17)

where w, is a plant wilting factor for layer i and r, is the fraction of roots in layer i.

The plant wilting factor w; is

-y, |0, —6.,.
V.Y, sat,i el 1< for 7-; > Tf -2
Wi = !//C _l//o

0 for T, <T, -2

(8.18)

sat,i

where y, is the soil water matric potential (mm) and yw_ and y, are the soil water

potential (mm) when stomata are fully closed or fully open (respectively) (Table 8.1).
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The term in brackets scales w, by the ratio of the effective porosity (after accounting for
the ice fraction) relative to the total porosity. w, =0 when the temperature of the soil
layer (T;) is below some threshold (-2°C) or when there is no liquid water in the soil layer

(6, .<0).

ig,i
Here, the soil water matric potential v/, is defined somewhat differently than in

section 7.4.1

W, =WoiS 2, (8.19)

where s, is the soil wetness for layer i with respect to the effective porosity (after

accounting for ice fraction) and . and B; are the saturated soil matric potential (mm)

and the Clapp and Hornberger (1978) parameter (section 7.4.1). The soil wetness s, is

0,
5. = 9’—q >0.01 (8.20)

sat,i - ice,i
Where eice,i = Wice,i/(piceAZi) S esat,i and eliq,i = Wliq,i/(pliqAZi) < esat,i - gice,i * Wi(,'e,i

and w,, ; are the ice and liquid water contents (kg m'z) (section 7), @, is the saturated

volumetric water content (section 7.4.1), p,., and p,;, are the densities of ice and liquid
water (kg m'3) (Table 1.4), and Az, is the soil layer thickness (m) (section 6.1).

The root fraction 7, in each soil layer depends on the plant functional type

0.5 &xp (1,200 )+exp (37,11 ) - for 1<i<N

levsoi

n=1 |exp(-rz,)-exp(-72,,) 8.21)

0.5 [eXp (_’:1 izt ) +exp (_]/}:Zh,i—l )] fori=N,,,
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where z,; (m) is the depth from the soil surface to the interface between layers i and

i+1 (z,,=0, the soil surface) (section 6.1), and 7, and 7, are plant-dependent root

distribution parameters adopted from Zeng (2001) (Table 8.3).

Table 8.3. Plant functional type root distribution parameters.

Plant Functional Type r, r,

NET Temperate 7.0 2.0
NET Boreal 7.0 2.0
NDT Boreal 7.0 2.0
BET Tropical 7.0 1.0
BET temperate 7.0 1.0
BDT tropical 6.0 2.0
BDT temperate 6.0 2.0
BDT boreal 6.0 2.0
BES temperate 7.0 1.5
BDS temperate 7.0 1.5
BDS boreal 7.0 1.5
C; grass arctic 11.0 2.0
C; grass 11.0 2.0
C, grass 11.0 2.0
Cropl 6.0 3.0
Crop2 6.0 3.0

8.4 Numerical implementation

The CO, partial pressure at the leaf surface ¢, (Pa) and the vapor pressure at the

leaf surface e, (Pa), needed for the stomatal resistance model in equation (8.1), and the
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internal leaf CO, partial pressure c¢; (Pa), needed for the photosynthesis model in

equations (8.2)-(8.4), are calculated assuming there is negligible capacity to store CO,

and water vapor at the leaf surface so that

¢, —c c,—c ¢, —¢
A - a ] — a N — N ] (8.22)
(137}’17 +1'65rf)thm 1'37’-1731% 1'65’;[:11»1
and the transpiration fluxes are related as
e —e e —e e —e
a ! — a s — S ! (8.23)

(h+n) 5 :
where r, is leaf boundary layer resistance (s m’ Y7, mol'l) (section 5.3), the terms 1.37
and 1.65 are the ratios of diffusivity of CO, to H,O for the leaf boundary layer resistance
and stomatal resistance, ¢, = CO, (mol mol'l)Pmm is the atmospheric CO, partial pressure
(Pa) calculated from CO; concentration (ppmv), e, is the saturation vapor pressure (Pa)
evaluated at the leaf temperature 7,, and the vapor pressure of air (Pa) is
¢, = max(min(e,.¢;),0.25¢,). The lower limit 0.25¢, is used to prevent numerical

instability in the iterative stomatal resistance calculation. For C4 plants, this lower limit

is 0.40e, because C, plants are not as sensitive to vapor pressure as Cz plants. The vapor

pressure of air in the plant canopy e, (Pa) is determined from

P
— utmqs (8.24)

e
0 0.622

where ¢, is the specific humidity of canopy air (kg kg'l) (section 5.3). Equations (8.22)
and (8.23) are solved for ¢, and e,

¢, =c,-137rP, A (8.25)

atm
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e, = Ll TN (8.26)

h,+ 1
Substitution of equation (8.26) into equation (8.1) yields stomatal resistance (7, )

as a function of photosynthesis (A)

[mAR”mea +bj ’;2 +(mAszmrb +brb _lj’l _}/27 :0. (8.27)

c,e; c,
Stomatal resistance 7, is the larger of the two roots that satisfy the quadratic equation.
This equation is iterated three times with an initial arbitrary value of ¢, =0.7¢, for Cs
plants and ¢, =0.4c, for C4 plants used to calculate A from equations (8.2)-(8.4).
Subsequent values for ¢, are given by

¢, =c,—1.65rP, A (8.28)
The equation set is solved separately for sunlit (A™, »™") and shaded (A™, r)
leaves, where average absorbed photosynthetically active radiation (¢*",¢#"*) and
specific leaf area (SLA*", SLA”) [and hence V™" and V" ] vary between sunlit and

cmax cmax

shaded leaves.
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9. Lake Model

The lake model is from Zeng et al. (2002), which utilized concepts from the lake
models of Bonan (1996), Henderson-Sellers (1985, 1986), Hostetler and Bartlein (1990)
and the coupled lake-atmosphere model of Hostetler et al. (1993, 1994). All lakes are

currently “deep” lakes of 50 m depth. Temperatures are simulated for N, , . =10 layers

levlak

with layer thicknesses Az, of 0.1, 1, 2, 3,4, 5,7, 7, 10.45, and 10.45 m, and node depths
z; located at the center of each layer (i.e., 0.05, 0.6, 2.1, 4.6, 8.1, 12.6, 18.6, 25.6, 34.325,

44775 m). Lake surface fluxes closely follow the formulations for non-vegetated

surfaces (section 5.2). The lake surface temperature 7, is solved for simultaneously with

the surface fluxes. Snow on lakes is based on a bulk approach, not on the multi-layer

model described in section 7.2.

9.1 Surface Fluxes and Surface Temperature
The sensible heat flux (W m'z) is

H =—p M 9.1)

atm =~ p
ah

where p, s the density of moist air (kg m™) (section 5), C, is the specific heat capacity
of air (J kg'1 K'l) (Table 1.4), 6, is the atmospheric potential temperature (K) (section
5), T, is the lake surface temperature (K), and r, is the aerodynamic resistance to
sensible heat transfer (s m'l) (section 5.1).

The water vapor flux (kg m™>s™) is

T,
ool d) o
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Tg
sat

where ¢, 1s the atmospheric specific humidity (kg kg') (section 1.2.1), ¢'*is the
saturated specific humidity (kg kg™') (section 5.5) at the lake surface temperature T,, and

r,, 1s the aerodynamic resistance to water vapor transfer (s m'l) (section 5.1).

The zonal and meridional momentum fluxes are

T =Pum R (9.3)

atm

Ty = _patm Vai (9'4)

atm

where u,, and v, are the zonal and meridional atmospheric winds (m s™') (section
1.2.1), and r,, is the aerodynamic resistance for momentum (s m'l) (section 5.1).

The heat flux into the lake surface G (W m'z) (positive into the surface) is

_ A
6= (1.-1) (9.5)

where 4, is the thermal conductivity (W m’! K'l), Az, is the thickness (m), and 7, is the

temperature (K) of the top lake layer. If snow is on the frozen lake, the depth of snow

zZ,,, (m) (section 9.3) is combined with the thickness of the top lake layer, Az, to create a
snow/soil layer of thickness Az, +z, . The thermal conductivity is
i T,>T
ﬂ1 :{ lig 8 f } (9.6)
Ae T, <T,
where 4, ' and A are the thermal conductivities of water and ice (W m’ K'l) (Table

wce

1.4), and T, is the freezing temperature of water (K) (Table 1.4).

The absorbed solar radiation S . is

175



S, =2 S (1-at))+S,, 4, (1-2,,) 9.7)
A

where S, 14 and S

atm

. L, are the incident direct beam and diffuse solar fluxes (W m™)
and A denotes the visible (< 0.7 gm ) and near-infrared (> 0.7 um) wavebands (section
1.2.1), and a;," » and a,  are the direct beam and diffuse lake albedos (section 3.2).

The net longwave radiation (positive toward the atmosphere) is
L =L"-L,{ (9.8)

where L, T is the upward longwave radiation from the surface, L, | is the downward

atmospheric longwave radiation (section 1.2.1). The upward longwave radiation from the

surface is

L= (1-¢,)L,, v +e,0(T") +de,o () (17 -T7) 9.9)

g g
where £, = 0.97 is the lake surface emissivity, o is the Stefan-Boltzmann constant (W
m~> K™*) (Table 1.4), and Tg”+l =T, is the difference in lake surface temperature between
Newton-Raphson iterations (see below).

The sensible heat H , the water vapor flux E, through its dependence on the
saturated specific humidity, the net longwave radiation I:g , and the ground heat flux G,
all depend on the lake surface temperature 7,. Newton-Raphson iteration is applied to

solve for Tg and the surface fluxes as

AT - S¢—L;—H,-AE, -G
¢ oL, OH, OAE, 0G

+ + +
oT, oT, T, oT

8

(9.10)
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where AT, = Tg"+1 —Tg" and the subscript “n” indicates the iteration. Therefore, the

surface temperature Tg"+1 can be written as

Sg—Lg—Hg—/’LEg—G+Tg”(aT T T T

8 g 8 g

oL, L OH, OAE, aGJ

T = — 9.11
¢ oL, OH, OAE, 0G G-I
+ + +
or, 0T, or, 0T,
where the partial derivatives are
aZg 3
T 4c.0 (1)), (9.12)
8
OH C
g _ Lamp , (9.13)
oT, T,
OAE T
8 _ ﬂ’pmm dqsut , (914)
oT, r, dT,
oG = i 9.15)
oT, Az

The fluxes of momentum, sensible heat, and water vapor are solved for
simultaneously with lake surface temperature as follows. The stability-related equations
are the same as for non-vegetated surfaces (section 5.2).

1. An initial guess for the wind speed V, including the convective velocity U, is
obtained from eq. (5.24) assuming an initial convective velocity U, =0 m s for

stable conditions (4

v,atm

—0,,=0 as evaluated from eq. (5.50)) and U =0.5 for

unstable conditions (&

v,atm

-0,,<0 ).

2. An initial guess for the Monin-Obukhov length L is obtained from the bulk

Richardson number using equations (5.46) and (5.48).
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3. The following system of equations is iterated three times:

Thermal conductivity A, (eq. (9.6))

Friction velocity u, (egs. (5.32), (5.33), (5.34), (5.35))

Potential temperature scale 6, (eqgs. (5.37), (5.38), (5.39), (5.40))
Humidity scale ¢, (egs. (5.41), (5.42), (5.43), (5.44))

Aerodynamic resistances r, , r,, ,and r, (eqgs. (5.55), (5.56), (5.57))

am?® "ah?® a

Lake surface temperature Tg"+1 (eq. (9.11))
Sensible heat flux H, is updated for Tg"+1 (eq. (9.1))

. n+l
Water vapor flux E, is updated for 7, as

T
P, r, 0q; n+l n
E — _Lam _qﬁ _—Wf(T —T ) (9.16)
g atm sat 8 8
. or,

where the last term on the right side of equation (9.16) is the change in saturated
specific humidity due to the change in 7, between iterations.
T,

. ... dqt .
and its derivative S0t are updated for T, H

8

TL’
sat

Saturated specific humidity ¢

(section 5.1).

Virtual potential temperature scale 8, (eq. (5.17))
Wind speed including the convective velocity, V, (eq. (5.24))

Monin-Obukhov length L (eq. (5.49)).

Once the final lake surface temperature has been calculated, if there is snow on the

lake (W

sno

>0.5 kg m?) and T,>T,, the surface temperature is reset to freezing
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temperature and the surface fluxes H,, E, are re-evaluated with 7, =7, using equations

(9.1) and (9.16). The final ground heat flux G is calculated from the residual of the

energy balance

G=S,-(L,*-L,,{)-H, -AE, (9.17)
where L, T is evaluated from equation (9.9). If the ground heat flux G >0 (i.e., there is
a flux of heat into the snow), the energy (W m™?) available to melt snow (phase change
energy) is

Wmo 'f
E =G<———— (9.18)

where L, is the latent heat of fusion (J kg'l) (Table 1.4) and At is the time step (s). This

equation limits snowmelt to be less than or equal to the amount of snow on the lake
surface. Any excess energy is used to warm the top lake layer. The rate of snowmelt is

M = Ep/Lf (kg m?s™).

The roughness lengths wused to calculate 7,

m?

Zom = Zon = Zow = Zom - 1he momentum roughness length is z,, . =0.01 for unfrozen
lakes (T, 2T, ) and z,,, , = 0.04 for frozen lakes (7, <7, ) whether snow-covered or not.

The displacement height d = 0. When converting water vapor flux to an energy flux, the

term A is defined as follows

ﬂ’sub ]—;lm < Tf
A= ' (9.19)
ﬂ’vap T;;zm > Tf

where 4, and 4, are the latent heat of sublimation and vaporization, respectively (J

kg') (Table 1.4).
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9.2 Lake Temperatures
The governing equation for lake temperature, assuming constant cross-sectional

area with depth, is (Hostetler and Bartlein 1990)

a—Tzi{(Km +Ke)6_T}+Ld_¢ (9.20)
ot 0z 0z ] ¢, dz

where T is lake temperature (K), «, =4, /c, and x, are the molecular and eddy
diffusion coefficients for heat (m2 s'l), Aiig is the thermal conductivity of water (W m’
K') (Table 1.4), ¢, . = Cii, P4, 1s the volumetric heat capacity of water (J m> K') where
C,, 1s the specific heat capacity of water (J kg' K (Table 1.4) and P, 18 the density

of water (kg m> ) (Table 1.4), ¢ is a subsurface solar radiation heat source term (W m'z),

and z is depth from the surface (m). Using a method similar to that for snow/soil

(section 6.1), this equation is solved numerically to calculate temperatures for N, .,

layer lakes with boundary conditions of zero heat flux at the bottom and the net flux of

energy at the surface F, (W m?)

Fy,=pBS,-L,-H,-AE,—E, 9.21)
where f=0.4 is the fraction of S , absorbed in the surface layer and E, is phase
change energy (W m™).

Similar to snow/soil, the heat flux F, (W m'z) from layer i to i+1 is

-1

Az, Az,

Z(Km +K'e‘l.) " Z(Km +K€’i+l)

F = —Ciiq (T _Tm)

1 1

(9.22)

which is derived assuming the heat flux from i (depth z,) to the interface between i and

i+1 (depth z; +0.5Az,) equals the heat flux from the interface to i +1 (depth z,,,), i.e.,

i+1
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—Ciiq (Km T K. )[i;:m j ="Cy (Km T Kein )[TTA_Z;H j (9.23)

where T, is the interface temperature.

The energy balance for the i layer is

Ci; Azi n+ n
’iT(Tf '=T7)=-F_ +F, +(f/%_%—¢5i+%) (9.24)

where the superscripts n and n +1 indicate values at the beginning and end of the time
step, respectively, and At is the time step (s). This equation is solved using the Crank-

Nicholson method, which combines the explicit method with fluxes evaluated at n

(F",, F") and the implicit method with fluxes evaluated at n+1 (EF"", F"")

) =l B (@) (R ) (9] 929

where o = 0.5, resulting in a tridiagonal system of equations

r=aT"" +bT" + T (9.26)

i+l

For the top lake layer i =1, F, |, = F;, and the equations are

n n n+l n+l —
Tin+1 T = ﬂi_ ' -7, +1" -T, n ¢i*% ¢i+% 9.27)
Az; ¢, Az + Az, Ciig

K +K, . K _ +K
m e,i m

e,i+l

a, =0 (9.28)
~1
bot+ L) B4 A%, (9.29)
AZ[ Km + K@,i Km + Ke,iJrl
~1
¢ =-2t)_fu A (9.30)
Azi Km +Ke,i Km +Ke,i+l
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Km+Ke,i K, +K Cliq

e,i+l

A A 4.4
A F . . i—L - i+l
r;,:]';"+_t _0_(]';"_T” )[ < + iyl J 4+ 7

(9.31)

The boundary condition at the bottom of the lake column is zero heat flux, F, =0,

resulting in, for i = N

levlak °

n+l n j— 1
_T" = i i i + 2
i i Az Azi—l n AZl cliq
Km + Ke,i—l Km + Ke,i
-1
0= At Az, Az,
L =——
AZ[ Km + Ke,i—l Km + Ke,i
-1
At Az, Az
b =1+ o ’
AZi Km + Ke,i—l Km + Ke,i

A Az ) 4.4
A ; ; i-1 " YL
B=T7 (T,-fl—Ti")( P — J+ M

Km + Ke,i—] Km + Ke,i

For the interior lake layers, 1 <i < N,

evlak >

i i
Azi Km +Ke,i—1 Km +Ke,i
-1
At n n n+l n+l AZ; AZi-H
— (1T T =T
Zi Km + Ke,i Km + Ke,i+l
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(9.32)

(9.33)

(9.34)

(9.35)

(9.36)

(9.38)



-1 -1
b =1+ A’( Az, | A% J LA ( Ay, A%, ] (9.39)
S+l

' A A
Zi Km + Ke,i—l Km + Ke,i Zi Km + Ke,i Km + Ke
-1
At Az, Az,
¢ =— S (9.40)
AZi Km + Ke,i Km + Ke,i+]

+
AZi Km + Ke,i—l Km + Ke i
-1
At (o Az, Az,
——(1"-T1,) AR (9.41)
AZi Km + Ke,i Km + Ke,i+1
At ¢i—l _¢i+%
+_;
AZ[ Cliq

The eddy diffusion coefficient x,, (m*s™") for layers 1<i< N, is

kw'z, .
K .= Wexp( kzi) T,>T,

0 T, <T,

(9.42)

where k is the von Karman constant (Table 1.4), P, =1 is the neutral value of the

turbulent Prandtl number, z; is the node depth (m), the surface friction velocity (m s'l) is
w'=0.0012u,, and k varies with latitude ¢ as k" =6.6u,"**,/|sing|. For the bottom
layer, «,,,=x,,. As in Hostetler and Bartlein (1990), the 2-m wind speed u, (m s is

used to evaluate w* and k* rather than the 10-m wind used by Henderson-Sellers (1985).

The 2-m wind speed is

u, = L;C—*ln [ij >1. (9.43)

< Om

The Richardson number is
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40N°k*z?
-1+ [1+—; .
w exp(—?_k*zi)
Ri=

20 (9.44)
where
N = _fz_/z’ | (9.45)

and g is the acceleration due to gravity (m s%) (Table 1.4), p, is the density of water (kg

m™), and %’O— is approximated as Pin =P e density of water is (Hostetler and
z Zin % '
Bartlein 1990)
5 1.68
p, =1000(1-1.9549x107*|1, =277 ). (9.46)

The term ¢ _, is the solar radiation flux into the top of the i layer (depth
z=z,~3Az;)and ¢ s is the solar radiation flux out of the bottom of the i* layer (depth

z=z,+%+Az). For z>z, , where z, =0.6 m is the base of the surface absorption layer,
the solar radiation at depth z is (Henderson-Sellers 1986)

¢=(1-p)S, exp[—n(z—za)] ~ (9.47)
where 7=0.1 is the light extinction coefficient for water. The net solar radiation flux

absorbed by layers 1<i<N,,,,.., #_, —4,,, for an unfrozen lake (7, > T ), is then

by=bs =(1-p)S {exp[ n(z,—1Az, -z, ] exp[ (z, ;L%Azi—za)]}. '(9.48)

For the bottom layer i = N, eviaic s @, 5= 0, and
by~ =(1- B)S, {exp[—n(z 1Az -z )]} (9.49)
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For frozen lakes, the solar radiation is absorbed in the surface layer only so that

b, =4, ={(l_ﬁ)sg - } (9.50)

2 0 1<i<N

Convective mixing occurs using the same scheme as in Hostetler et al.’s (1993,

1994) coupled lake-atmosphere model. Unfrozen lakes overturn when p, > p. ,, in

which case the layer thickness weighted average temperature for layers 1 to i+1 is
applied to layers 1 to i+1 and the densities are updated. This scheme is applied
iteratively to layers 1<i<10.

The solution for lake temperature conserves energy as

IZO:C”Z—A[Zi(Y;n+I—7;n):E>+IZOZ(¢i-;_¢i+;)' 051

i=1
9.3 Lake Hydrology
The volume of water in lakes is assumed to be constant, i.e., lake levels and area do

not change. The runoff term ¢,,,, (section 7.6) accounts for the excess or deficit of water

required to keep the lake volume constant as

n+l n
WY”O B WSHD

qrgwl = qrain + qsno - Eg - T - qsnw@p,[cg (952)

where ¢, and g, are atmospheric inputs of rain and snow (kg m™s™) (section 1.2.1),

. 2 -1 . . .
E, is the water vapor flux (kg m™ s™) (section 9.1), ¢q,,.., .. 1S the snow-capped ice

runoff (section 7.6), and W' =W" is the change in snow mass (kg m™) in time step At

sno sno

(s).

The snow mass is updated for melt and sublimation or frost as
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W +(Gopo =M = oy + Qg ) AEZ0 W, <1000

sno sno

W = W (M +q,,,)At=0 W, >1000 (9.53)

sno sno sno

0 Tg > Tf

where M is snowmelt (kg m> s'l) (section 9.1), g, 1s the sublimation from snow (kg

sub

m~?s™), and ¢ frose 18 frost on snow (kg m?s™"). As with snow on ground, W

sno

is capped

to not exceed 1000 kg m™. The depth of snow z,, (m)is z,, =W,, /p,,, assuming a

constant density of snow p =250 kg m™. The water vapor flux E ., (section 9.1) is

partitioned into ¢q,,,, or ¢, as

Qo = min(Eg ,%—Mj E,20 (9.54)
At
Qpon =|E,| E,<Oand T, <T,+0.1. (9.55)
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10. Dust Model

Atmospheric dust is mobilized from the land by wind in the CLM. The most
important factors determining soil erodibility and dust emission include the wind friction
speed, the vegetation cover, and the soil moisture. The CLM dust mobilization scheme
(Mahowald et al. 2006) accounts for these factors based on the DEAD (Dust Entrainment
and Deposition) model of Zender et al. (2003). Please refer to the Zender et al. (2003)

article for additional information regarding the equations presented in this section.

The total vertical mass flux of dust, F; (kg m?s™), from the ground into transport

bin j is given by
1
F, = TSfmaQSZ]:ML ; (10.1)

where T is a global factor that compensates for the DEAD model’s sensitivity to
horizontal and temporal resolution and equals 5 x 10™ in the CLM instead of 7 x 10 in
Zender et al. (2003). S is the source erodibility factor set to 1 in the CLM and serves as

a place holder at this time.

The grid cell fraction of exposed bare soil suitable for dust mobilization f, is given

Wiig 1

fo == fre = Foed) (1= £ ) (1= 1) (10.2)

Wiig1 T W,

ice,l

where f,,, and f,

v

. and f ~ are the CLM grid cell fractions of lake and wetland

(section 1.2.3) and snow cover (section 3.2), all ranging from zero to one. Not mentioned

by Zender et al. (2003), w,,, and w _  are the CLM top soil layer liquid water and ice
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contents (mm) entered as a ratio expressing the decreasing ability of dust to mobilize

from increasingly frozen soil. The grid cell fraction of vegetation cover, £ , is defined as

L+S

ng”:(ms)t

<1 where (L+5) =03 m’m~ (10.3)

where equation (10.3) applies only for dust mobilization and is not related to the plant

functional type fractions prescribed from the CLM input data or simulated by the CLM

dynamic vegetation model (section 14). L and S are the CLM leaf and stem area index

values (m”> m™) averaged at the land unit level so as to include all the pfts and the bare

ground present in a vegetated land unit. L and S may be prescribed from the CLM

input data (section 2.3) or simulated by the CLM biogeochemistry model (section 14).
The sandblasting mass efficiency o (m™) is calculated as

M
M

=%clayx0.01 0< %clay <20
=20x0.01 20<%clay <100

clay

o= 1006(13.4Mn,a}.—6,0)1n10 { (10.4)

clay

where M, is the mass fraction of clay particles in the soil and %clay is determined from

the surface dataset (section 1.2.3). M _ =0 corresponds to sand and M_, =0.2 to

clay clay

sandy loam.
Q, is the total horizontally saltating mass flux (kg m” s') of “large” particles

(Table 10.1), also referred to as the vertically integrated streamwise mass flux

3 2
c.p, U U, u,
e s ——L ) 1+ —% for u., <u,
0= ¢ ( U, J[ i, ] ’ (10.5)

s s

0 for u,, > u,,
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where the saltation constant ¢, equals 2.61 and p,, is the atmospheric density (kg m™)
(Table 1.1), g the acceleration of gravity (m s'z) (Table 1.4). The threshold wind friction

speed for saltation u,, (m s'l) is

-7 2 1

u*t = ‘fz |:Re}[t pOSPgDUSP (14_&()25}} patm Z-fw (106)
osp osp

where f, is a factor dependent on surface roughness but set to 1 as a place holder for

now, p,. and D, —are the density (2650 kg m™) and diameter (75 x 10° m) of optimal

saltation particles, and f, is a factor dependent on soil moisture:

1 forw<w,
fo= _ (10.7)
\/1+1.21[100(w—w, )] forw>w,
where
w,=a(0.17M,,, +0.14M}, )  0<M,, =%clayx0.01<1 (10.8)
and
6,p,
L (10.9)
P

where a=M ;liy for tuning purposes, 6, is the volumetric soil moisture in the top soil
layer (m® m™) (section 7.4), P, 18 the density of liquid water (kg m™) (Table 1.4), and
P, 1is the bulk density of soil in the top soil layer (kg m™) defined as in section 6.3

rather than as in Zender et al. (2003). Reft from equation (10.6) is the threshold friction

Reynolds factor
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2
_ 01291 for 0.03<Re,, <10
Re/ —|~1+1.928Re, (10.10)

0.12* (1-0.0858¢ *®" ") for Re., >10

and Re,, is the threshold friction Reynolds number approximation for optimally sized

particles
1.56
Re,, =0.38+1331(100D,,, ) (10.11)

In equation (10.5), u,, is defined as the wind friction speed (m s accounting for the
Owen effect (Owen 1964)

U for U, <U,,,
U, = ) (10.12)
u, +0.003(U,, ~U,,,) forU,,2U,,

where u. is the CLM wind friction speed (m s'l), also known as friction velocity (section
5.1), U,yis the 10-m wind speed (m s™') calculated as the wind speed at the top of the
canopy in Chapter 4.3 of Bonan (1996) but here for 10 m above the ground, and U, is

the threshold wind speed at 10 m (m s

i

Uy, =u,
u,

(10.13)

In equation (10.1) we sum M, ; over [ =3 source modes i where M, ; is the mass

fraction of each source mode i carried in each of J =4 transport bins j

m In 2z In 2z
M, =—|etf| ——— |-etf | —— (10.14)
T2 \/Elnag’i \/Ean'g’i

where m,, D

v,i?

and o, are the mass fraction, mass median diameter, and geometric

standard deviation assigned to each particle source mode i (Table 10.1), while D, . and

j,min
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D are the minimum and maximum diameters (m) in each transport bin j (Table

J,max

10.2).

Table 10.1. Mass fraction m,, mass median diameter D‘,’ ;» and geometric standard

deviation o o> Per dust source mode

i m, (fraction) D,. (m) o,
1 0.036 0.832x 10° 2.1
2 0.957 4.820x 10°° 1.9
3 0.007 19.38x 10°® 1.6

Table 10.2. Minimum and maximum particle diameters in each dust transport bin j

D o (M)

J D, ., (m)
1 01x10°
2 1.0x10°
3 25x10°
4 50x10°

1.0x10°
2.5x10°
50x 10°

10.0 x 10°
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11. River Transport Model (RTM)

The RTM was developed to route total runoff from the land surface model to either
the active ocean or marginal seas which enables the hydrologic cycle to be closed
(Branstetter 2001, Branstetter and Famiglietti 1999). This is needed to model ocean
convection and circulation, which is affected by freshwater input. It also provides
another method of diagnosing the performance of the land model because the river flow
can be directly compared to gauging station data (e.g., Dai and Trenberth 2002).

To improve global energy conservation when CLM is being run as part of the
Community Climate System Model, runoff is split into two streams, a liquid water stream
and an ice water stream (derived from excess snowfall in snow-capped grid cells, Section
7.6). The liquid and ice streams are routed through the RTM, passed to, and dealt with
by the ocean separately.

The RTM uses a linear transport scheme at 0.5° resolution to route water from each
grid cell to its downstream neighboring grid cell. The change in storage S of river water,
whether it be liquid or ice, within a RTM grid cell (m® s™) is

ﬁ: En_E)ur+R (111)
dt

where ZFm is the sum of inflows of water from neighboring upstream grid cells (m’

s'l), F  1is the flux of water leaving the grid cell in the downstream direction (rn3 s'l),

out
and R is the total runoff generated by the land model (m’ s™). Downstream water flow
direction in each grid cell is determined as one of eight compass points (north, northeast,

east, southeast, south, southwest, west, and northwest) based on the steepest downhill
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slope as determined from a digital elevation model (Graham et al. 1999). The flux of

water leaving the grid cell F = is

F _=—=S (11.2)

where v is the effective water flow velocity (m s'l), d is the distance between centers of
neighboring grid cells (m), and S is the volume of river water stored within the grid cell
(m?). The effective water flow velocity is a global constant and is chosen to be v =0.35
m s following Miller et al. (1994). The distance d between two grid cell centers

depends on river direction, latitude, and longitude as

d =\ AX" + Ay’ . (11.3)

The distance in the zonal direction Ax (m) is

Ax=(1x10°|0, -, .

Re)[O.S(cosgiﬁi’j +cos¢i*,_i*)} (11.4)

where ¢, and g, ,, are the latitudes (radians) of the upstream and downstream grid

J*

cells, b and ¢,

Ik, j*

are the longitudes (radians) of the upstream and downstream grid
cells, R, is the radius of the earth (km) (Table 1.4), and ¢ and j are grid cell indices.

The distance in the meridional direction Ay (m) is

Ay:(1><103|l9l.yj—6?i

R,). (11.5)

*,_]*

The RTM is generally run at a time step greater than that of the CLM because of
computational constraints. The total runoff from the land model at each time step is
accumulated until the RTM is invoked. The total liquid water runoff at the land model
resolution (kg m?s?)is

Rliq = qover + qdrui + qrgwl (1 1'6)
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where ¢, . is surface runoff (section 7.3), ¢, is sub-surface drainage (section 7.5), and
q,g 18 liquid runoff from glaciers, wetlands, and lakes (all in kg m™ s (sections 7.6

and 9.3). The total ice water runoff, also at the land model resolution is

R (11.7)

ce = qsnwcp,ice
where q,,..,.. 1S the ice runoff from snow-capped surfaces (section 7.6). The runoff at

the land model resolution is interpolated to the resolution of RTM and converted to units
of m’ s for use in equation (11.1) by multiplying by 1x10° A where A is the area (m?)
of the RTM grid cell.

The RTM grid cells that are at river mouths, hence providing freshwater flux to the
ocean, are identified by examining each RTM ocean grid cell and determining if a RTM
land grid cell flows to that ocean grid cell. River mouth grid cells are also assigned if any
overlapping grid cells at the land model resolution contain land. When used as part of the
Community Climate System Model, the ocean freshwater liquid and ice fluxes at the
RTM resolution are passed to the flux coupler which distributes the fluxes to the
appropriate ocean grid cells. When used with the Community Atmosphere Model or
when run offline, RTM serves only as a diagnostic tool. The river-routing scheme

conserves water globally as

ds
Z(El =>R,. (11.8)

iJ ij b
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12. Biogenic Volatile Organic Compounds (BYOCs)

This section describes the Heald et al. (2008) BVOC emissions model that will be
implemented in the public release of CLM4. The alpha release of CLM4 contains the
CLM3.0 BVOC emissions model, which is documented in section 11 of Oleson et al.
(2004).

Heald et al. (2008) have implemented an update of the CLM3.0 biogenic volatile
organic compound (BVOC) emissions model (Levis et al. 2003; Oleson et al. 2004) in the
CLM4. The CLM3 version was based on Guenther et al. (1995). The CLM4 version is,
in addition, based on Guenther et al. (2006). Both versions simulate only the emissions
from plants given that about 90% of isoprene and monoterpene emissions originate from
plant foliage.

Terrestrial BVOC emissions from plants to the atmosphere are calculated as a flux,
F (ugC m” ground area h™), for emission type i, ranging from 1 to 5 in this order:
isoprenes, monoterpenes, other VOCs (OVOC), other reactive VOCs (ORVOC), and

carbon monoxide (CO).

F, :7ingi,_/l_,‘ (12.1)
J

where y, is the emission activity factor accounting for responses to meteorological and
phenological conditions, p is the canopy loss and production factor also known as
escape efficiency (set to 1), and ¢, ; (ugC m” ground area h™') is the emission factor at
standard conditions of light, temperature, and leaf area for plant functional type (pft) j

with fractional coverage (wt)j .
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The emission factor, ¢, ;, implicitly includes a source density factor. To calculate

emissions of monoterpenes, OVOCs, ORVOCs, and CO, we use equation (12.1) in the
CLM3 form [equation (1) of Levis et al. (2003) or equation (11.1) of Oleson et al.
(2004)], which separates the source density factor (g dry weight foliar mass m? ground)
and the emission capacity (same symbol, ¢, as the emission factor but different units, u
gC g'1 dry foliar mass h'l) (Table 12.1). Levis et al. (2003) and Oleson et al. (2004)
document the CLM3 form of equation (12.1) in detail.

The remainder of this section covers the CLM4 calculation of isoprene emissions,
following the new Guenther et al. (2006) treatment. Isoprene emission factors, ¢, (g
C m™ ground area h™), vary spatially according to pft-dependent data introduced to the
CLM4 surface dataset. These data are read in in units of x g isoprene m™ ground area h™
and are converted to ugC m” ground area h™' by multiplying by 0.882 g C g™ isoprene.

The isoprene activity factor, y,, is calculated as

= CCEL}/¢7T71',Mf Yo (12.2)

where Ccg is the canopy environment constant derived to set emission activity to 1 at

standard (defined later) conditions

C.. =040 for £'%>0
C.,=047 for f'=0

sun

and £!° is the 10-day running mean sunlit fraction of leaf area in the canopy f;,, (section

4.1), L is the exposed leaf area index (rn2 leaf area m™ ground area) (section 2.3).

Vor Vo Ve and y, are scaling terms for light, temperature, leaf age, and soil

moisture, respectively. The scaling term for light is
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Yy =V s (12.4)

where
ca Q:niln sha—Q.:lﬁ 'sha 0.6 a
;””/Sha = f;un/shaca3e 2( / ” ) (Qsll?:/sha) sun/zshaqun/zsha (125)
\/]‘ + asun /sha qun/sha
and
_ _ *10d
asun/sha =ca, —ca, In sun/sha , (126)

O =46( S Vi + frSm V) a0 O, =46( 1,8 I%) (12.7)

vis un' atm ha™ atm
s

atm " vis sun"™ atm ha™ atm

Ol =4.6(Sim, Vi +famSim V,,) and O =4.6(f08m L) (12.8)

>

Q.Sl‘t(t): = 46(53123 \Lfls + sL?tdS(Iz?nf \Lvis) and Q:}?: = 46(‘['?1’1(:1‘1‘5’{12:11 \Lvis) (129)

where f, =1-f . 1is the shaded/ fraction of leaf area in the canopy, Qsmsne are the
fluxes of photosynthetically active radiation (PAR) on sunlit'or shaded leaves (xmol

photons m® s™), and S, 1% and S, V. are the incident visible direct-beam and

diffuse solar radiation (W m™) (section 1.2.1). The factor 4.6 has units of zmol photons

7" and converts PAR to photosynthetic photon flux. Q% =200 and Q% =50 (4 mol

5

photons m? s represent  standard  conditions for 1 day, while
P ) Y.

ca, =0.004,ca, =0.0005,and ca, =0.0468 are empirical coefficients. For arbitrary
initial conditions (section 1.2.2), the 1 and 10-day running means of £, . > Sum ¥ and

- may not be available, so we set « =0.001  and

sunfsha

eCﬂz(Q;f:x/sha ‘Q;‘L%/.vha) <Q10d )0'6 — 121 R

a3 sun/sha

The scaling term for temperature is
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C%(Tvme;zd) C”4(T‘~md*TM) Ctzectlx

ct, —ct, (l_ectzx) (1210)

Vr =cose

where

-t _ 1
co+co (T4 -1 T,
xX=— d ) (12.11)
ct,

and co, =313, co, =0.6, co, =2.034, co, =0.05, ct, =95, ct, =230, and ct, =0.00831
are all empirical coefficients, while 7 and 7" are the 1-day and 10-day average leaf
temperatures (K) and 7% =297 is the standard temperature (K) used here. For arbitrary
initial conditions (section 1.2.2), T'* and T7)°* may not be available, so terms in
equations (12.10) and (12.11) are set to values equivalent to setting TV“’ ~292.4 and
T =303.6.

The scaling factor for leaf age is

Vi = 1 for L =0 and for evergreen tree pfts

(12.12)
7‘[,(,,,f = fnewAnew + fmatAmat + fvenAsen all Other cases

where A, =0.01, A, =0.01,and A, =0.33 are the relative emission factors for new,

mature, and senescing leaves, respectively, while the f terms are the corresponding

fractions of leaves in each category

n-1 n-1
Jrew =1—LL—,,AL Sonat ZLL—nAL Jon =0 when  AL>0
fnew :O fmat :1 fven :0 When AL:O (1213)
2AL 2AL
=0 =l+— =———— when AL<O
f;ww fmat Ln_l _ AL fsen Ln—l _ AL

where 7 is the current time step and AL=L"—L'".

The scaling factor for soil moisture is
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1 for k where 9, — 0" > A

1 K
7/ = — _ pwilt ) (1214)
" K ; % for k where 0< 6, — 0" < A0

where k is the soil layer index, K equals the index of the deepest soil layer for which

K
D Az, <z, where Az, (m) is the soil layer thickness (section 6.1) and z* is the
k=1

rooting depth (m) of pftj as set for the BVOC model (Table 12.1) and not associated with

the CLM root calculation discussed in section 8.3. A# is set to 0.06, 9, (mm3 water mm’

3 soil) is the volumetric soil moisture (section 7), and 6, “ is the volumetric soil moisture

at the wilting point for plants (m® water m™ soil)

()

elzwh =| —= (esat,k - eice,k) (1215)
lr//sat,k

where ., =-2.57x10° mm is the maximum soil matric potential, while W ar i

(saturated soil matric potential, mm), B, (Clapp-Hornberger exponent), 6, , (porosity,

mm’ water mm” soil), and 6, , (volumetric ice content, mm’ water mm™ soil) are

L

calculated for soil layer k according to equations (7.87), (7.84), (7.82), and (8.20).
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Table 12.1. Plant functional type VOC emission capacities and specific leaf area.

Plant functional type g &, &, &, Es SLA z ;"”’
NET Temperate 20 20 1.0 10 03 0.0125 1.8
NET Boreal 40 20 10 1.0 03 0.0125 1.8
NDT Boreal 00 1.6 1.0 10 03 0.0125 2.0
BET Tropical 24 04 10 10 03 0.0250 3.0
BET temperate 24 04 10 10 03 0.0250 3.0
BDT tropical 24 04 10 10 03 0.0250 2.0
BDT temperate 24 04 10 10 03 0.0250 2.0
BDT boreal 24 04 10 10 03 0.0250 2.0
BES temperate 24 0.8 1.0 10 03 0.0250 2.5
BDS temperate 24 0.8 1.0 10 03 0.0250 2.5
BDS boreal 24 0.8 1.0 10 03 0.0250 2.5
C; arctic grass 0.0 0.1 1.0 1.0 0.3 0.0200 1.5
C; grass 00 0.1 1.0 10 03 0.0200 1.5
C4 grass 00 0.1 1.0 10 03 0.0200 1.5
Cropl 00 0.1 1.0 10 03 0.0200 1.5
Crop2 00 0.1 1.0 10 03 0.0200 1.5

g, (isoprene), &, (monoterpenes), &, (other VOCs), &, (other reactive VOCs), &,

(carbon monoxide) (ug C g dry foliar mass h™"), SLA (m? leaf area g C), z*” (m).

J
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13. Urban Model (CLMU)

At the global scale, and at the coarse spatial resolution of current climate models,
urbanization has negligible impact on climate. However, the urban parameterization
(CLMU;,; Oleson et al. 2008b,c) allows simulation of the urban environment within a
climate model, and particularly the temperature where people live. As such, the urban
model allows scientific study of how climate change affects the urban heat island and
possible urban planning and design strategies to mitigate warming (e.g., white roofs).
The urban model is separately described in the urban technical note (Oleson et al. 2010).
Here, we provide a brief overview.

Urban areas in CLM are represented by a single urban landunit (Figure 1.1). The
urban landunit is based on the “urban canyon” concept of Oke (1987) in which the
canyon geometry is described by building height (H ) and street width (W) (Figure
13.1). The canyon system consists of roofs, walls, and canyon floor. Walls are further
divided into shaded and sunlit components. The canyon floor is divided into pervious
(e.g., to represent residential lawns, parks) and impervious (e.g., to represent roads,
parking lots, sidewalks) fractions. Vegetation is not explicitly modeled for the pervious
fraction; instead evaporation is parameterized by a simplified bulk scheme.

Each of the five urban surfaces is treated as a column within the landunit (Figure
13.1). Radiation parameterizations account for trapping of solar and longwave radiation
inside the canyon. Momentum fluxes are determined for the urban landunit using a
roughness length and displacement height appropriate for the urban canyon and stability
formulations from CLM. A one-dimensional heat conduction equation is solved

numerically for a multiple-layer (N,,,,,,) column to determine conduction fluxes into
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and out of canyon surfaces. The interior boundary conditions for roofs and walls are

determined by an interior building temperature (7,) held between prescribed maximum

and minimum temperatures (7,

5.max > Lip.min )» thus explicitly resolving space heating and air

conditioning fluxes.  Anthropogenic sources of waste heat (Q,,..) from air

conditioning and space heating are incorporated as modifications to the canyon energy

budget. Turbulent [sensible heat (Q, ,) and latent heat (Q, ,)] and storage (Q ,) heat

fluxes and surface (7, ) and internal (7, ) temperatures are determined for each

=1 Nivgrna
urban surface u. Hydrology on the roof and canyon floor is simulated and walls are
hydrologically inactive. A snowpack can form on the active surfaces. A certain amount
of liquid water is allowed to pond on these surfaces which supports evaporation. Water

R

in excess of the maximum ponding depth runs off (R prord > Roprurd )-

roof ?
The heat and moisture fluxes from each surface interact with each other through a
bulk air mass that represents air in the urban canopy layer for which specific humidity

(g, ) and temperature (7, ) are prognosed (Figure 13.2). The air temperature can be

compared with that from surrounding vegetated/soil (rural) surfaces in the model to
ascertain heat island characteristics. As with other landunits, the CLMU is forced either
with output from a host atmospheric model (e.g., the Community Atmosphere Model
(CAM)) or observed forcing (e.g., reanalysis or field observations). The urban model
produces sensible, latent heat, and momentum fluxes, emitted longwave, and reflected
solar radiation, which are area-averaged with fluxes from non-urban “landunits” (e.g.,

vegetation, lakes) to supply grid cell averaged fluxes to the atmospheric model.
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Present day global urban extent and urban properties were developed by Jackson et al.
(2010). Urban extent, defined for four classes [tall building district (TBD), and high,
medium, and low density (HD, MD, LD)], was derived from LandScan 2004, a
population density dataset derived from census data, nighttime lights satellite
observations, road proximity, and slope (Dobson et al. 2000). The urban extent data is
aggregated from the original 1 km resolution to a 0.5° by 0.5° global grid. For the
current implementation, only the sum of the TBD, HD, and MD classes are used to define
urban extent as the LD class is highly rural and better modeled as a vegetated/soil
surface.

For each of 33 distinct regions across the globe, thermal (e.g., heat capacity and
thermal conductivity), radiative (e.g., albedo and emissivity) and morphological (e.g.,
height to width ratio, roof fraction, average building height, and pervious fraction of the
canyon floor) properties are provided for each of the density classes. Building interior
minimum and maximum temperatures are prescribed based on climate and
socioeconomic considerations. Urban parameters are determined for the 0.5° by 0.5°
global grid based on the dominant density class by area. This prevents potentially
unrealistic parameter values that may result if the density classes are averaged. As a
result, the current global representation of urban is almost exclusively medium density.
Future implementations of the model could represent each of the density classes as a
separate landunit. The surface dataset creation routines (see CLM4 User’s Guide)

aggregate the data to the desired resolution.
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Figure 13.1. Schematic representation of the urban land unit.
See the text for description of notation. Incident, reflected, and net solar and longwave

radiation are calculated for each individual surface but are not shown for clarity.
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Figure 13.2. Schematic of urban and atmospheric model coupling.

The urban model is forced by the atmospheric model wind (u_ ), temperature (7, ),

atm atm

specific humidity (¢, ), precipitation (P, ), solar (S

atm arm

{) and longwave (L 1)

arm

radiation at reference height z/, ~(section 1.2.1). Fluxes from the urban landunit to the
atmosphere are turbulent sensible ( H ) and latent heat ( AE ), momentum (7 ), albedo
(1 7), emitted longwave ( L 1), and absorbed shortwave ( S ) radiation. Air temperature

(T,.), specific humidity (g, ), and wind speed (u,) within the urban canopy layer are

diagnosed by the urban model. H is the average building height.
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14. Carbon-Nitrogen Model (CN)
14.1 Model description

CLM4 includes a fully-prognostic treatment of the terrestrial carbon and nitrogen
cycles, commonly referred to as CN, including interactions between these cycles as
mediated by biological mechanisms of plants and soil heterotrophs. This integrated land
biogeochemistry model was developed initially through merging the biophysical
framework of the Community Land Model (CLM 3.0) (Bonan and Levis 2006, Dickinson
et al. 2006, Oleson et al. 2004) with the fully prognostic carbon and nitrogen dynamics of
the terrestrial biogeochemistry model Biome-BGC (version 4.1.2) (Thornton et al. 2002,
Thornton and Rosenbloom 2005). The resulting model is fully prognostic with respect to
all carbon and nitrogen state variables in the vegetation, litter, and soil organic matter,
and retains all prognostic quantities for water and energy in the vegetation-snow-soil
column from CLM. The seasonal timing of new vegetation growth and litterfall is also
prognostic, responding to soil and air temperature, soil water availability, and daylength,
in varying degrees depending on a specified phenology type for each PFT. The
prognostic LAI, SAI, and vegetation heights are utilized by the biophysical model.
General descriptions are provided below for all biogeochemical components of CN.
Complete detail on all algorithms and parameterizations is provided in a separate
technical note (Thornton et al. 2010). Example applications of the model to study
multiple components of the global carbon-nitrogen-climate feedback are given in
Thornton et al. (2007) for a modified version of CLM3 with CN driven by offline
atmospheric forcing, and in Thornton et al. (2009) for results from a fully-coupled

implementation using a modified version of CCSM3.
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14.2 Vegetation state variables
The model includes a prognostic treatment for carbon and nitrogen state variables in

multiple vegetation tissue types. Separate state variables for C and N are tracked for leaf,
live stem, dead stem, live coarse root, dead coarse root, and fine root pools (Figure 14.1).
Each of these pools has two corresponding storage pools representing, respectively,
short-term and long-term storage of non-structural carbohydrates and labile nitrogen.
There are two additional carbon pools, one for the storage of growth respiration reserves,
and another used to meet excess demand for maintenance respiration during periods with
low photosynthesis. One additional nitrogen pool tracks retranslocated nitrogen,
mobilized from leaf tissue prior to abscission and litterfall. Altogether there are 20 state

variables for vegetation carbon, and 19 for vegetation nitrogen.

Figure 14.1. Carbon and nitrogen pools.

CLM vegetation state variables (pools):

leaf C and N pools for each tissue (structural pools):

*» Leaf
» Stem (live and dead)

* Coarse root (live and dead)

£
dead |& « Fine root
stem |o .
2 Each structural pool has two corresponding
storage pools:
storage * Long-term storage (> 1 yr)
pools + Short-term storage (< 1 yr)

Additional pools:

* Growth respiration storage (C)
* Maintenance respiration reserve (C)
* Retranslocated nitrogen

Total number of pools...

Carbon: 6+12+2=20

Nitrogen: 6+12+1 =19

207



14.3 Canopy integration and photosynthesis

Canopy integration and photosynthesis are the same as in the biophysical model
(see section 4.1 and section 8.2). Canopy-level photosynthesis (or gross primary
production, GPP) is derived by summing the sunlit and shaded leaf-level rates scaled by
the sunlit and shaded leaf area indices, with potential reductions due to limited

availability of mineral nitrogen, as described below.

14.4 Autotrophic respiration
The model treats maintenance and growth respiration processes separately (Lavigne

and Ryan 1997, Sprugel et al. 1995). Maintenance respiration (MR) is a function of
temperature and tissue N concentration (Ryan 1991) for live biomass (excludes dead stem
and coarse root pools) (Thornton and Rosenbloom 2005). Rates for aboveground pools
are based on the 2 meter air temperature, and rates for belowground pools (fine and
coarse roots) depend on fractional rooting distribution with depth (see section 8.3) and
the associated prognostic soil temperatures. Growth respiration is calculated as a factor of
0.3 times the total carbon in new growth on a given time step, based on construction costs

for a range of woody and non-woody tissues (Larcher 1995).

14.5 Heterotrophic respiration
The model includes carbon and nitrogen states for three litter pools, three soil

organic matter pools, and a coarse woody debris pool, structured as a converging cascade.
This model structure, the specification of base rates, soil moisture and temperature
controls, and the relationship between upstream and downstream nitrogen concentrations,
respiration fractions, and nitrogen mineralization and immobilization are described in
detail by Thornton and Rosenbloom (2005). Steps in the decomposition process which

result in mineralization of nitrogen proceed at their potential (water and temperature
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limited) rates, but steps which result in immobilization of mineral nitrogen can be limited
by its availability (Hunt et al. 1988, Randlett et al. 1996, Rastetter et al. 1991). The total
heterotrophic demand for mineral nitrogen is expressed as the sum of potential
immobilization over all immobilizing steps in the cascade. For each time step, this
heterotrophic demand is in competition with the total plant nitrogen demand from all
PFTs sharing space on a single soil column. Once this competition has been resolved
(see below), actual immobilization is calculated as a proportion of potential

immobilization, with the same proportion applied to all immobilizing steps.
14.6 Carbon and nitrogen allocation
On each model time step and for each PFT sharing space on a soil column, the

carbon available for allocation to new growth (C,,,) 1is calculated as
Cour =GPP—MR. If MR>GPP, e.g. at night or under conditions of low light or

drought stress, then all of the current photosynthesis is directed toward satisfying MR,

C v =0, and any remaining MR requirement is met by drawing down a special storage
pool (MR,,,, ), intended to represent a carbohydrate reserve (Sprugel et al. 1995).

Otherwise (C > () the first priority for new allocation is to reduce any deficit in

AVAIL
MR, that may have accumulated over previous time steps, at a rate that would
eliminate the current deficit in 30 days. Any remaining carbon is available for allocation
to new plant growth. The allometric relationships that define new allocation of carbon to
leaves as a function of ratios between new leaf growth and growth of new fine roots and

wood are described in detail by Thornton and Zimmermann (2007), and are modified
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here to make the ratio of allocation of new stem to new leaf growth (a,) a dynamic

function of annual net primary production (NPP)

2.7

- ~04
T 1+ exp[0.004(NPP—300)]

(14.1)

giving a, =2.0 at NPP = 800 gC m” y'l. This mechanism has the effect of increasing

woody allocation in favorable growth environments (Allen et al. 2005, Vanninen and
Makela 2005) and during the phase of stand growth prior to canopy closure (Axelsson
and Axelsson 1986).

Total plant nitrogen demand for the time step is calculated from carbon allometry
and nitrogen concentrations for each tissue type (specified by PFT). Nitrogen
concentrations at the tissue level (e.g. leaf N concentration) are specified as constants
(Aber et al. 2003, Garcia et al. 1988, Niinemets et al. 1998) that vary between PFTs,
following the synthesis of literature values by White et al. (2000). This demand is offset
by the deployment of nitrogen retranslocated from senescing leaves to a storage pool in
previous time steps. Deployment from this pool occurs at a rate proportional to the pool
size and current nitrogen demand as a fraction of the total annual nitrogen demand from
the previous year, imposing a demand-based seasonal cycle on the rate of deployment of
previously retranslocated nitrogen. Remaining plant nitrogen demand is summed over all
PFTs to calculate the demand-based competition between plant uptake and microbial
immobilization for a potentially limiting column-level soil mineral nitrogen resource.
Unmet plant nitrogen demand is translated back to a carbon supply surplus which is
eliminated through reduction of GPP (McGuire et al. 1992), representing direct

downregulation of photosynthetic rate under nitrogen limitation. The indirect nitrogen
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limitation effect of reduced allocation to new growth on light capture is another
significant downregulation mechanism in the model, which operates on longer time
scales and has a strong influence on global-scale plant-soil system states and fluxes.

As described by Thornton and Zimmermann (2007), a fraction of the carbon and
nitrogen allocated on each time step is stored and displayed as new growth in the
following year. The storage fraction is specified as a single value for each PFT, and the
timing of display of stored carbon and nitrogen is controlled by the phenology algorithms
(see below). Transfer of previously allocated carbon and nitrogen from storage to display
as new growth is the mechanism by which deciduous perennial vegetation is able to
initiate rapid growth early in the growing season, and here all deciduous PFTs have
storage growth set to 50%. The mechanism is less critical for evergreen vegetation, and
here we have set storage growth to 0% for all evergreen PFTs.

The model does not impose any fixed constraints on maximum or minimum
accumulations of carbon or nitrogen in leaves or other tissues. Vegetation carbon and
nitrogen pool sizes at steady state are determined by the dynamic equilibrium between
new growth, litterfall, mortality, and losses due to fire. In cases where the combination
of climate and plant ecophysiological parameterization does not permit net growth, the
vegetation carbon and nitrogen pools are eventually turned over completely to litter. For
climate and PFT combinations with very strong growth potential, the accumulation of
leaf carbon leads to canopy leaf area index which limits light penetration and mean
photosynthetic rate in the shaded canopy fraction, slowing growth and placing a

mechanistic upper limit on new growth.
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14.7 Phenology

The seasonal timing of new vegetation growth and litterfall is prognostic,
responding to soil and air temperature, soil water availability, and daylength, in varying
degrees depending on a specified phenology type for each PFT. Three phenology types
are considered: evergreen, seasonal deciduous, and stress deciduous. The current
treatment of evergreen phenology is very simple, with litterfall occurring at a constant
rate through the year, depending on the specified leaf longevity, and with allocation to
new growth from current photosynthesis controlling the seasonal cycle of growth and
canopy development. The seasonal deciduous phenology algorithm allows a single leaf
onset and litterfall period per year. It is applied to temperate and boreal deciduous trees,
which typically exhibit a single annual growing season, and for which litterfall is strongly
controlled by autumn daylength. Initiation of leaf onset is controlled by a critical degree-
day summation, and leaf litterfall is initiated when daylength is shorter than a critical
value, following the algorithm and parameterization proposed by White et al. (1997).
The period for transfer of new growth from storage and the period for complete leaf
litterfall are both set to 15 days.

The stress deciduous algorithm permits multiple growing seasons per year,
depending on favorable soil moisture and temperature conditions, and is applied to
tropical deciduous trees, and all shrub and grass types. This approach has not been
previously published, but it is an extension of the grass phenology algorithm proposed by
White et al. (1997). Their algorithm is generalized here to allow multiple growing
seasons, for example in warm climates with several distinct dry periods, and to allow
stress deciduous types to shift temporarily to an evergreen habit during extended periods

(longer than one year) without a critical moisture or cold stress event. If the number of
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days with temperature below freezing exceeds a critical value (set here to 15 days) during
a dormant period, then initiation of new growth from storage depends on accumulated
degree days and accumulated days (set here to 15) with soil water potential above a
critical threshold (set here to -2.0 MPa) for the third model soil layer (~4.5 cm below the
soil surface). Otherwise, in climates without prolonged soil freezing, initiation of new
growth depends only on accumulated favorable soil water conditions. Initiation of leaf
litterfall is triggered by accumulated soil water stress, defined as more than 15 days with
soil water potential in the third layer < -2.0 MPa, or accumulated cold stress, defined as
more than 15 days with soil temperature in the third layer below freezing. For both water
and cold stress litterfall triggers, periods with soil water potential or soil temperature
above the critical threshold decrease the accumulated quantities, such that a relatively
continuous period of either cold or drought stress is required to trigger initiation of

litterfall.

14.8 Vegetation structure
On each time step, the prognostic leaf carbon pool is translated to a canopy-scale

projected leaf area index, based on the assumption of a vertical gradient in specific leaf
area that is linear with overlying leaf area index (Thornton and Zimmermann 2007). The

biophysical model requires an estimate of vegetation height (z_ ). Height is diagnosed

top

for woody vegetation from prognostic stem carbon (C, C kg C m?) and a simple

stem stem
allometric model that assumes stems with a fixed linear taper (¢ = height:radius = 200 for

trees (Makela 2002), ¢ =10 for shrubs), fixed stocking density (s = 0.1 stems m'z), and

) 1/3
fixed wood density (d = 250 kg C m™), as Ziop :{Mj . Height for non-woody

zsd
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vegetation types is calculated as a function of total canopy leaf area index, as given by

Levis et al. (2004).

14.9 Fire and mortality

The model includes two independent mortality mechanisms; a prognostic fire
algorithm that depends on fuel availability and near-surface soil moisture conditions, and
whole-plant mortality intended to represent the death of individual plants due to all other
causes. The fire routine is based on the model of Thonicke et al. (2001), with
modifications to translate the original annual time step to the sub-daily time step of CLM.
This time step translation is accomplished with minimal modification to the underlying
logic of the original model, and consists mainly of re-interpreting the annual fractional
area burned at each time step, as opposed to once per year, and using a running mean of
the daily fire probability, with an e-folding time constant of one year, as opposed to a
simple annual summation of daily fire probability. The result is that the fractional area
burned for a given grid cell acquires a seasonal cycle that corresponds to the seasonal
increases and decreases in daily fire probability as predicted by the original model.

The fractional area burned on each time step is applied to the column-level litter
and coarse woody debris (CWD) carbon and nitrogen pools, and is applied differentially
to the vegetation carbon and nitrogen pools depending on a fire resistivity specified for
each PFT (Levis et al. 2004). Combustion is assumed to be complete for the affected
proportion of leaf, fine root, and litter pools, while stem and coarse root wood pools and
CWD are assumed to undergo incomplete combustion (fixed here at 20% of the affected
fraction of the pool). Combusted fractions of carbon pools are returned to the atmosphere

as part of the net carbon flux, and combusted nitrogen pools are treated as losses to the
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atmosphere. The uncombusted fractions of affected vegetation wood pools are assumed
to persist as new additions to the CWD pool, while the uncombusted fraction of affected
CWD pool remains in place. Whole-plant mortality is estimated on each time step, and is
treated simply as a percentage of total mass in each vegetation pool lost to litter and
coarse woody debris pools on an annual basis. A value of 2% yr' is used here for all
PFTs, although a more mechanistic treatment with dependencies on PFT, age, and size
distribution of individuals (Bugmann and Solomon 2000, Busing 2005, Gomes et al.

2003, Kohyama et al. 2001) is desirable.

14.10 Nitrogen sources and sinks
The long-term balance between gains and losses of nitrogen is a dominant control

on productivity and carbon storage for many ecosystems (Galloway et al. 2004, Gosz et
al. 1973, Vitousek and Howarth 1991). Thornton and Rosenbloom (2005) demonstrated
the importance of this control for the Biome-BGC model, and these dynamics apply as
well to CN. The model includes deposition of mineral nitrogen, combining deposition of
NO, and NH, from the atmosphere and biological nitrogen fixation as the sources of new
mineral nitrogen entering terrestrial ecosystems. Both sources are assumed to enter the
soil mineral nitrogen pool directly. Atmospheric deposition is prescribed as an annual
rate for each grid cell, with the option of providing a time varying field. Values are time-
interpolated if necessary to produce a smoothly varying field at each grid cell. These
rates were obtained from a transient 1850-2009 CAM simulation (at a resolution of
1.9x2.5x26L) with interactive chemistry (troposphere and stratosphere) driven by
CCSM3 20" century sea-surface temperatures and emissions (Lamarque et al. 2010, in

preparation) for short-lived gases and aerosols; observed concentrations were specified

215



for methane, N,O, the ozone-depleting substances (CFCs) ,and CO,. Biological nitrogen

fixation (BNF, g N m-2 y'') is estimated as a function of annual net primary production

(NPP, g C m?y"), as BNF =1.8[1—exp(—0.003NPP)]. This formulation captures the

observed broad-scale dependency of BNF on ecosystem productivity (Cleveland et al.
1999, Luo et al. 2006). This functional form has smaller increases in BNF at higher NPP,
which is intended to represent the hypothesis that N fixation is eventually limited by
other nutrients, especially phosphorus (Vitousek and Howarth 1991). The model includes
four pathways for nitrogen loss: denitrification, volatilization, leaching, and losses due to

fire, as described by Thornton and Rosenbloom (2005).
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15. Transient Landcover Change

CLM includes a treatment of mass and energy fluxes associated with prescribed
temporal change in land cover. Using an annual time series of the spatial distribution of
PFTs, CLM diagnoses the change in area for PFTs at each model time step and then
performs mass and energy balance accounting necessary to represent the expansion and
contraction of PFT area. This implementation currently only pertains to the case where
all PFTs for a particular grid cell coexist on a single soil/snow column. In this case, the
only biogeophysical state variable affected is canopy water (W, ). The biogeochemical
implementation is described in Thornton et al. (2010). Other implementations are
possible, such as changing the area of soil/snow columns or landunit area. These would

require additional consideration of conservation of mass and energy among the soil/snow

columns and landunits.

15.1 Annual Transient Land Cover Data and Time Interpolation
The changes in area over time associated with individual PFTs are prescribed

through a forcing dataset, referred to here as the dynpft dataset. The dynpft dataset
consists of an annual time series of global grids, where each annual time slice describes
the fractional area occupied by all PFTs within each grid cell. Changes in area for each
PFT within a grid cell at each model time step are inferred from a time-interpolation of
the area information for the PFT from the two bracketing annual time slices in the dynpft
dataset.

As a special case, when the time dimension of the dynpft dataset starts at a later
year than the current model time step, the first time slice from the dynpft dataset is used

to represent the current time step PFT fractional area distributions. Similarly, when the
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time dimension of the dynpft dataset stops at an earlier year than the current model time
step, the last time slice of the dynpft dataset is used. Thus, the simulation will have
invariant representations of PFT distributions through time for the periods prior to and
following the time duration of the dynpft dataset, with transient PFT distributions during
the period covered by the dynpft dataset.

The following equations capture this logic, where year,

cur

is the calendar year for
the current timestep, dynpft _ year(1) and dynpft _ year(nyears)are the first and last
calendar years in the dynpft dataset, respectively, nyears is the number of years in the
dynpft dataset, nt, and nt, are the two bracketing years used in the interpolation
algorithm, and n is the index value for the dynpft _ year array corresponding to

dynpft _ year(n) = year,,, :

1 for vear,,, <dynpft _ year(l)
nt,=<n for dynpft _ year(l) < year,, <dynpft _ year(nyears); (15.1)
nyears for year,, = dynpft _ year(nyears)

1 for vear,, <dynpft _ year(l)
nt,=yn+1 for dynpft _ year(l) < year

cur

< dynpft _ year(nyears); (15.2)

nyears for year

. = dynpft _ year(nyears)
Interpolation of PFT weights between annual time slices in the dynpft dataset uses a
simple linear algorithm, based on the conversion of the current time step information into

a floating-point value for the number of calendar days since January 1 of the current

model year (cday ). The interpolation weight for the current time step tw,,,, 1S

366 — cday
= 15.3
cday 365 (15-3)
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where the numerator is 366 instead of 365 because the time manager function for CLM

returns a value of cday =1.0 for a time of 0Z on January 1. With weights w (nt,) and
w,(nt,) obtained from the dynpft dataset for PFT p at the bracketing annual time slices
nt, and nt,, the interpolated PFT weight for the current time step (w,, ) is

w,, =W, [wp (nt,)—w, (nt, ):' +w, (nt,) (15.4)

The form of this equation is designed to improve roundoff accuracy performance, and

guarantees w,, stays in the range [0,1]. Note that values for w,(nt), w,(nt,), and w,,
are fractional weights at the column level of the subgrid hierarchy.
The change in weight for a PFT between the current and previous time steps (Aw,)
is
Aw, =w — WZ’I (15.5)
where n denotes the current time step. The area of a given PFT increases for Aw, >0

and decreases for Awp <0.

15.2 Mass and Energy Conservation
Mass conservation is maintained across a PFT weight transition by summing up

all the water state variables to get the total vegetated landunit water content before (W, , )

and after (W, ,) new PFT weights are calculated. For example, W, , is

tot,1

Nievgrna npft
W/tot,l = Wa + ‘/Vsno + z (Wliq,i + Wice,i ) + Z(‘/Vcan,thj,l ) (156)

i=l j=1
where W, is the aquifer water, W, is the snow water, w, ., and w,, are the liquid and

ice soil water contents, W,,, .is the canopy water content for PFT j, and wt,, is the PFT
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weight for PFT j. For the situation where only PFT weights are changing and all other

landunit fractions are constant, any difference between W,

s and W, can only be due to
differences in the total canopy water before and after the PFT weight change. To ensure

water conservation, the typically very small difference between W __,and W, _ . is

tot,2 tot,1
subtracted from the grid cell runoff

R. =R, +W

lig lig tor,2

W,

o1 - (15.7)

Total energy is unperturbed in this case and therefore an energy conservation
treatment is not required. As noted above, other implementations are possible and will be
desirable in the future, such as changing the area of soil/snow columns or landunit area,
for example in a situation in which crops are implemented on a separate soil column.

These would require additional consideration of conservation of mass and energy among

the soil/snow columns and landunits.

15.3 Annual Transient Land Cover Dataset Development
This section describes the development of the dynpft dataset. Development of this

dataset requires adapting for use with the CLM a harmonized dataset of land cover

change for the historical period and for different representations of the scenario period.

15.3.1 UNH Transient Land Use and Land Cover Change Dataset

To coordinate the processing and consistency of land use and land cover change
data between the historical period (1850-2005) and the four IPCC representative
concentration pathways (RCPs) derived from integrated assessment models (IAM), the
University of New Hampshire (UNH) research group (Louise Chini, George Hurtt, Steve
Frolking; luh.unh.edu) produced a harmonized transient dataset for use in climate change

simulations. The historical component of the transient land use and land cover change
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dataset is Version 1 of the Land-Use History A product (LUHa.v1) covering the period
1850-2005. The RCP transient land use and land cover change components (2005-2100)
are referred to as the Future Land-Use Harmonization A products. Version 1
(LUHa.v1_future.v1) is used for the AIM, MESSAGE, and MiniCAM IAMs; Version 1.1
(LUHa.v1_future.v1.1) is used for the IMAGE IAM. The land cover information is
provided at 0.5 degree grid resolution and includes fractional grid cell coverage by crops,
pasture, and primary and secondary natural vegetation.

The crop fraction of the grid cell represents the area of the grid cell used to grow
any type of crop. Similarly, pasture represents the fraction of a grid cell used for grazing
livestock. The remaining area in a half degree grid cell is partitioned into primary and
secondary vegetation. Primary vegetation represents the fractional area of a grid cell with
vegetation undisturbed by human activities. Secondary vegetation represents vegetated
areas that have recovered from some human disturbance; this could include re-vegetation
of pasture and crop areas as well as primary vegetation areas that have been logged.

The UNH dataset provides a transition matrix that describes the annual fraction of
land that is transformed from one category to another (e.g. primary land to crop, pasture
to crop, etc.; Hurtt et al. 2006). Included in these transitions is the conversion of
secondary land to secondary land, representing the logging on land recovering from an
earlier disturbance. These transitions provide not only information on changes in land
cover; the sum of all the wood harvest for all the transitions in a given year gives an

estimate of the amount of biomass harvested from the grid cell.
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15.3.2 Representing Land Use and Land Cover Change in CLM

CLM represents the land surface as a hierarchy of sub-grid types: glacier; lake;
wetland; urban; and vegetated land. The vegetated land is further divided into a mosaic
of PFTs. To represent the UNH transient land use and land cover change dataset in
CLM, the annual fractional composition of crop, pasture, primary vegetation, and
secondary vegetation land units specified in the UNH dataset needs to be faithfully
represented with a corresponding PFT mosaic in CLM. To achieve this, each land unit is
translated into fractional PFT values based on current day and potential vegetation CLM
land surface parameters for that grid cell and for that year, as shown in Figure 15.1.

The methodology for creating the transient PFT dataset is based on four steps
which are applied across the time series. First, crop PFT composition is directly specified
from the crop land unit fractional area. Second, pasture PFTs are assigned based on grass
PFTs found in the potential vegetation and current day CLM land surface parameters
scaled by the area of pasture. Third, potential vegetation PFTs are assigned to the grid
cell scaled by the fractional area of the primary land unit. Last, current day non-crop and
non-pasture PFTs are assigned to the grid cell scaled by the fractional area of the
secondary land unit. The annual tree harvest values also are calculated from the harvest
information of the UNH dataset used in conjunction with transient tree PFT values.
Separate datasets representing the extent of water, wetland, ice and urban land cover are
used to compile the final land cover present in each CLM grid cell. These additional
non-vegetated land cover fractions are held constant throughout the time series. All

datasets are resolved at the half degree grid resolution.
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15.3.3 Present Day PFT Dataset

The present day dataset is based on the methodology of Lawrence and Chase
(2007) and uses a variety of satellite products to develop present day PFT distributions
with matching leaf area index values. The dataset initially derives fractions of bare
ground and forest land cover from the Moderate Resolution Imaging Spectroradiometer
(MODIS) continuous vegetation fields (Hansen et al. 2003). To further distinguish tree
types, the tree fraction is divided into broadleaf/needleleaf and evergreen/deciduous types
based on the Advanced Very High Resolution Radiometer (AVHRR) continuous fields
tree cover (DeFries et al. 2000). The remaining grid cell area is assumed to be
herbaceous grasses and shrubs, including crops. The area of crop is initially determined
from Ramankutty et al. (2008) circa 2000 global crop land areas, and the remaining grass
and shrub fractions are derived from the MODIS land cover (Friedl et al. 2002). Further
subdivisions of grass, shrub and tree PFTs into tropical, temperate and boreal types were
based on the physiology and climate rules from Nemani and Running (1996), and for
C3/C4 photosynthetic pathways based on MODIS derived leaf area index values and the
mapping methods of Still et al. (2003). In contrast to Lawrence and Chase (2007), the
understory grasses have been removed from the dataset. Some advantages of this dataset
are that it reproduces the physical properties as observed by the MODIS land surface data
(e.g. grid cell albedo and leaf area index values) while maintaining the multiple PFT
representation. Upon completion of the natural PFT calculations, the final crop area was
adjusted to that of the UNH dataset for the 2005 base year. Non-tree PFTs in the grid cell

were adjusted to accommodate any displaced area.

223



15.3.4 Potential PFT Distribution

Essential to any reconstruction of past vegetation distributions is the need to know
the potential vegetation that would be there prior to human activities. Many researchers
have worked to estimate potential vegetation types at regional and global scales from
remnant vegetation and other field data or from bioclimatic models. The CLM potential
PFT distribution is derived from Ramankutty et al. (2008) at 5 arc-minute resolution.
However, this product is based on a biome type classification system that is not directly
compatible with the CLM PFT distributions.

The CLM potential vegetation is described by Lawrence and Chase (2010). This
reconstruction describes potential PFT distributions extrapolated from the current day
PFT composition of remnant natural biomes as mapped by Ramankutty et al. (2008). The
current day remnant natural PFT parameters were taken from the Lawrence and Chase
(2007) dataset to ensure consistency between the two datasets. The current day remnant
natural PFT biome compositions were spatially extrapolated to the potential vegetation
biome distributions provided by Ramankutty et al. (2008) using inverse distance
weighted methods. The resulting product is a CLM PFT distribution that may have

existed prior to human disturbance under current day climate conditions.

15.3.5 Transient Land Cover Change Dataset
For each year from 1850 to 2005 and to 2100 for each of the four RCPs, PFT

distributions are adjusted based on the UNH dataset. Initially the grid cell is checked to
adjust the crop area based on the UNH crop area. If the crop area exceeds the available
land area (i.e. the grid cell area minus the area assigned to glacier, wetlands, lake and
urban areas) then all the available area is allocated to crops and no other PFTs are added.

After the crop area is assigned, any remaining area is considered available for pasture.
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As the pasture data from the UNH dataset represents grazing, pasture areas are
assigned in the present day based on the availability of grasses (C3, C4 and boreal C3
PFTs) and shrubs relative to the bare soil fraction. If the grazing area exceeds the total
vegetated area from both the potential and current day PFT data, then the grazed area is
limited to the larger of the potential or current day vegetated area. This is done to prevent
representing sparsely vegetated grazing areas as 100% vegetated pastures. Once the
grazing area is less than or equal to the total vegetated area, then grazing areas are
assigned to the C3 and C4 grass areas based on their potential vegetation and current day
fractions. In areas where the grazing area cannot be met through the current day or
potential vegetation grass fraction alone, the current day tree PFTs are converted to grass
PFTs, with the remaining shrub PFTs included as being grazed.

Once crop and pasture areas are assigned to a grid cell, the remaining area is
assigned to primary and secondary natural vegetation. Primary vegetation is assumed to
be undisturbed and reflects the potential vegetation PFT distributions. In the secondary
region, the PFT distributions are based on the current day non-crop and non-pasture PFT's
in the grid cell. This process ensures that the PFT distributions are kept consistent with
the original current day and potential vegetation CLM parameters, while remaining

faithful to the UNH assigned areas.

15.3.6 Forest Harvest Dataset
In addition to land cover change, CLM includes the effects of wood harvest,

represented as removal of biomass from any trees present in a grid cell (used only with
the biogeochemical model). However, not all harvest types in the UNH dataset originate

directly from tree harvest (e.g. the non-forested types), and thus there is a discrepancy in
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the way wood is harvested in CLM and how it is represented in the UNH dataset.
Comparison of average global carbon densities in the UNH dataset showed that
secondary mature tree and secondary young tree harvest have carbon densities equal to
about 60% of the carbon density values associated with mature primary forest harvest
areas; non-forested primary and secondary lands have typical carbon densities equal to
about 5% of those in the primary forested lands. To represent these decreased carbon
densities in CLM, which does not distinguish among these land types, the actual tree area
harvested is determined as

Harvest area = vil+0.05 vh2 + 0.6 shl+ 0.6 sh2 +0.05 sh3 (15.8)

where vhl represents the fractional area that has wood harvested from primary
(undisturbed) forest, vh2 represents the fractional area that has wood harvested from
primary non-forested land, shl represents the fractional harvest area from mature
secondary forest, sh2 represents the fractional harvest area from young secondary forest,
and sh3 represents the fractional harvest area from secondary non-forested land.

Equation (15.8) is the preferred representation of harvest to account for different
harvest types. The default representation in CLM uses unscaled fractions so that

Harvest area = vhl + vh2 + shl + sh2 + sh3. (15.9)
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Figure 15.1. Schematic of translation of annual UNH land units to CLM4 plant

functional types.
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16. Dynamic Global Vegetation Model

Prior versions of CLM permitted the model to be run as a dynamic global
vegetation model (CLM-dgvm) (Levis et al. 2004). However, these prior versions of the
dgvm are not compatible with the new carbon and nitrogen biogeochemistry model (CN,
see section 14) since both the CLM-dgvm and CN included their own carbon
calculations, and the dgvm did not include a nitrogen cycle. Note that the standard CN
model performs carbon and nitrogen calculations but does not allow for dynamic
biogeography.

In CLM4 the user may choose to run the CN model as a dgvm (CNDV). Note that
CN must be active to run the dgvm in CLM4. In this section, a general description of the
dgvm processes and how they integrate with CN are provided. Further details are
available in the CN Technical Note (Thornton et al., 2010) and the CLM3.0 DGVM
Technical Note (Levis et al, 2004). The focus here is on the differences relative to the
corresponding processes in the CLM-dgvm.

As with the CLM-dgvm, CNDV can only simulate biogeographical changes of
natural vegetation. In CNDV, the vegetated landunit is separated into naturally vegetated
and human managed landunits to permit a coexistence of natural and human managed
vegetation. This only works if the human managed landunits is fixed. CLM’s transient
land cover and land use change capability (see section 15), which permits transitions
between natural and human managed plant functional types (PFTs), is incompatible with
the CNDV option at this time.

To implement CNDV, CLM-dgvm code was introduced to the hourly CN

framework only to the extent necessary to simulate annual biogeography updates. This
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includes the annual processes of light competition, establishment, and survival (see
sections 2.7 and 2.10, Levis et al. (2004)) as they pertain to the calculations of PFT cover
(FPC) and population (P) but not processes related to carbon pools, leaf area index (LAI),
or canopy height. In CNDV we added complexity to the gap mortality calculation with
annual heat stress and growth efficiency considerations from the corresponding CLM-
dgvm algorithm (section 2.8, Levis et al. (2004)). All other ecosystem processes
(allocation, phenology, fire, etc.) are handled by CN modules. Unlike in the CLM-dgvm,

in CNDV, annual biogeography updates are interpolated to hourly intervals.

16.1 Establishment and survival
The PFT distribution in the vegetated landunit is typically prescribed in CLM (see

section 1.1.2) except for the case when CNDV is active. In CNDV the model begins with
no PFT information per grid cell and evaluates whether or not a PFT may establish or
survive according to the PFT’s bioclimatic limits (Table 16.1). Shrub PFTs are treated as
trees at establishment.

CNDV omits the CLM-dgvm’s annual introduction of saplings when a PFT can
establish. The CLM-dgvm merged sapling carbon pools with a PFT’s existing carbon.
The resultant leaf carbon (annual maximum value) would update the FPC, i.e. the foliar
projective cover or fraction of the vegetated landunit occupied by the PFT (section 2.10,
Levis et al. (2004)). Instead, CNDV updates the FPC using the PFT’s annual maximum
leaf carbon without an addition from saplings. For newly established PFTs, CNDV
assigns seed leaf carbon equal to 1 g C m™ of landunit area and seed FPC equal to 0.05

for grasses and 0.000844 for trees (values determined from CLM-dgvm simulations). The
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addition of establishing individuals to P, a PFT’s population, is handled as in the CLM-
dgvm.

FPC changes annually as in the CLM-dgvm but now is interpolated to an hourly
increment using the algorithms designed to conserve energy and mass in the CLM’s

dynamic land use option.

16.2 Light competition

In CNDV’s order of annual processes, light competition is invoked before
establishment and survival. However, light competition does not affect a simulation
starting from bare ground until the vegetation fills the landunit (a few years at least).

Light competition starts with a calculation updating FPC. For reference, this update
was included at the end of allocation in the CLM-dgvm (section 2.6, Levis et al. (2004)).

Due to their height advantage, trees will cover up to 95% of the landunit when their
productivity permits, as in the CLM-dgvm, regardless of grass and shrub productivity.
Grasses get second priority, as in the CLM-dgvm, even with shrubs included now.
Shrubs, then, have access to the remaining space and follow the tree algorithm for self
thinning (section 2.7, Levis et al. (2004)). As a result, trees typically dominate in the most
productive regions, grasses in less productive regions, and shrubs in the least productive

non-desert regions (Zeng et al. 2008).

16.3 CN processes modified for the CNDV coupling

Gap mortality and mortality from fire: Constant annual mortality rate of 0.02 is
changed for trees and shrubs to an annual rate calculated as in the CLM-dgvm accounting
for background and stress mortality (section 2.8, Levis et al. (2004)). The CN module

converts the annual rate to hourly.
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The CLM-dgvm used the concepts of average plant individual and PFT population,
P. CNDV retains these concepts in the light competition, establishment, and survival
calculations. In CNDV we account for the individuals removed hourly from P in response
to CN’s fire and gap mortality, while the carbon pools per individual and FPC remain
constant. Ultimately, P updates should only affect the annual processes of light
competition, establishment, and survival, so the P update may be moved to the end of the
year in a future version of CNDV.

Vegetation Structure Update: CN stocking is a constant, while in CNDV stocking
changes as P and FPC change. This affects the top-of-canopy height calculation. CN
specific leaf area and stem diameter calculations are kept, while the height calculation is
replaced with the CLM-dgvm’s (section 2.6, Levis et al. (2004)). CN stem area index
(SAI) is kept.

Allocation: CN calculates a PFT’s fraction of currently allocated carbon relative to
the total allocation instead of obtaining a constant value from CLM’s PFT-physiology
file. In CNDV, we returned to the constant values in the old PFT-physiology file to get a
reasonable simulation of PFTs. For CNDV to use the calculated fraction, we will need to

change the algorithm for PFTs in early stages of growth.
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Table 16.1. Plant functional type (PFT) biogeography rules with respect to climate.

Adapted from Table 1 of Levis et al. (2004) to include shrub PFTs. T

c,min ?

coldest

minimum monthly air temperature for survival of previously established PFTs; T

c,max
warmest minimum monthly air temperature for establishment of new PFTs; GDD,, ,

minimum annual growing degree-days above 5°C for establishment of new PFTs. Levis

et al. (2004) include an explanation of these variables and their use.

PFT and PFT number corresponding to the list of ~ Survival Establishment

PFTs in Table 2.1 Temin (°C) Te.max (°C) GDDpin
Tropical broadleaf evergreen tree (BET) @) 15.5 No limit 0
Tropical broadleaf deciduous tree (BDT) (6) 15.5 No limit 0
Temperate needleleaf evergreen tree (NET) (1) -2.0 22.0 900
Temperate broadleaf evergreen tree (BET) 5 3.0 18.8 1200
Temperate broadleaf deciduous tree (BDT) (7 -17.0 15.5 1200
Boreal needleleaf evergreen tree (NET) ) -32.5 -2.0 600
Boreal deciduous tree (8) No limit -2.0 350

Temperate broadleaf deciduous shrub (BDS) (10) -17.0 No limit 1200

Boreal broadleaf deciduous shrub (BDS) (11) No limit 2.0 350

Cy (14) 15.5 No limit 0
Cs (13) -17.0 15.5 0
C; arctic (12) No limit -17.0 0
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17. Offline Mode

In offline mode (uncoupled to an atmospheric model), the atmospheric forcing
required by CLM (Table 1.1) is supplied by observed datasets. The standard forcing
provided with the model is a 57-year (1948-2004) dataset that is described in Qian et al.
(2006) though alternative observed forcing datasets could also be used. The forcing data
is ingested into a data atmosphere model in three “streams”; precipitation ( P) (mm s),

solar radiation (S ) (W m'z), and four other fields [atmospheric pressure P, (Pa),

arm

atmospheric specific humidity ¢, (kg kg™), atmospheric temperature T, (K), and
atmospheric wind W, (m s')]. These are separate streams because they are handled

differently according to the type of field and the temporal resolution at which they are
provided. In the Qian et al. (2006) dataset, the precipitation stream is provided at six
hour intervals and the data atmosphere model prescribes the same precipitation rate for
each model time step within the six hour period. The four fields that are grouped
together in another stream (pressure, humidity, temperature, and wind) are provided at
three hour intervals and the data atmosphere model linearly interpolates these fields to the

time step of the model.

The total solar radiation is provided at six hour intervals. The data is fit to the
model time step using a diurnal function that depends on the cosine of the solar zenith
angle y to provide a smoother diurnal cycle of solar radiation and to ensure that all of
the solar radiation supplied by the six-hourly forcing data is actually used. The solar

radiation at model time step ¢,, is
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Satm (tM ) _ AlM o for ILl(tM ) > 0.001 (1 1)
Ay, 7.
z ’u(tMi)
i=1

S, (t,)=0 for 41(t,, ) <0.001

where Ar,,, is the time step of the forcing data (6 hours x 3600 seconds hour™ = 21600
seconds), At,, is the model time step (seconds), Smm( FD) is the six-hourly solar
radiation from the forcing data (W m?), and ,u(tM ) is the cosine of the solar zenith angle

at model time step 7,, (section 3.3). The term in the denominator of equation (17.1) is
the sum of the cosine of the solar zenith angle for each model time step falling within the

six hour period. For numerical purposes, ,u( ) >0.001.

The total incident solar radiation S, at the model time step f,, is then split into

near-infrared and visible radiation and partitioned into direct and diffuse according to

factors derived from one year’s worth of hourly CAM output from CAM version

cam3_5_55 as
Sum Viis= R (S, (17.2)
S Vir=R,[(1-2)5,, | (17.3)
Som = (1-R . ) (@S, ) (17.4)
Sumbn=(1-R,, ) (1-)S$,,, ] (17.5)

where « , the ratio of visible to total incident solar radiation, is assumed to be

)7
Satm \th}vg—l—satm \Lvts‘ 05 . (176)

arm
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The ratio of direct to total incident radiation in the visible R is

R, =a,+a xas,, +a,x(as,, ) +a,x(aS,,) 001<R, <0.99 (17.7)

and in the near-infrared R

nir

R, =b,+bx(1-a)S,, +b,x[(1-a)S,,, | +bx[(1-@)S,, ] 0.01<R, <0.99(17.8)

atm atm atm nir

where a, =0.17639,a, = 0.00380,a, = —9.0039x10°,a, =8.1351x10~° and

b, =0.29548,b, =0.00504,b, =—1.4957x107°,b, =1.4881x10° are coefficients from

polynomial fits to the CAM data.
The additional atmospheric forcing variables required by Table 1.1 are derived as

follows. The atmospheric reference height z' = (m) is set to 30 m. The directional wind

atm

components are derived as u,,, = / J2. The potential temperature 6, (K) is

=Vam = alm atm

set to the atmospheric temperature 7, . The atmospheric longwave radiation L, + (W

arm

m™) is derived from the atmospheric vapor pressure e, —and temperature 7, ~(Idso

1981) as

oT! (17.9)

atm
atm

L, 1=0.70+5.95x107 x0.0le, exp(lsooj

where

emm — Patmqatm (17 10)
0.622+0.378q,,

and o is the Stefan-Boltzmann constant (W m?> K™) (Table 1.4). The fraction of

precipitation P (mm s™) falling as rain and/or snow is

G rain = (fP) (1711)
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Qoow = P(1= 1) (17.12)

where

f,=0<05(T,, -T

atm f

)<1. (17.13)

The aerosol deposition rates D,, (14 rates as described in Table 1.1) are provided by a

time-varying, globally-gridded deposition file defined in the namelist (see the CLM
User’s Guide).

If the user wishes to provide atmospheric forcing data from another source, the data
format outlined above will need to be followed with the following exceptions. The data
atmosphere model will accept a user-supplied relative humidity RH (%) and derive

specific humidity ¢, (kgkg") from

0.622¢
= atm 1 7 . 14
D P, -0378e, ( )

where the atmospheric vapor pressure e

atm

(Pa) is derived from the water (T

atm

>T,) or

. RH . .
<T,) saturation vapor pressure e as e, =——e,<w where T, is the freezing

iCe (T atm sat
100

atm

temperature of water (K) (Table 1.4), and P, is the pressure at height z,, (Pa). The

tm atm

data atmosphere model will also accept a user-supplied dew point temperature 7, (K)

and derive specific humidity ¢, from

0.622¢%
G = 03780 (171

T
sat °

Here, e, , the saturation vapor pressure as a function of temperature, is derived from

Lowe’s (1977) polynomials (section 5.5). If not provided by the user, the atmospheric
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pressure P, (Pa) is set equal to the standard atmospheric pressure P,, =101325 Pa, and

surface pressure P, (Pa)is setequal to P, .

The user may provide the total direct and diffuse solar radiation, S, {* and S, .

These will be time-interpolated using the procedure described above and then each term

equally apportioned into the visible and near-infrared wavebands (e.g.,

S, L4 =058 1% S 1% =058, L"),

atm Y vis atm atm Y nir
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