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1. Introduction

This technical note describes the physical parameterizations and numerical
implementation of version 3.0 of the Community Land Model (CLM3.0) which is the
land surface parameterization used with the Community Atmosphere Model (CAM3.0)
and the Community Climate System Model (CCSM3.0). Chapters 1-11 constitute the
description of CLM when coupled to CAM or CCSM, while Chapter 12 describes
processes that pertain specifically to the operation of CLM in offline mode (uncoupled to
an atmospheric model). This technical note, the CLM3.0 Developer’s Guide (Hoffman et
al. 2004), and the CLM3.0 User’s Guide (Vertenstein et al. 2004) together provide the
user with the scientific description, coding implementation, and operating instructions for
CLM. The CLM Dynamic Global Vegetation Model (CLM-DGVM) is described in

Levis et al. (2004).

1.1 Model History and Overview
1.1.1 History

The 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) 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 with the

Community Climate Model (CCM3) and in 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, lan 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 albedos were noted, however, that were subsequently
addressed. Z.-L. Yang and I. 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 model that resulted was
adopted in May 2002 as the Community Land Model (CLM2.0) for use with the
Community Atmosphere Model (CAM2.0, 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, produces only roundoff level changes when compared to CLM2.0.

CLM3.0 (denoted hereafter as CLM) contains 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. Competition between PFTs for water,
in which all PFTs share a single soil column, is the default mode of operation in this
model version.

Active research is underway to mitigate known deficiencies and expand the
capabilities of the model. Long term research areas related to biogeophysics include
fractional vegetation cover, emissivity, leaf temperature and canopy storage, interception,
infiltration and runoff, and temperature diagnostics. Biogeochemical research includes
carbon and nitrogen cycles, dynamic vegetation, mineral aerosols, dry deposition, and
water and carbon isotopes. Research related to land use and land cover change includes
urbanization, soil degradation, and agricultural modeling.

The CLM is designed for coupling to atmospheric numerical models. It provides
surface albedos (direct beam and diffuse for visible and near-infrared wavebands),
upward longwave radiation, sensible heat flux, latent heat flux, water vapor flux, and
zonal and meridional surface stresses required by atmospheric models. These are
regulated in part by many ecological and hydrological processes, and the model simulates
processes such as leaf phenology, stomatal physiology, and the hydrologic cycle. The

model accounts for ecological differences among vegetation types, hydraulic and thermal



differences among soil types, and allows for multiple land cover types within a grid cell.
A river transport model routes runoff downstream to oceans. Future versions of the model
will include the carbon cycle and biogeochemical cycles. Because the model is designed
for coupling to climate and numerical weather prediction models, there is a compromise
between computational efficiency and the complexity with which land surface processes
are parameterized. The model is not meant to be a detailed description of
hydrometeorology and terrestrial ecosystems, but rather a simplified treatment of surface
processes that reproduces at minimal computational cost the essential characteristics of

land-atmosphere interactions important for climate simulations and weather prediction.

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
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 specific landunits are glacier, lake, wetland, urban, and
vegetated. Physical soil properties such as texture, color, depth, and thermal conductivity
are defined at the landunit subgrid level and hence landunits can vary in soil properties.
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 may contain several columns with independently evolving vertical profiles of
soil water and temperature. The snow/soil column is represented by 10 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.

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 4 of 15 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, soil texture is defined through physical state
variables at the landunit level, the number of snow layers and the 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. The vegetated landunit consists of a single column with up to four PFTs

occupying space on the column.



Figure 1.1. Current default configuration of the CLM subgrid hierarchy.
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Note that the biogeophysical processes related to soil and snow require 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
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 grid-
average 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):
e Vegetation composition, structure, and phenology (section 2)
e Absorption, reflection, and transmittance of solar radiation (section 3, 4)
e Absorption and emission of longwave radiation (section 4)
e Momentum, sensible heat (ground and canopy), and latent heat (ground
evaporation, canopy evaporation, transpiration) fluxes (section 5)
e Heat transfer in soil and snow including phase change (section 6)
e Canopy hydrology (interception, throughfall, and drip) (section 7)
e Snow hydrology (snow accumulation and melt, compaction, water transfer
between snow layers) (section 7)
e Soil hydrology (surface runoff, infiltration, sub-surface drainage,
redistribution of water within the column) (section 7)

e Stomatal physiology and photosynthesis (section 8)



e Lake temperatures and fluxes (section 9)
e Routing of runoff from rivers to ocean (section 10)

e Volatile organic compounds (section 11)

Figure 1.2. Land biogeophysical and hydrologic processes simulated by CLM.

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. 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. The land model then completes the
soil and snow hydrology calculations. Of the variables passed to the atmosphere (Table
1.2), only the snow water equivalent changes during the soil and snow hydrology

calculations.
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Table 1.1. Atmospheric input to land model

'Reference height Zatm m
Zonal wind at z_, u, ms’!
Meridional wind at z_, v ms’!
Potential temperature e, K
Specific humidity at z,,, G kg kg
Pressure at z,, P, Pa
Temperature at z,, T, K
Incident longwave radiation L, W m™
2Liquid precipitation q,4in mm s’
?Solid precipitation 9.0 mm s’
Incident direct beam visible solar radiation S v W m™
Incident direct beam near-infrared solar radiation S v W m™
Incident diffuse visible solar radiation S o Yois W m™
Incident diffuse near-infrared solar radiation S Yo W m™
'The reference heights for temperature, wind, and specific humidity Zamis Zammm s

) are required. These are set equal to z

Zatm, w atm *

The atmosphere provides convective and large-scale liquid and solid precipitation,

which are added to yield total liquid precipitation ¢, . and solid precipitation ¢

rain sno *

Density of air (p, ) (kg m'3) is also required but is calculated directly from

P, —0.378e : . . .
Poim =~ 4% where P, 1is atmospheric pressure (Pa), e , 1s atmospheric
R,T

da™ atm

vapor pressure (Pa), R, is the gas constant for dry air (J kg' K (Table 1.4), and T, 1s

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

. . - P
atmospheric specific humidity ¢, (kgkg')ase, = Tatnatm

0.622+0.378q,,,
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The CO, and O, concentrations (Pa) are required but are calculated from prescribed

partial pressures and the atmospheric pressure P, as c, =355x10°P, and

atm

0, =0.209P, .

Table 1.2. Land model output to atmospheric model
Latent heat flux ApE, + AE, W m™
Sensible heat flux H,+H, W m™
Water vapor flux E +E, mm s
Zonal momentum flux T, kg m™! s
Meridional momentum flux T, kgm's?
Emitted longwave radiation LT W m™
Direct beam visible albedo I -
Direct beam near-infrared albedo VA -
Diffuse visible albedo I7,,, -
Diffuse near-infrared albedo T, -
Absorbed solar radiation S W m>
Radiative temperature T . K
Temperature at 2 meter height T, K
Specific humidity at 2 meter height Qom kg kg
Snow water equivalent .. m

lﬂva , 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 4, (J kg™) (Table 1.4) depending on

the liquid water and ice content of the top snow/soil layer (section 5.4).
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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 (initial, restart, or branch) (Vertenstein et
al. 2004). An initial run starts the model from either initial conditions that are set
internally in the 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 and branch 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.

Soil points are initialized with temperatures (vegetation 7, ground 7,, radiative
T .. and soil layers T;, where i =1,...,10 is the soil layer) of 283 K, no snow or canopy

water (W =0), and volumetric soil water content &, =0.3 mm’ mm~. Lake

sno

=0, W,

can

temperatures are initialized at 277 K and W,, =0. Wetlands are initialized at 277 K,

0.=1.0, and W, =0. Glacier temperatures are initialized to 250 K with a snow water

sno

sno

equivalent W, =1000 mm, snow depth z, W (m) where p, =250 kg m™ is an

sno

initial estimate for the bulk density of snow, snow age 7

sn

,=0,and 6=1.0. The snow
layer structure (e.g., number of snow layers and layer thickness) is initialized based on
the snow depth (section 6.1). The snow liquid water and ice contents (kg m?) are

initialized as wj,,, =0 and w,

ice,i

=Az.p

sno 2

respectively, where i=sn/+1,...,0 are the

14



snow layers, Az, is the thickness of snow layer i (m), and sn/ is the negative of the

number of snow layers (i.e., sn/ ranges from —5 to —1). The soil liquid water and ice

i

contents are initialized as w,,, =0 and w,

ice,i

=Az,p,,0, for T, < Tf’ and Wigi = Azipliqe

and w,

ice,i

=0 for 7, >T,, where p,

ice

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).

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 the 4 most abundant PFTs in the vegetated portion of
the grid cell; monthly leaf and stem area index and canopy top and bottom heights for
each PFT; soil color; and soil texture. These fields are aggregated to the model’s grid
from high-resolution surface datasets. The fractional cover of urban is currently zero
pending completion of an urban parameterization.

Soil color determines dry and saturated soil albedo (section 3.2). The percent sand
and clay determines soil thermal and hydrologic properties (section 6.3 and 7.4.1). 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 are specified
with respect to the entire grid cell. The number of longitude points per latitude, the
latitude and longitude at center of grid cell, a landmask (1-land, 0-other), and the fraction
of land within grid cell (0-1) are also required. 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).
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Soil colors are from Zeng et al. (2002), which in turn are derived from Dickinson et
al. (1993) with adjustments based on satellite data. 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
soil texture dataset that varies with depth (Bonan et al. 2002b). Percent lake and wetland
were derived from Cogley’s (1991) 1.0° by 1.0° data for perennial freshwater lakes and
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). PFTs and
their abundance, and leaf area index are inferred from 1-km satellite data as described in
Bonan et al. (2002b). Stem area index and canopy top and bottom heights are from

Bonan (1996) as described in Bonan et al. (2002b).

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 sand, 5_minute Soﬂ mapping unit with greatest areal extent

percent clay in grid cell

Soil color 2.8° (T42) Sqll color class with greatest areal extent in

grid cell

PFTs (percent of vegetated o Area average, choosing 4 most abundant
0.5

land) PFTs

Monthly leaf and stem area 0.5° Area average

index

Canopy height (top, bottom) 0.5° Area average
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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,

shared by all of the components in the coupled modeling system, are presented in Table

1.4.
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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

pice

lig
ice

vap

3.14159265358979323846
9.80616
101325

5.67x107°

1.38065x107

6.02214x10%
Nk

28.966
R, /MW,
18.016
R, /MW,
0.4
273.16

1000
917

1.00464x10°
4.188x10°
2.11727x10°

2.501x10°

3.337x10°
Ay TL;
0.6
2.29

0.023

6.37122x10°

m s
Pa
Wm?K*
J K! molecule™

molecule kmol™
JK' kmol!
kg kmol™
JK! kg'1
kg kmol™
JK! kg'1

K

-3

kg m

kg m™
Jkg' K
Jkg' K!
Jkg' K
Tkg!
Jkg'!
Jkg!
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 4 of 15 possible plant functional types

(PFTs) plus bare ground (Table 2.1). These PFTs differ in physiological and
morphological traits along with climatic preferences (Bonan et al. 2002b). The 7 primary
PFTs are needleleaf evergreen or deciduous tree, broadleaf evergreen or deciduous tree,
shrub, grass, and crop. These 7 primary PFTs were expanded to 15 physiological variants
based on climate rules to distinguish arctic, boreal, temperate, and tropical PFTs, C; and
C4 grasses, and evergreen and deciduous shrubs. 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 8.1), aerodynamic parameters that determine resistance to heat, moisture,
and momentum transfer (Table 5.1), and photosynthetic parameters that determine
stomatal resistance, photosynthesis, and transpiration (Table 8.2). Parameter values are
as in Bonan et al. (2002a) with root distribution parameters from Zeng (2001). Currently,
the composition and abundance of PFTs within a grid cell are time-invariant and are

prescribed from 1-km satellite data (Bonan et al. 2002a,b).
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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
Broadleaf deciduous shrub — temperate
Broadleaf deciduous shrub — boreal

C; arctic grass

C; grass

C,4 grass

Cropl

1Crop2

BES Temperate
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,, ) (Table 2.2). Separate leaf and stem area
indices and canopy heights are specified 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 Z,,, (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
Cs arctic grass 0.5 0.01
Cs grass 0.5 0.01
C,4 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. Leaf area index is developed from 1-km
AVHRR red and near-infrared reflectances obtained from the U.S. Geological Survey
Earth Resources Observation System (EROS) Data Center Distributed Active Archive

Center (DAAC) (Eidenshink and Faundeen 1994, DeFries et al. 2000) as described in

21



Bonan et al. (2002b). Stem area index is from Bonan (1996) with the data in the
Southern Hemisphere being offset by six months. The leaf and stem area indices are

adjusted for vertical burying by snow as
A=4"(1- £ (2.1)
where A° is the leaf or stem area before adjustment for snow, 4 is the remaining

exposed leaf or stem area, f"

weg 18 the vertical fraction of vegetation covered by snow

fsno — Zsno ~ Zbor for Z 0= Zpor > 0’ 0< f "0 <1 R (22)

s
veg veg
top Zbot

and z_  1is the depth of snow (m) (section 7.2). 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)

dit

= _(1_ _ _ o —K(L+S)

,de(L+S)+[1 (1- B)o ]I -wpI = wuK e (3.1)
A [1-(1-B) e ]I{ -wpI = wik (1- B,)e ) (3.2)

d(L+S) ’ '

where /T and /1 are the upward and downward diffuse radiative fluxes per unit

incident flux, K = G( y) / 4 1s the optical depth of direct beam per unit leaf and stem
area, p 1is 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™' x, z is the average
inverse diffuse optical depth per unit leaf and stem area, @ is a scattering coefficient,
and f, 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 «

oA of the ground (section

g,A
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 um) and near-infrared (> 0.7 ym)
wavebands. The optical parameters G(u), I, @, 8, and f, are calculated based on

work in Sellers (1985) as follows.

The relative projected area of leaves and stems in the direction cos™ y is
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G(1)=¢,+pu (33)
where ¢ =0.5-0.633y, —0.33y; and ¢, =0.877(1-2¢,) for —0.4< y, <0.6. y,
is the departure of leaf angles from a random distribution and equals +1 for horizontal

leaves, 0 for random leaves, and —1 for vertical leaves.

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

o ':i[l—ﬁl (—¢1+¢2H 3.4
Ty L G4

where ' is the direction of the scattered flux.
The optical parameters @, £, 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 7, <T,, where T, is the vegetation temperature (K) (section 5)
and 7, is the freezing temperature of water (K) (Table 1.4). In this case, the optical

parameters are

a)A = a)l‘;eg (1 - fwet ) + a)j\nofwet (35)
a)AﬂA = a)/‘;eg Xeg (1 - fwet ) + a)‘;\"" Zn()fw7et (36)
@, B0 = O BX (1= frer) + O BN e (3.7)

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

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

0, =0,* (3.8)
oy = 0" i (3.9)
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_ veg pveg
ON NSNS (3.10)
For vegetation, \* =, +7,. «, is a weighted combination of the leaf and stem
leaf ste
reflectances (o, ,ay ")

_ leaf stem
Ay =y W W, (3.11)

stem

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

leaf and stem transmittances (7, ;")

__leaf stem
Ty =75 Wegr T T8 W - (3.12)

Stem

The upscatter for diffuse radiation is

1 2
a)Xeg Xeg :%[a/\ +TA +(aA _TA)( +2zLj } (313)
and the upscatter for direct beam radiation is
1+ ukK
@, By% = a 3.14
A Poa oK (:U)A ( )

where the single scattering albedo is

!

_a)[\;eg 1 ILI,G(ILI)
ds (Iu)/\ - 7 '([ﬂG(u')+u'G(u)dﬂ
(3.15)

za)/‘;eg G('u) |:1_ ﬂ¢1 ln(ﬂ¢l+/u¢2+G(fu)]:|
2 up+G(u)|  pd,+G(u) L,

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

surface albedos) are
hl
IM==L+h+h (3.16)
o

It =h +h. (3.17)
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The downward diffuse fluxes per unit incident direct beam and diffuse radiation,

respectively, are

pur= e grws o B (3.18)
o S,
14,=hys, + o (3.19)
Sl

The parameters 4, to h,, o, and s, are from Sellers (1985) [note the error in 4, in

Sellers (1985)]:

b=1-o0, +0,p, (3.20)
c=w,p, (3.21)
d =o,ukp, , (3.22)
f=o,mK(1-5,,) (3.23)
h= # (3.24)

)7

o =(aK) +c* - b’ (3.25)
u, :b—c/a;A oru, =b-cla, , (3.26)
uy=b—cay, oru, =b-ca, , (3.27)
uy = f+ca,, oru, = f+ca,, (3.28)
s, =exp[—h(L+5S)] (3.29)
s, =exp[-K(L+S)] (3.30)
b, = b+ Eh (3.31)
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p;=b+puk
p.=b- Gk
d =2 (”IS_ £h) — p, (4, + 1Ih)ss,
1

d, =B an)s,

5
h =—dp, — cf
hzzdi[( _h 3)(% lﬁh)—pz(d—c——l(uﬁrﬁlf))sz}
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(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)



Plant functional type optical properties (Table 3.1) were taken from Dorman and
Sellers (1989). Optical properties for intercepted snow (Table 3.2) were taken from
Sellers et al. (1986).

Table 3.1. Plant functional type optical properties

e A AL U
NET Temperate 0.01 0.07 035 0.16 039 0.05 0.10 0.001 0.001
NET Boreal 0.01 007 035 0.16 039 005 0.10 0.001 0.001
NDT Boreal 0.01 007 035 0.16 039 005 0.10 0.001 0.001

BET Tropical 0.10 0.10 045 0.16 039 0.05 025 0.001 0.001
BET temperate 0.10 0.10 045 0.16 039 0.05 025 0.001 0.001

BDT tropical 0.01 0.10 045 0.16 039 0.05 025 0.001 0.001
BDT temperate 025 0.10 045 0.16 039 0.05 025 0.001 0.001
BDT boreal 025 0.10 045 0.16 039 0.05 025 0.001 0.001

BES temperate 0.01 0.07 035 0.16 039 0.05 0.10 0.001 0.001
BDS temperate 025 0.10 045 0.16 039 0.05 025 0.001 0.001

BDS boreal 025 0.10 045 0.16 039 0.05 025 0.001 0.001
C; arctic grass -030 0.11 058 036 058 0.07 025 0.220 0.380
Cs grass -030 0.11 0.58 036 058 0.07 025 0.220 0.380
C4 grass -030 0.11 0.58 036 058 0.07 025 0.220 0.380
Cropl -030 0.11 058 036 058 0.07 0.25 0.220 0.380
Crop2 -030 0.11 058 036 058 0.07 025 0.220 0.380
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Table 3.2. Intercepted snow optical properties

Waveband

(A)
Parameter vis nir
™"’ 0.8 04
s 0.5 05
o 05 05

3.2 Ground Albedos

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

combinations of “soil” and snow albedos

ag,A = a;f)i,A (1 - f;no ) + a;fw,A sno (347)

ag,A = asoi,A (1 - f;no ) + asno,/\ sno (348)
where f,  is the fraction of the ground covered with snow which is calculated from

z

= 3.49
]iww IOZOIn’g + z ( )

sno

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

roughness length for soil (m) (section 5).

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

are from NCAR LSM (Bonan 1996)

a” =a =0.80

S0i,Vis S0i,Vis

a” =a =0.55.

soi,nir soi,nir

Unfrozen lake and wetland albedos depend on the cosine of the solar zenith angle u
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al  =a, , =0.05(u+0.15)". (3.50)

soi, A — “soi,A

Frozen lake and wetland albedos are from NCAR LSM (Bonan 1996)

i
S01,Vis

=a =0.60

S0I,Vis

H

soi,nir

=a =0.40.

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

M — —
asoi,A - asoi,A - (asat,A + A) < adry,A (351)

where A depends on the volumetric water content of the first soil layer 8, (section 7.4)

as A=0.11-0.406, >0, and « and «,, , are albedos for saturated and dry soil

sat, A

color classes (Table 3.3).

Table 3.3. Dry and saturated soil albedos

Dry Saturated

Color Class vis nir vis nir

1 = light 024 048 0.12 0.24
2 022 044 0.11 0.22
3 0.20 0.40 0.10 0.20
4 0.18 036 0.09 0.18
5 0.16 0.32 0.08 0.16
6 0.14 0.28 0.07 0.14
7 0.12 024 0.06 0.12
8 = dark 0.10 0.20 0.05 0.10

Snow albedos are taken from BATS (Dickinson et al. 1993), which are inferred from
the work of Wiscombe and Warren (1980) and Anderson (1976). The direct beam

albedo is
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a::m,A = asno,A + O4f(1u) [1 - asno,A:I ° (352)
The function f ( ,u) is a factor between 0 and 1 giving the increase of snow albedo due to

solar zenith angle exceeding 60°

1
I+— 1
b__“1>0 for £ <0.5
fu)=<|1+u2b b (3.53)
0 for 1>0.5

The parameter b = 2.0 controls the solar zenith angle dependence and is based on best
available data (Dickinson et al. 1993).

The diffuse albedo is

Ay = [ 1= CoFo, | @ o (3.54)

sno, A age

where o , 1s the albedo of new snow for solar zenith angle less than 60° (Table 3.4)

sno, A,

and C, is an empirical constant (Table 3.4). The term F, , is a transformed snow age

used to give the fractional reduction of snow albedo due to snow aging (assumed to
represent increasing grain size and dirt, soot content) for solar zenith angle less than 60°

1

F =1- .
l+7,,

age

(3.55)

The non-dimensional age of snow 7

sno

is incremented as a model prognostic variable at

each time step as follows

sno

0 for W. >800

sno

+7 +r)At for O<W._ <800
Az, = {T(’ (1) } (3.56)

where At is the model time step (s), 7, =1x107° (s"), and W_ is the mass of snow

sno

water (kg m?) (section 7.2).
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The term 7, represents the effect of grain growth due to vapor diffusion

r = exp{SOOO[TL— Tl H (3.57)
f snl+1

, 1s the surface temperature of the top snow layer with sn/ being the negative

where T

snl+

of the number of snow layers (section 6). The term r, represents the additional effect
near and at freezing of melt water
r=r"<l. (3.58)
The term 7, represents the effect of dirt and soot
r,=0.3. (3.59)
A snowfall of 10 kg m™ liquid water equivalent is assumed to restore the surface

snow age, hence albedo, to that of new snow (F,,, =0). Since the precipitation in one

ge
model time step will generally be less than that required to restore the surface when it
snows for a given time step, the snow age is reduced by a factor depending on the amount

of fresh snow as follows:

i = (eh, + Az, ) [ 1-0.1(W =w5,) |2 0 (3.60)

sno sno sno sno

1
where 7"*

sno

is the updated snow age at the current time step, 7/’

sno

is the snow age at the

previous time step, and W' —W" >0 is the change in mass of snow water (kg m?)

sno

(section 7.2). After snow layers are combined or subdivided (section 7.2), the snow age

7 1is set to zero if the number of snow layers is less than the maximum number of

sno

layers.
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Table 3.4. Snow albedo parameters

Waveband

(A)
Parameter vis nir
C, 02 0.5
asnu,/\,o 0.95 0.65

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 x is

M =sin@sind —cos@coso cosh (3.61)
where £ is the solar hour angle (radians) (24 hour periodicity), o is the solar declination
angle (radians), and ¢ is latitude (radians) (positive in Northern Hemisphere). The solar
hour angle % (radians) is

h=2rnd+80 (3.62)

where d 1is calendar day (d = 0.0 at 0Z on January 1), and & is longitude (radians)
(positive east of the Greenwich meridian).

The solar declination angle 6 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
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the apparent orbit of the Sun around the Earth (Berger et al. 1993)). The solar declination
o (radians) is

S =sin™'[sin(&)sin(2) ] (3.63)
where ¢ is Earth’s obliquity and A is the true longitude of the Earth.

The obliquity of the Earth & (degrees) is

i=47
e=c*+Y Acos(fit+9)) (3.64)

i=1
where £ * is a constant of integration (Table 3.5), 4,, f,, and J, are amplitude, mean
rate, and phase terms in the cosine series expansion (Berger 1978a,b), and t =#,-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)

A=A, +(2€—ie3jsin(ﬁ, —c?))+%e2 sin2(4, —cb)+£e3 sin3(4, — @) (3.65)

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

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

equinox. The mean longitude 4, is

P +27z(d—dve)

3.66
m 'm0 365 ( )

where d, = 80.5 is the calendar day at vernal equinox (March 21 at noon), and

Ay = 2{(%e+%63j(1+ﬁ)sina~)—%ez (%+ﬂjsin2a~)+%e3 [%Jrﬂ]sin%b} (3.67)
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where S =+/1—-¢”. Earth’s eccentricity e is

e= \/(e ) +(em) (3.68)

where

%% = iM] COS(gjt—l'Bj)’
. (3.69)
esin — ZM} sin(g_,-t + Bl)

J=1

are the cosine and sine series expansions for e, and M, g,, and B, 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

o=1123% 1, (3.70)
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 y 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 y (degrees) is

Wit g . ( ’ )
= +C+ )Y Esin| ft+6. 3.71
V=300 Z:, ssin( f/1+6, (3.71)

where 7 (arcseconds) and ¢ (degrees) are constants (Table 3.5), and F;, fl.', and 51,' 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*® <1x107® and ™ =0
1.5z for -1x10% <e*® <1x10® and ™ <0
0.5z for -1x10% <e** <1x107® and ™™ >0
tan™' ¢ + 7 for ¢ <-1x107
I1= K . (3.72)
tan” | — |+ 27 for ¢ >1x10® and ™ <0
e
tan™ ecos 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 3.5. Orbital parameters

Parameter

g* 23.320556
v (arcseconds) 50.439273
¢ (degrees) 3.392506
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4. Radiative Fluxes
The net radiation at the surface is (gv +S . ) - (fv + ng ) , 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?).

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

(L+S)

per unit incident flux, is ¢ “"“**), and the direct beam and diffuse fluxes absorbed by the

vegetation, per unit incident flux, are
I =1-1M —(1-a, )TV -(1-at, )™ (4.1)
Iy =1-11, —(1-a, )1, (4.2)
I7T% and IT, are the upward diffuse fluxes, per unit incident direct beam and diffuse
flux (section 3.1). 71X and 7!, 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 § are the exposed leaf area

index and stem area index (section 2.3).
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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.

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

(a) (b)

| tig | tn,

A 1
7l e—K[L+S] 7l
v v v °
A A A
N 055,/\ PN
()
l La!tm\L
TLVg T=(1- g‘,)Lg T +e,0T2
E,
lL‘,iz:(l—gv)me | +e,0T}
TLg¢=(1—gg)LV¢ +e,0T%
L
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The total solar radiation absorbed by the vegetation and ground is

§V:ZS Vinv+S, 4, Ia (4.3)

atm

S, = ZSM, e L*S>(1—a;A)+

(4.4)
(S Vo 144 48,3, 14, )(1- 2, , )

where S, {4 and S

atm

1, are the incident direct beam and diffuse solar fluxes (W m?).

For non-vegetated surfaces, e KU 1 Ty =1, =0, Iif=0,and Il,=1, so that

= S m A Som¥a
(=) St 1) s
§V _
Solar radiation is conserved as
(S Y+ S b ) = (S + 8, )+ (S Vi T 48, 4a 11) (4.6)
A 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. Here, sunlit leaves are assumed to absorb all of the visible and
diffuse solar radiation absorbed by the vegetation (excluding that which is absorbed by

stems). The sunlit fraction of the canopy is

L+S
,K'
I e " dx

) 1— e—K'(L+S)

L+S  K'(L+5)

Son = (4.7)

where e ““**) is the fractional area of sunflecks on a horizontal plane below the leaf and

stem area index L + S (section 2.3). The shaded fractionis f,, =1- f, ,, and the sunlit

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

sun sun 2
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k-G o (4.8)

vis 2

G(u
U

veg
vis

veg

where /1-®’® accounts for scattering within the canopy (Sellers 1985) and @)/ ?,

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

numerical instabilities, f,,, = 0 when the sunlit fraction is less than 0.01.

The solar radiation absorbed by the sunlit and shaded leaves in the visible

waveband (< 0.7um) is, for f >0,

sun

sun S’at v,lli9 ’ ,lilY + S om ‘Lviv IV“ )— 1 9
GZ5 m K Vi a ; - Z, + S . ( ’ )
6‘ ha

0

These equations assume the sunlit 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=L1-L, (4.10)

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

atm

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

is defined from the upward longwave radiation as

1/4
T = (L—Tj (4.11)

O

where o is the Stefan-Boltzmann constant (W m™ K™) (Table 1.4). With reference to

Figure 4.1, the upward longwave radiation from the surface to the atmosphere is
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L1=5,L 1 +(1-6,,)(1-¢,)L,,++

veg vg veg

) X (4.12)
(1—5 )5g0'(Tg”) +45g0'(Tg") (T;“—T;)

veg
where L, T is the upward longwave radiation from the vegetation/soil system for

exposed leaf and stem area L+S5=>0.05, 6, is a step function and is zero for

L+§<0.05 and one otherwise, ¢, is the ground emissivity, and 7, g”” and 7, 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
L=(1-¢,)L,, ¥ +&,0(T)) +4c,0(T)) (1, - 1)) (4.13)
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
3 + n
LY=L, 1 +4eo (T ) (177 -T7) (4.14)

where
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L= (1-6)(1-8)(1-&)Ly,
el e )
&)o (1))

=( )( &) (1-2,) Ly b

e (T ) (4.15)
ve,(1-¢,)(1-) o (1)

+4e,0 (TV” )3 (Tvn+1 7 )

+4g( g)( —e)o (71,,)3(Tn+1 T”)

4
(l—gv)a(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.

The upward longwave radiation from the ground is
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4
L= (1-¢, )L +e,0(T)) (4.16)
where L, | is the downward longwave radiation below the vegetation

Li=(1-¢)L

atm

Leeo (1) +aeo (1) (T -T0). 4.17)
The net longwave radiation flux for the ground is (positive toward the atmosphere)

L=6,0(T) ~6,6L4-(1-6,)eL," (4.18)

veg g v gtatm
The above expression for Zg 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 45g0'(T Y )3 (T g”“ -T g”) is added to Zg to calculate the ground heat flux (section

5.4)

The net longwave radiation flux for vegetation is (positive toward the atmosphere)
L = [2 —¢,(1- gg)]gva(w - gvggO'(Tg")4 —e [1 +(1-¢,)(1- gv)}Lm L. (419
These equations assume that absorptivity equals emissivity. The emissivity of the

ground is ¢, = ¢

soi ?

where ¢, =0.96 for soil, 0.97 for glacier, 0.96 for wetland, and

0.97 for snow-covered surfaces (snow water equivalent (kg m?) w.,, >0). The
vegetation emissivity is
g, =1—E (4.20)

where L and S are the leaf and stem area indices (section 2.3) and z =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?), sensible heat flux

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

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

atm,x

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

atm

(m s™), potential temperature 0, (K), and specific humidity ¢,,, (kg kg™")] and the

Vatm tm

surface [with u_, v, @ ,and ¢, ] are

r = —p,, Yan=10) (5.1)

am

(vatm - VS‘ )

Ty =~ Poam T (5.2)

H=-p,,C, (Oon=.) (5.3)
Van

E=-p,, dan=0) (5.4)

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 r  is the aerodynamic resistance (s m™) for

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

atm,m

Thus, the momentum fluxes become

atm (5.5)

am

TX = _patm
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v tm
patm — * (56)

am

Likewise, €. and g, are defined at heights z,, +d and z, +d (the apparent sinks for
heat and water vapor, respectively). Consequently, », and r, are the aerodynamic

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,, +d , respectively.

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

atmospheric potential temperature is

6, =T, +T,z

atm atm,h

(5.7)
where T, is the air temperature (K) at height z,, , and T', =0.0098 K m” is the
negative of the dry adiabatic lapse rate [this expression is first-order equivalent to

_7;tr11( vrf/ atm) d“/cl’ (Stull 1988) Where P

s 1s 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

-0.378¢,,,

— atm 5.8
Paim R T (5.8)

da™ atm

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

humidity ¢,

eatm qathatm (5.9)
0.622+0.378¢

atm
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5.1 Monin-Obukhov Similarity Theory

. . . - - ) .
The surface vertical kinematic fluxes of momentum u'w’ and v'w' (m” s™), sensible

!

heat 6'w' (K ms™), and latent heat W (kg kg' 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

¢ = % (Zeng et al. 1998) as

" o ¢, (<) (5.10)
k(z—d) 00
9—*5—% (£) (5.11)
k(z—d)a_q_
—q* . =9, (é’) (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 , 8,and ¢ in the surface

layer. In neutral conditions, ¢, =@, = ¢, =1. The velocity (i.e., friction velocity) u, (m

w

s™), temperature 6, (K), and moisture ¢, (kg kg™) scales are
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ul = \/(u'w')2 + (v'w')2 = ﬂ (5.13)

patm
O, = 0w =——1 (5.14)
pathp
qut, = W = ——— (5.15)
pat'n

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

’ 7,

'
uw =—

T
and v'w' = ——, respectively, H is the sensible heat flux (W m™) and
patm patm

E is the water vapor flux (kg m™s™).

The dimensionless length scale L is the Monin-Obukhov length defined as

} ul
L — u* — * T v,atm (516)
g kge\/*
k| == 0w
v,atm
where g is the acceleration of gravity (m s?) (Table 1.4), and 0, um =0, (1+0.61¢q,,.)

is the reference virtual potential temperature. L > 0 indicates stable conditions. L < 0

indicates unstable conditions. L =co for neutral conditions. The temperature scale 8, is

defined as

0.u, = [9* (1+0.61q,,)+ 0.619”,,161*]% (5.17)

S

where @, is the atmospheric potential temperature.
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
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horizontal winds |u|l and |u

g, and g, results in

u, —-d z,—d z.—d
|u|2—|u|1=;{ln[2_dJ_%’( = j“’(Tﬂ

The functions (é’ ) , ¥, (é’ ) ,and v, (é’ ) are defined as

v, (g) - J‘;ﬂwdx

X

vi(§)=[ L=h],

zon/L X

oo Lot

ZOw/L X

where z,,,, z,,,and z

Om > ow

water vapor, respectively.

Defining the surface values
|u|1 =0atz =z, +d,
0,=0 atz =z, +d, and
q,=q,atz, =z, +d,

and the atmospheric values at z, = z

atm,x

— 2 2 2
|u|2 =V = \/umm +v,, U 21,

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

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

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

(5.24)



0,=46,, and

atm?

qz = qatm s

the integral forms of the flux-gradient relations are

u z —d V4 —d Z
V — * ln atm,m _ atm,m + M 525
f k{ —Zom J W (—L j t//m( 7 H (5.25)

I —d —d
0. -0 =%n (—Z‘"m’h ] —y, (—Z””’”h ry, (iﬂ (5.26)

q. Zatm,w - d Zatm,w - d Z()
g In B _amw 4 20w 1 5.27
um =95 = { ( - ] ww( I y/W( I (5.27)

The constraint ¥, > 1 is required simply for numerical reasons to prevent // and £ 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
) 13
—8u.b,.z
w, =| —="1| , 5.29
[ ev,atm ] ( )
z, =1000 is the convective boundary layer height (m), and g =1.
The momentum flux gradient relations are (Zeng et al. 1998)
$,(£)=0 7k (—é’)l/3 for £ <—1.574 (very unstable)
~1/4
6, (&) =(1-16¢) for -1.574 < ¢ < 0 (unstable) (5.30)
6, (&) =1+5¢ for 0 < <1 (stable)

P, (&)=5+¢ for ¢>1 (very stable).
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The sensible and latent heat flux gradient relations are (Zeng et al. 1998)

8, ($)=0,(£)=0.9k" (=) for £ <—0.465 (very unstable)
$,($)=6.(¢)=(1-16¢)" for0.465¢ <0 (unstable) o)
$,($)=9,(8)=1+5¢ for 0 < ¢ <1 (stable)
$,({)=0,(8)=5+¢ for £>1 (very stable).

To ensure continuous functions of ¢, (¢), ¢,({), and ¢, (&), the simplest approach
(i.e., without considering any transition regimes) is to match the relations for very
unstable and unstable conditions at ¢, =—1.574 for ¢,(¢) and ¢, = ¢, =-0.465 for
$,($)=90,(¢) (Zeng et al. 1998). The flux gradient relations can be integrated to yield

wind profiles for the following conditions:

Very unstable (' <—1.574)

v, = l;{ {[m%—gﬁm (gm)} +1.14[ (=)= (=¢,)" [+ w, (%)} (5.32)

ZOm

Unstable (—1.574<¢ <0)

u Z —d z
V o=—{In“"" — +y | 2 5.33
= { o l//m(i)} wm( ! j} (5.33)
Stable (0<¢ <1)
—d
yo= ) g Zemn T8 sp |5 m (5.34)
k ZOm L
Very stable (£ >1)
u, L Z,
V, = In—+5|+[5In{ +¢ -1]-5== (5.35)
k on L
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where

2
,/,m(;)=21n[1;x]+1n(1+2x j—2tan_1x+% (5.36)

1/4

and x=(1—16§) .
The potential temperature profiles are:

Very unstable (' <-0.465)

Zop,

o, L -3 -3 Zos
Hatm —HS :;{|:lné/——(//h (é/h):|+08|:(_é,h) / —(—é/) / j|+l//h (Tj} (537)

Unstable (—0.465<¢ <0)

0* Z tm,h - d Z
6., —6 = In—0—— — + —oh 5.38
atm s k {|: ZOh l//h (é,):| Wh( L j} ( )
Stable (0<¢ <1)
—d
. —g =2 inZms = 5o 57w (5.39)
k Zy L

Very stable (£ >1)

ea,m—es:‘Z:{[miw}[smm;—l]—s%}. (5.40)

Zon
The specific humidity profiles are:

Very unstable (' <-0.465)

; L ~13 -1/3 Zo
Guin =4, = %{{mi—ww(g)} +0.8[(<¢,)" = (=) |+ w, (Tj} (5.41)

2y

w

Unstable (-0.465<¢ <0)
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q- Zatm,w - d Zo
_g =L gty — fy | 2o 5.42
qatm qs k {|: ZO l//w (é/):| l//w ( L j} ( )

w

Stable (0<¢ <1)

q* Zatm,w _d ZO
PSS, LY PSRN ) B 37 5.43
qgtm QS k {|: ZOW é/:| L } ( )
Very stable (£ >1)
g~ =T L5 [ [Sng 4 ¢ 1] 5% (5.44)
atm N k ZOW L
where
1+x°
vi (€)=, (¢)=2In| —=—. (5.45)

Using the definitions of u,, 6,, and ¢, , 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 , 0, and g except that L depends on u,, &,, and

q.. However, the bulk Richardson number

R, = ﬁv,a;,, 9. 8 (ZVQ" ~d) (5.46)

v,atm a

is related to § (Arya 2001) as

~d —d N
R, :g{ln(%}%(;)Hh{%}—y/rﬂ(g)} . (5.47)
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Using ¢, =¢. =(1-16£ )_1/ * for unstable conditions and ¢, =¢ =1+5¢ for stable

conditions to determine v, (¢') and y, (), the inverse relationship ¢ = f(R,;) can be

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

Zatmm — d
R, In [J
ZOm

= 0.01< <2 for R, > 0 (neutral or stable
¢ 1-5min(R,,0.19) ¢ =0 ).(5.48)
Zatm m - d
{=R;In| ———— -100< 4 <-0.01 for R, <0 (unstable)
ZOm

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

(5.49)

where

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

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

surface is

0,..—0,.=(0

v,atm v, s atm _es)(1+ 0'61qatm)+0'610atm (Qatm _qs) * (550)
The momentum, sensible heat, and water vapor fluxes between the surface and the

atmosphere can also be written in the form

T =P (1t —1.) (5.51)

am

S U (5.52)

am
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H=-p C M (5.53)
atm " p rah ‘

E=—py dum=2) (5.54)

aw

. . -1
where the aerodynamic resistances (s m™) are

2
V 1 1 - d Z tmom d Z
—= In| ==~ =1+ —om 5.55
am uf kZI/a |: [ Zom ] l//m( L j l//m( L ]j| ( )

N
I
I

r _gatm_es_ 1 _ln atmm_d atmm_d n Zo_mj
ah 9*1/{* kzl/; Wm Wm L
- (5.56)
atm h d atm hn ZOh
ln y/h + y/h T
= I —d —d
v, = Dam — Y5 — 21 In atm m l//m atm m n l//m (Zo_mj
q.U. k Va Om L
- (5.57)

1 Zatm wo Zatm wo d [Zo j .
n| Y|y | Y gy | S
Zy, Vo L Vi L

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

o 2+z 2+ 7z z
*| n| —=% | — Oh 14 Z0k 5.58
k“ j = w,,(LH (5.58)

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

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

q. 2+z,, 2+ z,, Zy,
+=|ln| —> |-y | —2 |+w. | =2 |]. 5.59
G =9, k{ [ - j t//w( 7 j %(Lﬂ (5.59)
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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 6, =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?) is, with

reference to Figure 5.1,

O — T
H, ==PuC, (% 7) = : (5.60)
ah

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., 1s the atmospheric potential temperature (K), and r,, is

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

The water vapor flux £, (kg m™? s7) is, with reference to Figure 5.2,

5 :_pmm(q:m ~q,) s

aw

where ¢, is the atmospheric specific humidity (kg kg, g . 1s the specific humidity of
the soil surface (kg kg), and r,, 1s the aerodynamic resistance to water vapor transfer (s
m™). The specific humidity of the soil surface ¢ . 1s assumed to be proportional to the

saturation specific humidity

q, = aq,, (5.62)
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where qut 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 = CZsoi,l (1 - j;no ) + asnoj;na (563)

where f

sno

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 y as in Philip (1957)

v.&
o e 5.64
soi,1 Xp (1 X 1 03 vaTg J ( )

where R, 1is the gas constant for water vapor (J kg' K) (Table 1.4), g is the
gravitational acceleration (m s™) (Table 1.4), and w, 1s the soil water matric potential of
the top soil layer (mm). The soil water matric potential v, is

W, = W8 = —1x10° (5.65)
where | 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 Wicel
5, = Ly e 0.01<s <1.0 (5.66)
AZle pliq /Oice

sat,1

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

water and ice (kg m™~) (Table 1.4), Wy, and w,

ice,l

are the mass of liquid water and ice of

the top soil layer (kg m™?) (section 7), and €, is the saturated volumetric water content

sat,1
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(i.e., porosity) of the top soil layer (mm’ mm™) (section 7.4.1). If qfit >q,,, and

dqg

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

4
for small increases (decreases) in soil moisture in very dry soils.

The roughness lengths used to calculate r

am >

r

ah >

and r, are z,, = Zop g »

Zow = Zopq» and z, =z, .. The displacement height d = 0. The momentum roughness
length z,, . =0.01 for soil, glaciers, and wetland, and z,, , = 0.0024 for snow-covered

surfaces ( f,, >0). In general, z

sno

on 1s 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
7“(”*20m,g/u)

ZOhag = Z()W,g = ZOm,ge (567)
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 =1.5x10° 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:
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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 (&

v,atm

-6, .20 as

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

v,atm

—Hv,s <0).

An initial guess for the Monin-Obukhov length L is obtained from the bulk
Richardson number using equations (5.46) and (5.48).
The following system of equations is iterated three times:

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

e Potential temperature scale 8, (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. (5.67))
e Virtual potential temperature scale 8, (eq. (5.17))

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

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

Aerodynamic resistances 7

am > rah °

and r, (egs. (5.55), (5.56), (5.57))
Momentum fluxes 7, 7, (egs. (5.5), (5.6))

Sensible heat flux H, (eq. (5.60))

Water vapor flux E, (eq. (5.61))

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
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8Hg pmme

=—=2F 5.68
6Tg " ( )
OE d
g _ patm qg (569)
or, r, dT,
where
d e
My _ Y (5.70)
a7, T,
The partial derivatives far and Ol , which cannot be determined analytically, are
4 g
- OE
ignored for —% and —%.
g aTg

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 £ are

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

temperatures in addition to surface temperature 7, and specific humidity ¢ . 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 4 between the surface at height z,, + d and the atmosphere at
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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, (5.71)
where, with reference to Figure 5.1,

(Hatm _]19)

H=-p,C,~——= (5.72)
rah
(L+S)

Hv = _pathp (]—; - T:/) (573)

Ty
i =p,c, L7T) 5.74
g _patm p—, ( : )

ra h

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

air (J kg'1 K™') (Table 1.4), 60,,,, 1s 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™), and rah' is the aerodynamic resistance (s m™) to

heat transfer between the ground at height z, h' 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.

atmh Qafm
rah
Zon — As=1g
(b)
atm,h =77 Qarm
rah
zptd = I AW T
o 2 /L+S
ah
z. '
oh g
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Figure 5.2. Schematic diagram of water vapor fluxes for (a) non-vegetated surfaces and

(b) vegetated surfaces.
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Equations (5.71)-(5.74) can be solved for the canopy air temperature 7,

h h h
0., +c, I, +c.T,

L== ";”; +ch 4t (5.75)
a g v
where
h _ 1
c, =— (5.76)
rah
w1
C, =— (5.77)
rah
L+S
el = ( ) (5.78)
’”b

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 (5.73), the sensible heat flux

N

from vegetation /| is a function of &

atm

T,,and T,

(5.79)

a~ atm

H, = —pmme [c"@ +cZ,Tg —(c: +c§)T}#.

Similarly, the expression for 7, can be substituted into equation (5.74) to obtain the

sensible heat flux from ground H,

h

H,=-p,,C,[6,, +T ~(ch+c)T, | iy (5.80)

a~atm g ch +Ch +ch
a v g
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 £, and the ground E,

E=E +E, (5.81)
where, with reference to Figure 5.2,
Eeep, Um=d) (5.82)
(qs‘ - qu;t )

E =-p, ——— (5.83)

total
£, —p, 7% (5.84)

raw

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

w

T,
sat

resistance to water vapor transfer (s m™”), ¢ (kg kg") is the saturation water vapor

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

vapor transfer between the ground at height ZOW' and the canopy air at height z, +d .

r,. 1S the total resistance to water vapor transfer from the canopy to the canopy air and

includes contributions from leaf boundary layer and sunlit and shaded stomatal
resistances 7,, ™", and " (Figure 5.2).

The water vapor flux from vegetation is the sum of water vapor flux from wetted

leaf and stem area E" (evaporation of water intercepted by the canopy) and transpiration

from dry leaf surfaces E!
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E =E"+E (5.85)

where, with reference to Figure 5.2,

T,
w 9~ Y9
Ev = _patmfwet (L + S)y (586)
b
and
E =E"r," EP >0and B >1x107"°
v v dry v ﬂt . (587)
E =0 E’ <0or B <1x107"°
where E” is the potential transpiration
T,
pﬂ m qS - q?;
ErF=-2 ( ) (5.88)
Ty
v, y" is the fraction of potential transpiration
y . 7, Lsun Lsha
T = Jun'h — + — |, (5.89)
L \r,+r™ rn+r™

and p, is a soil moisture function limiting transpiration (section 8). The term f, , is the
fraction of leaves and stems that are wet (section 7.1), f,,, is the fraction of leaves that
are dry (section 7.1), L' and L are the sunlit and shaded leaf area indices (section
4.1),and """ and ™ are the sunlit and shaded stomatal resistances (s m™) (section 8).

Equations (5.81)-(5.84) can be solved for the canopy specific humidity g,

w w w T,
_ ca qatm + cg qg + c, qsat

w w w
¢, t¢ +e,

q, (5.90)

where

¢ =— (5.91)
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RSl P (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 7" is the fraction of

potential evapotranspiration and varies as

= fo Ty E” >0,8 >1x107"
=1 EF >0,8 <1x10™" (5.94)
r"=1 E’™ <0

with the restriction that »" cannot exceed water availability

Et + VVcan

" Y At
r < 7 (595)

where W is canopy water (kg m?) (section 7.1), and At is the time step (s).

When the expression for ¢, is substituted into equation (5.83), the water vapor flux

from vegetation E, is a function of ¢, , g, , and qr

w

_ w w w w T, Cv
E =-p,. [ca Qom T €10, — (ca +c, )qsm]—caw reria : (5.96)

Similarly, the expression for g, can be substituted into equation (5.84) to obtain the

water vapor flux from the ground beneath the canopy £,

E, ==p [c;"q,,,m +elqy, (el +e) qg}# (5.97)
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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

13 =7 ! = — 5.98
ah aw CYUav ( )
where
U =V | (5.99)
av a P V * .

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

velocity) (m s™') 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., 2004)

C,=C,,,W+C ..01=W) (5.100)
where the weight W is
W=eS), (5.101)
C, gense = 0.004 is the value for a dense canopy (Dickinson et al., 1993) and C_,,,, is the
value for bare soil
Copnr = 5(—UJ (5.102)
a v
where the kinematic viscosity of air v =1.5x10~° m*s™ and a = 0.13.
The leaf boundary layer resistance 7, is
;;zgfangmQ*” (5.103)

v
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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

eaf

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
aHg _ p‘”mcp ca +cv

’ h h h
o7, Tao CotCFC,

(5.104)

w w
aEg — patm Ca + cv dqg
' w w w :
oT, e Co T +c, dT,

g aw

(5.105)

. o or! or! . . .
The partial derivatives a;”j’ and Lan , which cannot be determined analytically, are
4 g
. OE
ignored for —% and —%.
4 aTg

The roughness lengths used to calculate », , r,, and 7, from equations (5.55),
(5.56), and (5.57) are z,, =2zy,,, Zo =Zy,,» and z, =z, . The vegetation

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

ZOm,v = ZOh,v = ZOw,v =z R (5106)

top” “z0m

d=z, R, (5.107)

top

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

0m
momentum roughness length and displacement height to canopy top height, respectively

(Table 5.1).
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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;s arctic grass 0.120 0.68 0.04
C; grass 0.120 0.68 0.04
C,4 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

~Sv+Li(T))+ H,(T,)+ AE,(T,) =0 (5.108)

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
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sensible and latent heat fluxes from vegetation, respectively. The term A is taken to be

the latent heat of vaporization 4,,, (Table 1.4).

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 T as

S.—L,—H, - AE,

AT, =— (5.109)
oL, OH, OAE,
+ +
o1, oT, oI,
where AT, = T"*' —T" and the subscript “n” indicates the iteration.
The partial derivatives are
aZv _ 3
o =4z0(2-¢6,(1-¢,) T, (5.110)
oH c’
Y = C (c'+c)—r—o 5.111
o1 = PanCy el g)cg+cf+c§ (5.111)
OLE , c’ dq”
L=4 ¢’ +c) . sat 5.112
a],v patm( a g)C;V'FC:V +C';: d]:} ( )
The partial derivatives Tar and Z’;”j” , which cannot be determined analytically, are
ignored for oH, and a(jfv . 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 water vapor flux E,, transpiration flux E', and sensible

heat flux H are updated for changes in leaf temperature as
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: : : dq" “’
Ev = _Ioatm |:c:7qatm + C;qg - (C: + C;)[%T;t + qsat A]ljj| CV; (51 13)

dT, ¢, +c +e
¢ " , , T quL Ch
EL =1 Puun | €0n + €39, = (€1 + 67 )| @l + — AT, || == (5.114)
v a v g
Ch
h h h h v
H,=-p,,C,| 0, +ciT, (el +¢)(T,+AT) S (5.115)

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, +0,,
T =t (5.116)
+
qs = qg 2qatm (5117)

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 (&

v,atm

-6, .20 as

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

v,atm

-0,,<0).

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.  Iteration 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

¢ Ratio q—*_ (eqs. (5.41), (5.42), (5.43), (5.44))

q{l tm qS
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Aerodynamic resistances r,, , 7, ,and r, (egs. (5.55), (5.56), (5.57))
Magnitude of the wind velocity incident on the leaves U,, (eq. (5.99))

Leaf boundary layer resistance 7, (eq. (5.103))

Aerodynamic resistances 7, and 7, (eq. (5.98))

n sha

and r

s

Sunlit and shaded stomatal resistances 7™ (section 8)

Sensible heat conductances c; , ¢, , and c; (egs. (5.76), (5.77), (5.78))

Transpiration E; (eq. (5.87)). This is an initial calculation to check for water
limitations on »" (egs. (5.94) and (5.95)).

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

Sensible heat flux from vegetation H, (eq. (5.79))

Latent heat flux from vegetation AE (eq. (5.96))

If the latent heat flux has changed sign from the latent heat flux computed at the
previous iteration (AE,""' 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, =0.11E,"" — AE"") is added to the sensible heat flux

later.

Change in vegetation temperature A7, (eq. (5.109)) and update the vegetation

temperature as 7" =T" + AT,. T, is constrained to change by no more than 1°

in one iteration. If this limit is exceeded, the energy error is

A2=§v—ZV—8LV ATV—HV—aHV ATV—AEV—MEV AT, (5.118)
o, o, oT,
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where AT, =1or —1. The error A, is added to the sensible heat flux later.
Water vapor flux £, (eq. (5.113))

Transpiration E! (eq. (5.114))

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. The

energy error due to this constraint is

A, =max(O,Ev—Ej—%j. (5.119)

The error AA; is added to the sensible heat flux later.
Sensible heat flux H (eq. (5.115)). The three energy error terms, A,, A,, and
A, are also added to the sensible heat flux.

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

. .. dql :
its derivative 29 at the leaf surface (section 5.5), are re-evaluated based on

v

the new 7.

Canopy air temperature 7, (eq. (5.75))
Canopy air specific humidity g, (eq. (5.90))
Temperature difference 6,, —6

atm N

Specific humidity difference ¢,,, —q,

—6,) where _0 was

atm N atm N

Potential temperature scale 6, =

calculated earlier in the iteration
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e Humidity scale g, = L(qmm — g, ) where — 9 \as calculated earlier

Gaim — 95 Garm —9s
in the iteration
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))

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

AE™ — /”LEV"‘ <0.1 where AT, = max(‘Tv”+1 -7\ T =T

), or after forty

9

iterations have been carried out.

5. Momentum fluxes 7z, 7, (egs. (5.5), (5.6))
6.  Sensible heat flux from ground H, (eq. (5.74))
7. Water vapor flux from ground E, (eq. (5.84))

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

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”“. The ground

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

OH
' n+l n
H,=H +(T/"-T!) = (5.120)
g
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’ n+l n aE'g
E, =E, +(T] —1;)5 (5.121)

g

where H, and E, are the sensible heat and water vapor fluxes derived from equations

(5.60) and (5.61) for non-vegetated surfaces and equations (5.74) and (5.84) 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

o = (Wice;,i:-f o Wiy ) <1, (5.122)

Z(E;, )j (wt)j

J=1

an adjustment is made to reduce the ground evaporation accordingly as
E}=fouk,- (5.123)

npft
The term pz (E; )j (wt)j is the sum of E, over all evaporating PFTs where (E . ) is the

J=1 J
ground evaporation from the ;" PFT on the column, (W t)j is the relative area of the ;"

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

w

ice,snl+l

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

H!=H_+(E,-E!). (5.124)

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

snow/soil ¢ (kg m?s™), sublimation from snow/soil ice ¢, (kg m?s™), liquid dew

on snow/soil ¢ , (kg m™s™), or frost on snow/soil 9 ros (K8 m?s")as

sdew
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E, Wli ,snl+1 " "
g vl prl B> (5.125)

AR

j=1 ’

qsuhl = Eg _qseva E;,: 20 (5126)
Gen =|E!|  El<Oand T,>T, (5.127)
Gpon =|El|  El<Oand T,<T,. (5.128)

The loss or gain in snow mass due t0 q,,,,» 9> Dogen» 304 G, ON @ 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,,,,, ¢ and ¢q,,, 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,-E, (5.129)

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

longwave radiation absorbed by the ground (section 4.2)

L=¢0(T) ~6,6L4-(1-5,,)¢eL,,\+de,o(T)) (T =17, (5.130)

g veg“g v g " atm
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

77



ﬂ“m lle snl+ :Oand M}iceer >0
ﬂ,:{‘b lig,sni+1 ,snl+1 } (5131)

A otherwise

vap

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, Ay 18

used.

The system balances energy as

Se+Sv+L,, \-LT-H -H A, E -AE,~G=0. (5.132)

vap~—'v

5.5 Saturation Vapor Pressure

T
sat

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

sat

temperature 7 (°C), are calculated from the eighth-order polynomial fits of Flatau et al.

(1992)
el, =100] a, +aT +--+a,T" | (5.133)
dey,, ;
W:100[bo+blT+---+bnT] (5.134)

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

. 1 . .. dq!
specific humidity ¢’ and its derivative % are

0.622¢"
ro_ sat 5.135
o = p 0.378¢ 13
T T
dq, ___ 0.022F,,  de, (5.136)

sat

ar (p, -0.378,) dT
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Table 5.2. Coefficients for e’

sat

water ice
a, 6.11213476 6.11123516
a,  4.44007856x107"  5.03109514x107"
a, 1.43064234x107°  1.88369801x107°
a,  2.64461437x107"  4.20547422x107"
a, 3.05903558x10°  6.14396778x10°°
as  1.96237241x10"°  6.02780717x107°
ds  8.92344772x107""  3.87940929x107"°
a, -3.73208410x107"° 1.49436277x107"*
ag  2.09339997x107'°  2.62655803x107"°
Table 5.3. Coefficients for de—“T”’
dT
water ice
by,  4.44017302x10™"  5.03277922x10""
b 2.86064092x107%  3.77289173x107
b, 7.94683137x10*  1.26801703x107°
by 1.21211669x10°  2.49468427x107°
b, 1.03354611x107  3.13703411x10”’
by 4.04125005x107'°  2.57180651x10”°
by -7.88037859x107" 1.33268878x107"
b, -1.14596802x107"* 3.94116744x107"*
by 3.81294516x107""  4.98070196x107""
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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™). In one-dimensional form

F = —/Ia—T (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

ook
ot 0z

(6.3)

where ¢ is the volumetric snow/soil heat capacity (J m> K') and ¢ is time (s).
Combining equations (6.2) and (6.3) yields the second law of heat conduction in one-

dimensional form

oL _ E[AG_T} (6.4)
ot 0Oz 0z

This equation is solved numerically to calculate the soil and snow temperatures for a ten-
layer soil column with up to five overlaying layers of snow with the boundary conditions
of h 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).

81



6.1 Numerical Solution
The soil column is discretized into ten layers where the depth of soil layer i, or

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

0.5(z,+2z,) i=1
Az, =40.5(z,, —z,)i=23,...,N~-1 (6.6)

Zy — Zy i=N

i+1

where N =10 is the number of soil layers. The depths at the layer interfaces z, ; (m) are
0.5(21. “‘Zm) i=1,2,....,N—-1
i T {ZN +0.50z, i=N } | ©7
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 =sn/+1 is the top layer, where the variable sn/ 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.

snl=-1
Azy=z,, for 0.01<z, <0.03]’
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snl=-2

AZ—l = an0/2

Azy =Az |

snl=-2

Az, =0.02

AZO = ano - AZ—l

snl =-3

Az, =0.02

Az, =(z,,-0.02)/2
Az, =Az |

snl =-3

Az ,=0.02

Az , =0.05

Azy =z, —Az,—Az
snl=-4

Az, =0.02

Az , =0.05

Az | = (zm -Az ;- Az, )/2
Azy =Az |

snl =—-4

Az, =0.02

Az, =0.05

Az =0.11

Azy=z,  —Az,—Az,—-Az

snl =-5

Az , =0.02

Az , =0.05

Az ,=0.11

Az | = (zm -Az ,—Az ;- Az, )/2
Az, = Az,
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for 0.03<z__ <0.04

for 0.04<z_, 6 <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

for 0.41<z_ <0.64




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,=z,,—0.5Az i=snl+1,..,0 (6.8)

- Az i=snl,...,—1. (6.9)

z

hi = Zhixl i+l

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 A, [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, =—/1[zh’i][];_7;“] (6.10)

where the thermal conductivity at the interface 4 [zh, [] is

A (Zi+l - Zi)
/1[2}1,1‘] = /1:‘(2141 _Zh,i)+ﬂ’i+l(zh,i _Zi) . (6.11)
0 i=N

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.,
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2 L-1, =1 T =T (6.12)

—Zy

N i Zi+l
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).

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 A4 [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 S — =T === === 1600
' Zh’i_] ;{Zh,i—l}
I
i-1
’ G ﬂ'[zh,z}’Tm
i
AZi+1 —-_——— eV - _27+1’];+1’ci+1’zi+1
Zh,i"'l ﬁ{zh,iﬂ}
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The energy balance for the i” layer is

ﬁ (Y;rwl

-T")=-F_ +F 6.13
At J=FatE (6.13)

1 -

where the superscripts n and »n +1 indicate values at the beginning and end of the time
step, respectively, and Atz 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"', E"")

% (Y;nﬂ

v ~T" ) =a(-F + F")+(1-a)(-F + ) (6.14)

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

=aT" ' +bT"" +c T (6.15)

where a,, b,, and c, are the subdiagonal, diagonal, and superdiagonal elements in the
tridiagonal matrix and 7, is a column vector of constants.

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

into the surface snow/soil layer 2 (W m?, defined as positive into the soil) is
W =—aF! —(1-a)F". (6.16)
The energy balance for layer i = sn/ +1 is then

Az,

At (Tn+1 Tn) hn+1 +aF;n +(1_a)F;n+l ) (617)

The heat flux 4 at n +1 may be approximated as follows

hn+1 B Oh (

+—(T" =T"). 6.18
(1 -17) (6.18)

i

The resulting equations are then

86



ﬁ(rinﬂ ~T') =k + 2 (T - T)

At ,-
(6.19)
Alz "-T Az, (T =T
—a [h,l](l 11)_(1_a) [hl](l tl)
Zi T E i T %
a =0 (6.20)
Al z, .
bi:1+i (1_Q)M_% (6.21)
ciAZi Zin T % 67;
Al z
¢ =—(1-a) 2t En (6.22)
cAz, z., -z,
P O U LN K (6.23)
c,Az, o7,
where
F,=-4]z, ](&j : (6.24)
T\ Za T
The heat flux into the snow/soil surface from the overlying atmosphere /4 is
h=S;—L¢—H, - AE, (6.25)

where S, is the solar radiation absorbed by the ground (section 4.1), L, is the longwave

radiation absorbed by the ground (positive toward the atmosphere) (section 4.2), 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

L. OH.  0AE
oh _ 9L, OH, . (6.26)
oT or. oT. oT

4 4 4 4

where the partial derivative of the net longwave radiation is
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oL,
oT

4

= 4,0 (T )3 (6.27)

and the partial derivatives of the sensible and latent heat fluxes are given by equations
(5.68) and (5.69) for non-vegetated surfaces, and by equations (5.104) and (5.105) for

vegetated surfaces. o is the Stefan-Boltzmann constant (W m™ K*) (Table 1.4) and &,

is the ground emissivity (section 4.2). For purposes of computing /# and a—;j, the term
4

A is arbitrarily assumed to be

A ifw, ,,,=0andw_ ., >0
ﬂ,:{ sub lig,sni+1 ,snl+1 } (628)

otherwise

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

kg-l) (Table 14)9 and Wliq,snl+1 and W,

ce.sni+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 a 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 [zi —Z,4 tC, (ZH1 ~Zyi )} (6.29)
where ¢, is a tunable parameter, varying from 0 to 1, and is taken as 0.34 by comparing

the numerical solution with the analytic solution (Z.-L. Yang 1998, unpublished

manuscript). Az, is used in place of Az, for i = sn/+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,

682 (1ot ALz (T -T)

_ Az (T -1)
o\ = P + (1 a) P (6.30)
B At ﬂ’[zh,z—lj
a, __(l_a)cl.Azl. — (6.31)
B At /1[211,1—1]
b =1+ (1 - a) P (6.32)
¢ =0 (6.33)
=T -a AAt £, (6.34)
where
P /1|:Zh,i—1:| (zzl 7 ) (6.35)
Zi T2
For the interior snow/soil layers, snl +1<i< N,
682, oy _o A T0) | Almn ) 1)
At Zi T 2 T2
Yl |:Z :I(Tn+1 _ Tn+1) 2 |:Z :'(T;Hl _ Tn+1) 636)
—(1—0() h,iZ i_Z i+l +(1_a) hHZ _i; i
i+1 i i i—1
g =—(1-a)-2t Az (6.37)
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b=1+(1-a) Al [l[z”"lhﬂ[z’“]} (6.38)

C[Azi Z; =2z Zin T %
At /?"I:Zh z:|
=—(1- 6.39
«=-(1-2) Az, z,,, —z (6.39)
r=T'+a—L(F-F.). (6.40)

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

"' >T, and w,,, >0 melting

ice,i

(6.41)
T <T, and w, ;>0 freezing

where 7' is the soil layer temperature after solution of the tridiagonal equation set,

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

ice,i

respectively, and 7, is the freezing temperature of water (K) (Table 1.4). 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

. . n+l1
temperature is greater than the freezing temperature (7" > 7).

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

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

determined as follows
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h+2—?(Tf. —];”)+aFi" +(1—0{)Fi”+1 —%:’(Tf —Z") i=snl+1
= cAz (6.42)
a(F'=F)+(1-a)(F"™ —Fiffl)—’A—t’(Tf ~T") i=snl+2,...,N

where F"" and F"/' are calculated from equations (6.24) and (6.35) using 7"*"'. If the
melting or freezing criteria are met (eq. (6.41)) and |Hi|>0, then the ice mass is

readjusted as

H.At H At
chei - : 2 0 ! > O
’ Lf Lf.
n+l ‘
ice,i = (643)
’ ) 0 y 0 H At H At
min Wliq i + ‘/V[ce i> Wice,i : : < 0
’ el L

where L, is the latent heat of fusion (J kg™) (Table 1.4). Liquid water mass is readjusted

as
n+l n n ot
Wiigi = Wiigi T Wieei = Wiees 2 0. (6.44)

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

the energy is recalculated as

H, =H, - 6.45
! ¢ At ( )
and this energy is used to cool or warm the snow/soil layer (if |H «|>0)as
T, + Al H, [|1- At Oh i=snl+1
Tn+1 _ CiAZl. C,AZ,- oT (6 46)
i At . :
T, + H, i=snl+2,...N
Az,
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For the special case when snow is present (W, > 0), there are no explicit snow

sno

H At

layers (snl =0), and (kg m™) is reduced

>0 (melting), the snow mass W.

sno

f

according to

wr = AL (6.47)
L,
The snow depth is reduced proportionally
Wn+l
Mo o gt 6.48
sno Wn 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

Lf (Wn _ Wn+l)

sno sno

At

H,=H -

1% 1

(6.49)

If there 1s excess energy ( H,, > 0), this energy becomes available to the top soil layer as
H =H,. (6.50)
The ice mass, liquid water content, and temperature of the top soil layer are then

determined from equations (6.43), (6.44), and (6.46) using the recalculated energy from

equation (6.50). Snow melt M ¢ (kg m?s™) and phase change energy E s (W m™) for

this special case are

no_ n+l
M, =W2 0 6.51)
E . =LM,;. (6.52)

The total energy of phase change E, (W m’) for the snow/soil column is
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E =E, s+ > E, (6.53)

i=snl+1
where

n ot
E:LM (6.54)

The total snow melt M (kg m™?s™)is

i=0

M=M + > M, (6.55)
i=snl+1
where
(WIZ’E i W;zc:li )
M =—=2>0. (6.56)
At
The solution for snow/soil temperatures conserves energy as
G-E — ZN ﬁ(T””—T”)—O (6.57)
g i=snl+1 At i i .
where G is the ground heat flux (section 5.4).
6.3 Soil and Snow Thermal Properties
Soil thermal conductivity A (W m” K) is from Farouki (1981)
Keiﬂfsati+(1_Kei>ﬂ’dryi Sri>1><1077
= C ’ ' ’ (6.58)
Ay S <1x107

where A

sat,i

is the saturated thermal conductivity, 4, ; is the dry thermal conductivity,

K, . is the Kersten number, and S, ; is the wetness of the soil with respect to saturation.
/I _ /Iliq,i
l /Iice,i
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For glaciers and wetlands,

NN
ANV

} (6.59)
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where 4, and 4, are the thermal conductivities of liquid water and ice, respectively

ice

(Table 1.4). The saturated thermal conductivity 4 . (W m™ K™) depends on the thermal

sat,i

conductivities of the soil solid, liquid water, and ice constituents

176‘:‘41[.[ Hsal,i
/1 _ ﬂ’s,i ;{’liq T; Z]1f 6 60
sat,i il_amt,i/’{/amr,ila.\-m,i_guq,i T ( ) )
S, i lig ice i < f

where the thermal conductivity of soil solids A, varies with the sand and clay content

B 8.80 (%sand)l,+2.92 (%clay)
v (Y%sand), +(%clay)

i i

L (6.61)

and &

sat,i

is the volumetric water content at saturation (porosity) (section 7.4.1). The

thermal conductivity of dry natural soil 4, , (W m” K) depends on the bulk density

ry,i

Py, =2700(1-0

sat,i

) kg m™ as

0.135p,,+64.7 6.62)
1 2700-0.947p, '

The Kersten number K, ; is a function of the degree of saturation S, and phase of water

log(S. .)+1>0T >T,
K, = &(5..) Y (6.63)
C S, T.<T,
where
w, . W, 0. .+0. .
Sr i — lig,i + ice,i 1 — lig,i ice,i S 1 (664)
) plquZi plceAZl esat,l gsat,z

Thermal conductivity 4 (W m™ K™) for snow is from Jordan (1991)

A=A, +(7.75x107 p,,, +1.105x10° o2 }(2

ice

_ﬂ’air) (6.65)
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where 4, is the thermal conductivity of air (Table 1.4) and p,,,; is the bulk density of

snow (kg m>)

w

ice,i
psno,i -

Az

1

+w, .
BN (6.66)

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

¢ =c,(1-0,,)+—=ic,, + e (6.67)
i s, i sat,i AZ[ ice AZl- lig .
where the heat capacity of soil solids ¢ ; (J m> K is
2.128 (%sand). +2.385 (Y%clay).
¢ = (Yosand) (helay), |, 10 (6.68)
(%sand)i +(%clay)i

and C,, and C,, are the specific heat capacities (J kg"' K') of liquid water and ice,

ice

respectively (Table 1.4). For glaciers, wetlands, and snow

ice,i lig,i
¢, = Coe +—Cy,.
Az, Az,

(6.69)

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

(snl =0), the heat capacity of the top layer is a blend of ice and soil heat capacity

cl — C] il + CiceW;11o (670)
) Az,

where ¢, is calculated from equation (6.67) or (6.69).
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7. Hydrology

The model parameterizes interception, throughfall, canopy drip, snow accumulation
and melt, water transfer between snow layers, infiltration, surface runoff, sub-surface
drainage, and redistribution within the soil column to simulate changes in canopy water

AW (all in kg m™ or mm of

can

-, and soil ice Aw.

i ice,i

snow water AW, , soil water Aw,,

H,0).

The total water balance of the system is
N
A VVcan + A I/Vsno + Z (AW/iq,i + Avvice,i ) = (qrain + qsno - Ev - Eg - qover - qdrai - qrgw/ )At (7 1)
i=1

where ¢, 1s liquid part of precipitation, ¢, is solid part of precipitation, E, is

rain

evapotranspiration from vegetation (section 5), E, is ground evaporation (section 5),
q,.r 18 surface runoff (section 7.3), ¢, 1s sub-surface drainage (section 7.5), ¢,,,, 18

runoff from glaciers, wetlands, and lakes, and runoff from other surface types due to
snow capping (section 7.6) (all in kg m? s™), N is the number of soil layers, and A¢ is
the time step (s).
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

Ginir = (Gyain +Gono )| 1= 0xp(<0.5(L+5)) | (7.2)
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where L and S are the exposed leaf and stem area index, respectively (section 2.3).
Throughfall (kg m? s™), however, is divided into liquid and solid phases reaching the

ground (soil or snow surface) as
chru,liq = qrain expl:_OS(L + S):' (73)

qthru,ice = QSHG exp I:_OS (L + S):' . (74)
Similarly, the canopy drip is

Wintr _ W q .
rain

Lapia == At”“"’m“ Grain T Dsno =0 )
o = Wead ~Weanma Qo5 ¢ (7.6)
o At 9rain T Dsno
where
Weas' =W + 1y A2 0 (7.7)

is the canopy water after accounting for interception, W/

can

is the canopy water from the

previous time step, and W (kg m™) is the maximum amount of water the canopy can

hold
W pnmax = P(L+S). (7.8)

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

W’Hl = W” + qintrAt - (erip,liq + qdrip,ice ) At - E:VAZL 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

Qgrizd,liq = qthru,liq + qdrip,liq (7 10)
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qgrnd,ice = qthru,ice + qglrip,ice . (71 1)

Solid precipitation reaching the soil or snow surface, ¢ At , is added immediately to

grnd ,ice
the snow pack (section 7.2). The liquid part, q,,,,,,Af 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)
- 23
—a— | <1 L+S§>0
Sver = Ly(L+SJ (7.12)
L+S§5=0
while the fraction of the canopy that is dry and transpiring is
(l_f» z)L
—— L+5>0
Jow=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

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 sn/ is
the negative of the number of snow layers. Refer to Figure 7.1 for an example of the

snow layer structure for a three layer snow pack.
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Figure 7.1. Example of three layer snow pack (sn/=-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 .

Zh-3 Snow/atm interface
Az , | Z, - i=snl+1=-2
)
Az Z_l—————————z'zsnl+2:—l
* 2
Az, 7 —— e =572 +3 =0
‘%o Snow/soil interface

The state variables for snow are the mass of water w,, , (kg m™), mass of ice Wios

(kg m™), 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
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snow layers. This occurs when the snow pack is less than a specified minimum snow

depth (z,, <0.01 m). In this case, the state variable is the mass of snow W, (kg m?).

sno sno

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. See section 7.2.3 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

Aw, .
—( Wlw)’] i=snl+1

= (7.14)
” —M i=snl+2,...,0

ice,i

where g, ., 1s 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,.ce ,.) / At is the change in ice
TP

due to phase change (melting rate) (section 6.2). The term g, ., is computed in two
steps as

ice,i-1 = Qgrndice +(qﬁ‘ost - qsubl) (7.15)
where gq,,,,.. 15 the rate of solid precipitation reaching the ground (section 7.1) and
q jose and g, are gains due to frost and losses due to sublimation, respectively (section
5.4). In the first step, immediately after g,,,, .. has been determined after accounting for
interception (section 7.1), a new snow depth z__ (m) is calculated from

n+l _

zn =z +Az (7.16)

sno

where
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At
Az = JamdiceZD (7.17)

sno
psno

and p,,, is the bulk density of newly fallen snow (kg m™) (Anderson 1976)

50+1.7(17)" T

atm

>]}+2

1.5
v =T, +15) T,-15<T,, <T, +2 (7.18)
50 T, <T,-15

atm

oo =150+1.7(T,

where T, is the atmospheric temperature (K), and 7, is the freezing temperature of

atm

water (K) (Table 1.4). The mass of snow W_ is

sno

Wit =W + Qg ieeM - (7.19)

sno sno

The ice content of the top layer and the layer thickness are updated as

n+l1 o
ice,snl+1 — M}ice,snlﬂ + qgrnd,iceAt (720)
n+l n
Aanl-H - Aanl+l + Azsno . (721)

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).

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

ice,snl+1

n+l n
M}ice,anI = 1Mice,snl-*—l + (qfrost - qsubl )At . (722)

If w'*' <0 upon solution of equation (7.22), the ice content is reset to zero and the

ice,snl+1

n+l1

liquid water content w, ., is reduced by the amount required to bring w/,, ., up to

Z€10.
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The snow water equivalent W, = is capped to not exceed 1000 kg m?>.  If the

addition of ¢,,, were to result in W, , >1000 kg m™, the frost term q o 18 Instead

sno

added to the runoff term ¢,,,, (section 7.6).

7.2.2 Water Content

The conservation equation for mass of water in snow layers is

Awi N
= (qliq,i—l _%tq,i>+% (7.23)

8M;liq,i

ot

where g, ., 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, (Aw,l.q ;) / At is the change in liquid
p

water due to phase change (melting rate) (section 6.2). For the top snow layer only,
Giigi1 = Dornaia + (dyton = Do) (7.24)
where q,,,,,,, 1s the rate of liquid precipitation reaching the snow (section 7.1), ¢q,,,, 18
the evaporation of liquid water and g, is the liquid dew (section 5.4). After surface
fluxes and snow/soil temperatures have been determined (sections 5 and 6), w,, ., 18

updated for the liquid precipitation reaching the ground and dew or evaporation as

WZ;,Isnm = erll'q,snl-#l + (qgrnd,liq t Gsdew ~ Dseva ) At . (7.25)
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. Thus, water flow between layers, g, ;, for layers other than the layer next to

the soil surface, is
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B Plig |:91iq,i =S, (1 _Hice,i )] Az

q/iq,i - At [ 20 1- eice,i 2 gimp and 1- 91'0e,1'+1 = Himp (726)
where the volumetric liquid water 6, and ice 6, ,, contents are
Dol (7.27)
o Azipice - .
w,
lig,i e <1- eice i (728)
AZiplzq ’

7

mp = 0.05 1s the water impermeable volumetric water content, 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 as

< Plig [1 —Orceiv1 = Grigin ] Az,
Qh'q,i - At

i=snl+l,...,—1. (7.29)

Furthermore, the flow of water is assumed to be zero (g, , =0) if the effective porosity
of either of the two layers is less than 6, . The flow of water from the snow layer above

the soil surface is

Plig |:91iq,i -5, (1 —O.. )] Az,
At

Gigs = >0. (7.30)

Water from this layer is allowed to pond on the soil surface. The above set of equations
is solved for every snow layer in a single 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).
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7.2.3 Initialization of snow layer
If there are no existing snow layers (sn/+1=1) but z, >0.01 m after accounting

for solid precipitation ¢, , then a snow layer is initialized (sn/ =—1) as follows

Azy=z

z, =-0.5Az,

z, 4 =—Az,

r,,=0 (7.31)
T, =min(7,.7,,)

Wiceo = Wano

Wiig.0 0

where 7 is the non-dimensional snow age (section 3.2).

sno

7.2.4 Snow Compaction
Snow compaction is initiated after the soil hydrology calculations [surface runoff

(section 7.3), infiltration (section 7.3), soil water movement (section 7.4), sub-surface
drainage (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).

The total fractional compaction rate for each snow layer C,, (s is the sum of the three

compaction processes

c.. _ 1 oAz

i = AZ[_ ? = CRl,i + CRz,i + CR3,[ . (732)

Compaction is not allowed if the layer is saturated

W, . w,. .
1-| —&el y Tl 1<0.001 (7.33)
Azipice Azipliq
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or if the ice content is below a minimum value (w,

ice,i

<0.1).
Compaction as a result of destructive metamorphism C,, , (s) is temperature

dependent (Anderson 1976)

Crii = {ALZI agtzi }memmwphim =—¢,¢,C, exp|:—c4 (Tf -T )} (7.34)

where ¢, =2.777x10°° (s) is the fractional compaction rate for 7, = T,, c,=0.04 K,
and

_ M}[ce,[ -3
=1 ——<100 kg m
Az

1

Wicei M}i(:ei -3
¢, =exp| —0.046 A ~-100 A —>100 kg m

Z[ Zi
(7.35)
w,. .
c, =2 %>0.01
Zi
¢ =1 %so.m
Z.

where w,, . /Az, and w, ,/Az, are the bulk densities of liquid water and ice (kg m”).

The compaction rate as a result of overburden Cp, , (s is a linear function of the

snow load pressure P,; (kg m™?) (Anderson 1976)

Az P .
Crayi = L oz, =—— (7.36)
’ Azi at overburden

where 7 is a viscocity coefficient (kg s m™) that varies with density and temperature as

Az,

1

Wice,i
n =1, exp CS(Tf—Z)+Cé (7.37)
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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,,; and liquid
water contents wy, , of the layers above
snil+l
Po= (W, +Wi,,)- (7.38)

j=i-1
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 "=

Cps, = 1 o4z, =——max O,M (7.39)

T oAz o | At S

t B

where the fraction of ice f,,; is
Wice i
Jrees=———— (7.40)
7 vvice,i + Wliq,i

and melting is identified during the phase change calculations (section 6.2).

The snow layer thickness after compaction is then

Az = Az (1+Cy At). (7.41)

7.2.5 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
(7.2.4), 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).
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7.2.5.1 Combination

If a snow layer has nearly melted or if its thickness Az, is less than the prescribed

minimum thickness Az,

.min (Table 7.1), 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 surface layer is being removed, it is combined with the underlying
layer
e [f the underlying layer is not snow (i.e., it is the top soil layer), the layer is
combined with the overlying layer
e [f 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,

ce.; £0.01). If so, the remaining liquid water and ice content of layer i is
combined with the underlying neighbor i +1 as

Wiig.is1 = Wiig.ivn T Wiig.i (7.42)

+w (7.43)

ice,i*

Wice,i+1 = Wice,i+1
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,

i ice,i %

wy,.» 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.
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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

sno sno

re-calculated as

VVsno = Sil(vvice,i + W/iq,i) (744)
i=0
sni+l1
Z =D Az, (7.45)
i=0

If the snow depth z_,

0

is less than 0.01 m, the number of snow layers is set to zero, the

snl+1

total ice content of the snow pack z w,,,; 1s assignedto W,

ice,i
i=0

and the total liquid water

no ?

snl+1

Z w,,.; 18 assigned to the top soil layer. Otherwise, the layers are combined according
i=0

the rules above.
When two snow layers are combined (denoted here as 1 and 2), their thickness

combination (¢ ) is

Az, =Az +Az,, (7.46)

their mass combination is
Wiig.e = Wiign T Wiig 2 (7.47)
Wice,e = Wicea T Wice2» (7.48)

and their temperatures are combined as

h,
T, + - h, <0
Cicewice,c + Cliqwliq,c
T, =T, 0<h <Lw,, (7.49)
h —L.w,
T, +——o L e h > Lw,
f C + C ¢ f Vlig,c
iceWice,c lquliq,c




where /= h +h, is the combined enthalpy /. of the two layers where

b =(CoWe, +C

ice Vice,i lquliq,i)(];_Tf')—i_L‘f‘Wliq,i' (750)
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 7.1) are recalculated from
z,=z,;—0.5Az, i=snl+1,...,0 (7.51)

Zpia =2, — Az, i=snl+1,...,0 (7.52)
where Az, is the layer thickness.

Table 7.1. Minimum and maximum thickness of snow layers (m)

Layer i Az, in Az,
-4 (top) 0.010 0.02"
-3 0.015 0.05
2 0.025 0.11
-1 0.055 0.23
0 (bottom) 0.115 -

'If there is only one snow layer, the layer is

not subdivided until Az, >0.03.

7.2.5.2 Subdivision
The snow layers are subdivided when the layer thickness exceeds the prescribed

maximum thickness Az,  (Table 7.1). The scheme for subdivision is summarized in

section 6.1. If there is an existing layer below the layer to be subdivided, the thickness

Az, , liquid water and ice contents, w, , and w,

ice,i

and temperature 7, of the excess
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snow are combined with the underlying layer according to equations (7.46)-(7.49). 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, and
temperature. After layer subdivision, the node depths and layer interfaces are recalculated

from equations (7.51) and (7.52).

7.3 Surface Runoff and Infiltration
A conceptual form of TOPMODEL (Beven and Kirkby 1979) is used to

parameterize runoff. The approach involves the determination of a water table level from

which saturated and unsaturated fractions are calculated. The saturated fraction f, , (i.e.,
the partial contributing area) is

foat =Wy min[ Lexp(-z,) ] (7.53)
where w, ., =0.3 is a parameter determined by the distribution of the topographic index

and z, is the mean water table depth (dimensionless) given by

10
z, =/, (Zh,lo - ZSiAZij (7.54)
P

where f. =1 m™ is a water table depth scale parameter, Z,10 18 the bottom depth of the
lowest soil layer (currently, the bottom of the tenth layer is about 3.44 m), s, is the soil

wetness for layer i, and Az, is the soil layer thickness (m). The soil wetness s, is

eice i + Hli i
=~ < (7.55)

sat,i

and &

where 6 lig,i

sat,i

is the saturated volumetric water content (section 7.4.1), and &,

ice,i

are the volumetric ice and liquid water contents
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w. .
0, =—< <0 (7.56)

Azipice
_ Wliq,z
9“ i esatl ice,i (757)
" AZipliq ’

and p, and p,, are the density of liquid water and ice (kg m>, Table 1.4). The
unsaturated fractionis 1- £, , .

If the top soil layer is impermeable (&

sat,1 -

0.cn <0, where 6, =0.05 is the

ice,l imp
water impermeable volumetric water content), then all of the water reaching the soil

surface runs off
qover = Qqu,O (758)
where g, , is melt water from the snow pack plus any liquid precipitation reaching the

ground. Specifically, if there is at least one snow layer, no liquid precipitation reaches the

soil and g, , is simply the melt water from the snow pack (section 7.2.2). If the snow
pack is less than a minimum depth then there are no explicit snow layers. However,
some residual snow may still exist, in which case g, , =q,,,,.,, + M,s Where q,., . 18
the liquid precipitation reaching the ground (section 7.1) and M ¢ is melt water from the

residual snow (section 6.2).
If the top soil layer is not impermeable, the surface runoff is the sum of runoff from

saturated and unsaturated areas

QOver = f;atqliq,O + (1 - f;at ) W§4qliq,0 (759)

where w, is the soil layer thickness weighted wetness in the top three layers
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3
ZSI.AZ[

— _ =

ltg

==
- :
24z
i=1

(7.60)

Infiltration into the surface soil layer is defined as the residual of the surface water

balance
Dinpt = D1ig.0 = Dover ~Dseva (7.61)
when no snow layers exist, and
Dinpt = D1ig.0 ~ over (7.62)

when at least one snow layer is present. ¢ is the evaporation of liquid water from the

seva

top soil layer (section 5.4). Infiltration g, , and explicit surface runoff ¢, are not

allowed for glaciers and wetlands.

7.4 Soil Water

Soil water is predicted from a ten-layer model (as with soil temperature), in which the
vertical soil moisture transport is governed by infiltration, surface and sub-surface runoff,
gradient diffusion, gravity, and root extraction through canopy transpiration. The
following derivation closely follows that of Z.-L. Yang (1998, unpublished manuscript).
For one-dimensional vertical water flow in soils, the conservation of mass is stated as

%:—a—q—e (7.63)
ot 0z

where 6 is the volumetric soil water content (mm® of water mm™ of soil), ¢ is time (s),

and z is height above some datum in the soil column (mm) (positive upwards), ¢ is soil

water flux (kg m? s” or mm s™) (positive upwards), and e is a soil moisture sink term

(s™) (evapotranspiration loss). This equation is solved numerically by dividing the soil
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column into ten layers in the vertical and integrating downward over each layer with

boundary conditions of the infiltration flux into the top soil layer g, , and gravitational

drainage at the bottom of the soil column (specified here as the hydraulic conductivity &
of the tenth soil layer).

The soil water flux g can be described by Darcy’s law

=Y (7.64)
Oz

where k is the hydraulic conductivity (mm s™), and v, 1s the hydraulic potential (mm).
The hydraulic potential is

Vi =¥, ty. (7.65)
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 w =y, , Darcy’s law

becomes

g=—k {—a(g”)} . (7.66)

For soil layer i, this can be approximated as

g, = _kl:Zh,i:||:(l//i _‘//i+1)+(zi+1 _Zi):| (7.67)

Z. . —Z.

i+l i

where k[zh’ ,1 is the hydraulic conductivity at the depth of the interface of two adjacent
layers (z,,) and z, is the node depth of layer i (Figure 7.1).

Darcy’s equation can be further manipulated to yield
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q:—k[a(l//—jﬁ)}:—k(a—wﬂ]:—k(%a—wﬂj. (7.68)
Oz Oz 0z 00

Substitution of this equation into the equation for conservation of mass, with e=0,

yields Richard’s law

99 _ 0 k(%a_‘ﬂ]ﬂ _ (7.69)
ot 0z 0z 00

7.4.1 Hydraulic Properties
The hydraulic conductivity £, (mm s') and the soil matric potential w, (mm) for

layer i vary with volumetric soil water €, and soil texture (%sand, and %clay, , section

1.2.5) based on the work of Clapp and Hornberger (1978) and Cosby et al. (1984).

The hydraulic conductivity is defined at the interface of two adjacent layers z,,

(Figure 7.2) and is a function of the water content of the two layers and the saturated

hydraulic conductivity at the interface

r 2B;+3
k [Z :I O‘S(Hliq,i+eliq,i+l) 1<i<9
sar Lo _0.5(9 10 T

k sat,i sat,i+1 )
Nk :

, - (7.70)
ksat ':Zh,i:l ﬂ} l = 1 O

0

sat,i

The saturated hydraulic conductivity £k, [zh,l} (mm s™) follows the TOPMODEL

concept (Beven and Kirkby 1979) in assuming an exponential decrease with depth as

0 Z, .
ko[ 2, | =0.0070556x 107001300 {exp(—ﬂﬂ (7.71)

where z, =0.5 m is the length scale for the decrease in £, [zh,,}. The water content at

saturation (i.e., porosity) is
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0., =0.489-0.00126(%sand)

sat,i

(7.72)

and the exponent “ B ™ is

B, =2.91+0.159(%clay) (7.73)

it

If the effective porosity of either layer (&

sat,i

-6, or 6

ce,i sat,i+1

0..c:s) 18 less than the
impermeable liquid water content (6, =0.05) or if the volumetric liquid water content

of layer i (8, ;) is less than 0.001, then k[zh’l_] =0 (no flow).

iq,i

The soil matric potential (mm) is defined at the node depth z, of each layer i

(Figure 7.2). For unfrozen soils (7; >T ),

6

sat,i

—B.
0., ) 6, .
z//l:yxw{ "“] >—1x10°  0.01<—2L <] (7.74)

sat,i

where the saturated soil matric potential (mm) is
W) = —10.0x1 0].88—0.013](%5and)1. . (7.75)
For frozen or partially frozen soils (7; <7)), the soil matric potential is a function of

temperature only (Fuchs et al. 1978)

_ 3&7;_]} _ 8
v, =1x10 7 >—-1x10 (7.76)
g i

where L, is the latent heat of fusion (J kg'l) (Table 1.4), g 1is the gravitational

acceleration (m s?) (Table 1.4), T is the temperature of the i layer (K), and T, is the

1

freezing temperature of water (K) (Table 1.4).
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7.4.2 Numerical Solution
With reference to Figure 7.2, the equation for conservation of mass can be

integrated over each layer as

Z/:rl % dz = _Z];" Z—Z dz - Z];ll edz . (7.77)

“Zh, “Zh,i
Note that the integration limits are negative since z is defined as positive upward from
the soil surface. This equation can be written as

26,
Az, 6—; =—q,,+q,—e€ (7.78)

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 (evapotranspiration

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

Az A6, .
—’A Ml — g g —e (7.79)
t
where A6, = 9[:;1[ —0,,,.; 1s the change in volumetric soil liquid water of layer 7 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. (7.80)

e, i™ v
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Figure 7.2. 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 y 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 g, , and g, are defined as positive upwards. The soil moisture

sink term e (evapotranspiration loss) is defined as positive for flow out of the layer.

AZ—]. <€l <—— —-—a o . . . . . Wl—179hq,1—1721—]_

' Zh’j_l k[zh,i—l]
91

AZi<e.<———!—————_

9
L | —_— L | —_— _v_ L | —_—
Az, e, K6 Wi+l’91iq,i+l’ )

zZ, .
Y “hitl k[zh,iﬂ}
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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'= Z(Ej)‘(wt)j (7.81)

= ’

where npft is the number of PFTs sharing a soil column, (E:) _ is the transpiration from
J

the j” PFT on the column, and (wt)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
2.(m),(£),(w1),
r, =t (7.82)

Z(Eé)A(wt)j

j=1 ’

where (re i) is the effective root fraction for the j* PFT
T

(7., )j = ), (7.83)

and (rl.)j is the fraction of roots in layer i for the j” PFT (section 8), w. is a soil

dryness or plant wilting factor for layer i (section 8), and S, is a wetness factor for the

total soil column for the ;" PFT (section 8).
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and 6@

The soil water fluxes in equation (7.79), which are a function of 6, hig.int

iq,i

because of their dependence on hydraulic conductivity and soil matric potential (e.g.,

equation (7.67)), can be linearized about 0 @ using a Taylor series expansion as

n+l

=g+ o+ - 7.84
i ql aeﬁq’i lig,i agﬁq’“—] lig,i+1 ( )
0q, oq,
gt 2L AG 4 —TELAG 7.85
qz—l ql—l aeliq’Fl lig,i—1 agﬁq’[ lig,i ( )

1 n+l

Substitution of these expressions for ¢'" and ¢ into equation (7.79) results in a

tridiagonal equation set of the form

n=aA0,, . +bAO,,  +CcAG,, (7.86)
where
g =01 (7.87)
6 eliq,i—l

b, _ 94, 94, Az (7.88)

aHliq,[ 8eliq,i At
¢ =94 (7.89)

agliq,iﬂ

e =S+q. -4 - (7.90)

For the interior soil layers, 1 <i <10, the following relationships required for the solution

of the tridiagonal set of equations can be derived from Darcy’s law (equation (7.66))

. = —k[zh,,-l}[("“l )z _Z"“)} (7.91)

Zi— 2

g =k |:Zh,ii||:(l//i _‘//i+1)+(zi+1 _Zi):| (7.92)

Zin— %
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g, _[k[zh,,»l} oy, , }_ak[zh,il:w:(l//il _l//i)+(zi_zi—1)} (7.93)

aq.., _{k[zh,il] oy, ](ak':zh,il:l|:(l//zl _‘//i)+(zi _Zil):| (7.94)

dq. _[k[zh,i:l oy, lék[zh,i]{(%‘//z+1)+(zt+lzl):| (7.95)

0 eliq,i Zy—2 0 eliq,i 0 eliq,i

0 01iq,i+l Zin1 T a‘gﬁq,m a‘gliq,m Zin1 T

oq, :{k[zh’l] o, ]akl:Zh,i:'|:(l//il//i+1)+(zi+12i):|‘ (7.96)

The derivatives of the soil matric potential at the node depth are derived from equation

(7.74) for unfrozen soil

Wi __p Vi (7.97)

a eliq,i—l eliq,i—l
oy, =-B, Vi (7.98)

a eliq,i Hliq,i

0 Vi — _B,-H Vin (799)

a 9/iq,i+1 Hliq,i+l

with the constraint 0.016,,, <6, . <86, , and for frozen soil

alr//i—l — al//z — alr//i+l :0. (7100)

8Hliq,i—l agliq,i ag]iq,iﬂ

The derivatives of the hydraulic conductivity at the layer interface are derived from

equation (7.70)

2B +2
ak[zh,i—lJ _ 8/6':2/1,1'—1] _ (ZBI,_I N 3)km [Zh,il]l:(())-j((gnq,u + th,z>)] { 0.5 } (7.101)

00 0o

lig,i-1 lig,i sat,i—1 sat,i—1
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I (Hliq,f +91,-q,1-+1) o 0.5 _
ak[zh’i] B ak[zh,i] ) (ZBi + 3)ksat |:Zh,i:|_(9m,,[ +‘9sa,,,«+1) Hsam 1<i<9 o
00, 00, o T .(7.102)
(2B, +3)k,, [ 2. | o } { . } i=10

If the effective porosity of either layer is less than 6, =~ or if the volumetric liquid water

ak[zh,i]

content of layer 7 is less than 0.001, then ———==0
lig,i

For the bottom soil layer (i=10), the boundary condition is the hydraulic
conductivity of the bottom layer, ¢’ =—k [zh, : ]"H , and the water balance equation is

AzAG, . n+
zAt lig,i — _qinjl _k|:Zh,i:| ! _ei . (7103)

The hydraulic conductivity can be linearized about 06 as

K[z, ] =4z, +%7JA9114,[ . (7.104)
0

After grouping like terms, the coefficients of the tridiagonal set of equations for i =10

are
g =91 (7.105)
aelz'q,i—l
ok| z, .

b =— [ h”]+ % | A% (7.106)

ae]iq,i aell’q,i At
¢ =0 (7.107)
n=e+q,+k|z, | . (7.108)

122



For the top soil layer (i =1), the boundary condition is the infiltration rate (section

7.3), ¢! =—q,,, , and the water balance equation is
AZiA eliq i n+l n+l
T =Gy t4; —6€. (7.109)

After grouping like terms, the coefficients of the tridiagonal set of equations for i =1 are

a,=0 (7.110)
bl,:ﬂ_ﬁ (7.111)
00,,, At
L (7.112)
aHliq,i+l
=6 —qnn — 4 - (7.113)

Upon solution of the tridiagonal equation set (Press et al. 1992), the liquid water contents

are updated as follows

w;j;]i = w;q,i +A6,iq,iAzl.. (7.114)
The volumetric water content is
6, = —"L 4 (7.115)
AZipliq Aziplce

7.5 Sub-surface Drainage
Sub-surface drainage is the sum of lateral drainage from soil layers 6-9 and

drainage out of the bottom of the soil column plus any adjustments required to keep the
liquid water content of each layer between maximum and minimum values. The total

. AN -
sub-surface drainage ¢, , (mms™) is
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excess deficit
Wy w ok [zhm]

lig
- +klz, .|+
At At £ 06,010

A, (1.116)

qdrai = qdmi,wet + qdrai,dry

where g, ... and q,,,. ., are the lateral drainage from the saturated and unsaturated

excess

areas (mm s'), respectively, Wy, 1s the amount of liquid water (mm) in excess of

saturation in all layers, wl‘f;f “I" is the amount of liquid water (mm) required to keep all soil

layers above zero liquid water content, k[zh,m] is the drainage out of the bottom of the

soil column (hydraulic conductivity of layer i=10) (mm s') (section 7.4.1), and

0k| 2,10 ]
o0

lig,10

A0y, o 18 the change in hydraulic conductivity due to the change in liquid

water content of layer i=10 (mm s”) (section 7.4.2). Explicit drainage 4. 1S not

allowed for glaciers and wetlands.

Drainage from the saturated fraction is

Qaraiover = Frar b XD (=2,) (7.117)
where £, is the saturated fraction (section 7.3), [, =1x10° mm s is a base flow
parameter, and z_ is the mean water table depth (dimensionless) (section 7.3). Drainage
from the unsaturated fraction is

Garatary = (1= Lo Vo, (7.118)
where k, =0.04 mm s is the saturated soil hydraulic conductivity for the bottom layers
contributing to the base flow, and w, is the soil layer thickness and hydraulic

conductivity weighted wetness in layers 6-9
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iS[AzikI:Zh,i:I

W, =55
ZAZikI:Zh,i}

i=6

(7.119)

where s, is the soil wetness for layer i, Az, is the soil layer thickness (mm), and k[zh,l}

is the hydraulic conductivity at the layer interface (mm s1) (section 7.4.1). The soil

wetness s, 1s defined as

gice i + gliq i
5, =—"-<1 (7.120)
sat,i
where 6, . is the saturated volumetric water content (section 7.4.1), and 6,,, and 6, ,
are the volumetric ice and liquid water contents
M)ice i
ice,i : SHsaz‘i (7121)
AZi ptce ,
Wliq i
Hliq,i = : Hsat,i ice,i (7122)
AZip/iq

and p,, and p,, are the density of liquid water and ice (kg m”, Table 1.4). Note that

6,

g and k[zh,l} used here are values prior to the vertical diffusion calculations.

Saturated and unsaturated drainage, q,,,, .., and q,,,; ,, » is not allowed for soil columns

N
that have ice present (Z w, . >0).

ice,i
i=l

The liquid water in layers 6-9 is updated for the saturated and unsaturated drainage

after accounting for vertical diffusion (section 7.4) as

AWygi = =D (Gt ser * Garaiiy )M 6<i<9 (7.123)

;Azlk[th
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where Aw, ; is the change in liquid water content of layer i. Two adjustments are made

-0

ice,i

to keep wy,, , within physical constraints of 0<w, , 3(49

sat,i

)Azi. First, to help

prevent negative w, ,, each layer is successively brought up to w, , =0 by taking the

required amount of water from the layer below. If the total amount of water in the soil
column is insufficient to accomplish this, the water is subtracted from the sub-surface

drainage ¢, . (i.e., the w,’f;ﬁ"” term in equation (7.116)). Second, soil water in excess of

excess

the effective porosity is removed and added to sub-surface drainage ¢, (i.e., the wj;

term in equation (7.116)). Liquid water is allowed to pond on the surface soil layer so

that the maximum amount of water for this layer is defined as

0

pond _
Wliq + (esat,l ice,l

)Az, (7.124)

where w/”"* =10 kg m”.

The soil surface layer liquid water and ice contents are then updated for dew ¢, ,

frost g, , or sublimation ¢, (section 5.4) as

AM}liq,l = qsdewAt (7125)
A‘/Vice,l = qj"rostAt (7 126)
AWier = ~qaunAL- (7.127)

7.6 Runoff from glaciers, wetlands, and snow-capped surfaces

All surfaces are constrained to have a snow water equivalent . <1000 kg m™.

sno

For snow-capped surfaces other than glaciers and wetlands, all solid and liquid
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precipitation reaching the ground and dew in solid or liquid form, is explicitly assigned to

the runoff term g¢,,,,, as
qrgwl = qgrnd,ice + qgrnd,liq + qsdew + qfrost (7128)

and snow pack properties are unchanged. For glaciers and wetlands, the runoff term

4, 18 calculated from the residual of the water balance as

(W;n-#l _ VVbn )
qrgwl = qgrnd,ice + qgrnd,liq - Eg - Ev - T (7 129)
where W, and W,"*' are the beginning and ending water balances defined as
N
W;; = chan + VVsno + Z(Wice,i + Wliq,i) : (7130)
i=l1

Currently, glaciers and wetlands are non-vegetated and E, =W, =0. The runoff term

q,,,; May be negative for glaciers, wetlands, and lakes (section 9.3), which reduces the

total amount of runoff available to the River Transport Model (RTM) (section 10).
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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) (see also

Sellers et al. 1992)

1 A e,
—_=m——
r c, e

s 1

P, +b (8.1)

atm

where r, 1s leaf stomatal resistance (s m’ gmol'), m is a plant functional type

dependent empirical parameter (Table 8.2) (Collatz et al. 1991), A is leaf photosynthesis

(zmol CO; m™ s™), ¢, 1s the CO, concentration 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 7, P is the atmospheric pressure (Pa), and b = 2000 is the

atm

minimum stomatal conductance (zmol m? s') when 4=0. b was chosen to give a

maximum stomatal resistance of 20000 s m" (the conversion factor is 1 s m"' =

1x107 R, Ouin umol’ m*s). The difference between this equation and that used by

atm
Collatz et al. (1991) is that they used net photosynthesis (i.e., photosynthesis minus
respiration) instead of photosynthesis. Collatz et al.’s (1991) derivation of this equation
is empirical, using net photosynthesis. However, use of net photosynthesis causes
stomatal conductance to be less than the minimum conductance b at night or in the
winter, when plants do not photosynthesize but still respire. In contrast, using
photosynthesis ensures that stomatal conductance equals b when there is no

photosynthesis.
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Leaf photosynthesis is 4 = min(wc, Wi, we). Photosynthesis in C; plants is based

on the models of Farquhar et al. (1980) and Collatz et al. (1991). Photosynthesis in Cy4

plants is based on the models of Collatz et al. (1992) and Dougherty et al. (1994). The

RuBP carboxylase (Rubisco) limited rate of carboxylation w, ( # mol CO, m?s?)is

(cl. —F*)V

max

for C, plants
w,=1c+K (1+0,/K,) P ¢ -T.20. 8.2)

v for C, plants

The maximum rate of carboxylation allowed by the capacity to regenerate RuBP (i.e., the

light-limited rate) w, («mol CO, m?s™) is

—T,)4.6
(6 =T.)4 64a for C, plants
w, = ¢, +2I, ¢, —1,=20. (8.3)
4.6 for C, plants

The export limited rate of carboxylation for Cs plants and the PEP carboxylase limited

rate of carboxylation for C, plants w, (zmol CO; m?s™) is

0.5V, for C, plants

max

Ye = 40007 If—i for C, plants |

atm

(8.4)

Collatz et al. (1992) used the term 1800V

max

(their k) for C4 w,. However, when this

value was used, photosynthesis saturated at extremely low values of ambient CO,. The

term 4000V . resulted in saturation at about 400 ppm, which is more consistent with

X

observations.

In these equations, ¢, is the internal leaf CO, concentration (Pa) and o, = 0.209P,

tm

is the O, concentration (Pa). K, and K , the Michaelis-Menten constants (Pa) for CO,
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and O,, vary with vegetation temperature 7, (°C) (section 5) according to the O,

function as in Collatz et al. (1991)

K. =K, (akc) 10 (8.5)
Ko = K025 (ako) 10 (86)

where K_,, =30.0 and K, ,, =30000.0 are values (Pa) at 25°C, and q,, =2.1 and
a,, =1.2 are the relative changes in K ,, and K ,, respectively, for a 10°C change in
temperature (Collatz et al. 1991). The CO, compensation point ", (Pa) is

1K 0.210,. (8.7)
2K

o

r =

5

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 x mol photons) (Table 8.2) (Landsberg 1986),
and ¢ is the absorbed photosynthetically active radiation (W m™) (section 4.1), which is
converted to photosynthetic photon flux assuming 4.6 x mol photons per Joule.

The maximum rate of carboxylation varies with temperature and soil water

T,-25

Vmax = Vmax25 (avmax )T f(]:/)ﬂt (88)

where V.

max 25

is the value at 25°C ( # mol CO;, m? s') (Table 8.2), a =2.4 isthe Q,,

vmax

parameter (Collatz et al. 1991), and S, is a soil moisture limitation function. Values of

y

max 25

for each plant functional type were obtained from published estimates

(Wullschleger 1993, Kucharik et al. 2000) and are consistent with the canopy scaling.
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f (Tv) is a function that mimics thermal breakdown of metabolic processes (Farquhar et

al. 1980, Collatz et al. 1991)

f(TV){Hexp[—22000+710(Tv+Tf)ﬂ 9)

0.001R,,, (TV +Tf)

where T, is the freezing temperature of water (K) (Table 1.4), and R, is the universal

S

gas constant (J K kmol™) (Table 1.4). The function B, ranges from one when the soil is

wet to near zero when the soil is dry and depends on the root distribution of the plant

functional type and the soil water potential of each soil layer

B.=Y wr 21x107" (8.10)

where w, is a soil dryness or plant wilting factor for layer i, and 7, is the fraction of roots
in layer i.

The plant wilting factor w, is

M for Tl' > Tf
w. = Wmax + !r//satﬂ' . (8.1 1)

| 0 for 7, <7,
where . is a constant describing the wilting point potential of leaves
(v, =—1.5x10° mm), vy, is the soil water matric potential (mm) of layer i, T, is the
temperature (K), and . is the saturated soil matric potential (mm) (section 7.4.1).

Here, the soil water matric potential y, is defined somewhat differently than in section
7.4.1

-B,

l//i = Wsat,isi Z l//max (812)

132



where s; is the soil wetness for layer i with respect to the effective porosity and B, is the

Clapp and Hornberger (1978) parameter (section 7.4.1). The soil wetness s, is

s, :Lzo.m 8.13
= (8.13)

sat,i ice,i

where 0, = w,,, [(P.Az) < 0

ice,i ice,i sat,i

and Hliq,i = Wliq,i/(loliqAZi) S esat,i - eice,i ‘ M)ice,i and

W, are the ice and liquid water contents (kg m?) (section 7), €., . is the saturated

sat,i

volumetric water content (section 7.4.1), p.

ice

and p,, are the densities of ice and liquid
water (kg m™) (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 oxp (i )+ exp ()= for1<i<10

n=1|exp(-1z,,)-exp(-nz,,) (8.14)
0.5 [exp (—razh,l.f1 ) +exp (_’?;Zh,H )] fori =10

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 r, and 7, are plant functional type —

dependent root distribution parameters adopted from Zeng (2001) (Table 8.1).
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Table 8.1. Plant functional type root distribution parameters.

Root Distribution

Plant Functional Type r, 7,

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
Cs grass arctic 11.0 2.0
Cs grass 11.0 2.0
C,4 grass 11.0 2.0
Cropl 6.0 3.0
Crop2 6.0 3.0

The CO, concentration at the leaf surface ¢, (Pa), the internal leaf CO,
concentration ¢, (Pa), and the vapor pressure at the leaf surface e, (Pa) are calculated

assuming there is negligible capacity to store CO, and water at the leaf surface so that,
with reference to Figure 8.1,

ca _Ci — ca _Cs _ cs _Ci (815)
(1.37r, +1.65r,) P, 1.371,P,

atm atm l 657;P

atm

and the transpiration fluxes are related as
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€. —6 _¢€~¢ _¢e~¢ (8.16)

(n,+n) n 7,

where 7, is leaf boundary layer resistance (s m® zmol™) (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 (Landsberg 1986), ¢, =355x10°P, s the atmospheric CO;

atm

concentration (Pa), and the vapor pressure of air (Pa) is ¢, = max (min (ea, e, ) ,0.25e, )

Figure 8.1. Schematic diagram of photosynthesis.

Stomate  Leaf boundary

layer
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A
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The lower limit 0.25e, is used to prevent numerical instability in the iterative stomatal
resistance calculation. For Cy plants, this lower limit is 0.40e, because C4 plants are not

as sensitive to vapor pressure as C; plants. The vapor pressure of air in the plant canopy

e, 1s determined from

o = Lumdl: (8.17)
0.622

where ¢, is the specific humidity of canopy air (kg kg'') (section 5.3).

Equations (8.15) and (8.16) are solved for ¢, and e,

¢,=c,—137,P, A4 >1x10°° (8.18)
e, _Gh el (8.19)
1

Substitution of equation (8.19) into equation (8.1) yields a quadratic equation for stomatal

resistance

K
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¢c, for C;
plants and ¢, = 0.4c, for C4 plants used to calculate 4. Subsequent values for ¢, are
given by

¢, =c,—1.65rP,_A4 20. (8.21)

These equations are solved for sunlit and shaded leaves using average absorbed

photosynthetically active radiation for sunlit and shaded leaves [¢*",#" (section 4.1)]
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to give sunlit and shaded stomatal resistance (7™,r"* <20000 s m"') and

s

photosynthesis (A", 4""*). Canopy photosynthesis is 4™"L"" + AL where L™

and L are the sunlit and shaded leaf area indices (section 4.1). Canopy conductance is

SLWI LSLH’I + 1

r rsha

s N

Lsha

Table 8.2. Plant functional type photosynthetic parameters

Plant functional type V ax2s a m
NET Temperate 51 0.06 6
NET Boreal 43 0.06 6
NDT Boreal 43 0.06 6
BET Tropical 75 0.06 9
BET temperate 69 0.06 9
BDT tropical 40 0.06 9
BDT temperate 51 0.06 9
BDT boreal 51 0.06 9
BES temperate 17 0.06 9
BDS temperate 17 0.06 9
BDS boreal 33 0.06 9
C; arctic grass 43 0.06 9
Cs grass 43 0.06 9
C4 grass 24 0.04 5
Cropl 50 0.06 9
Crop2 50 0.06 9
V s, M mol m?s'. a, gmol CO, per xmol photons
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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 ten layers 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?) is
H =-p C (0 = T,) 9.1
g__patm r ()

rah

where p, ~1is the density of moist air (kg m™) (section 5), C , 1is the specific heat

capacity of air (J kg K™) (Table 1.4), 0, 1s the atmospheric potential temperature (K)

tm

(section 5), T, is the lake surface temperature (K), and 7, is the aerodynamic resistance

to sensible heat transfer (s m™) (section 5.1).

The water vapor flux (kg m?s™) is

Ty
Eg __ Patm (q:‘m - qsat) (92)

aw
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where ¢, 1s the atmospheric specific humidity (kg kg™) (section 1.2.1), qSTjt 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™) (section 5.1).

w

The zonal and meridional momentum fluxes are

T, =y (9.3)

am

e 9.4)

am

Ty = _patm

where u,, and v are the zonal and meridional atmospheric winds (m s) (section

atm

1.2.1), and r,, is the aerodynamic resistance for momentum (s m™) (section 5.1).

The heat flux into the lake surface G (W m™) (positive into the surface) is

G=t (7,-1) 9.5)

= A_zl i
where /4, is the thermal conductivity (W m” K™, 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

z,,, (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

Aw T,>T,
A=y (9.6)
% TgST}

where 4, and 4, are the thermal conductivities of water and ice (W m™ K') (Table

1.4), and 7, is the freezing temperature of water (K) (Table 1.4).

The absorbed solar radiation S . is
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Se =28, i (1-at ) )+ S, 4 (1-2,.,) (9.7)
A

where S, I* and S, |, are the incident direct beam and diffuse solar fluxes (W m)
and A denotes the visible (< 0.7 um) and near-infrared (> 0.7 um) wavebands (section
1.2.1),and @} , and «, , are the direct beam and diffuse lake albedos (section 3.2).
The net longwave radiation (positive toward the atmosphere) is
L =L"1-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
n 4 n 3 n+ n
Lt=(1-¢,)L,,V +e,0(T!) +4e,0(T)) (1, -T7) (9.9)
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 L . » 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

Se—L¢—H,-AE, -G

AT, =— 9.10
¢ 9L, OH, OAE, 0G ©-10)
+—£+ £ 4
or, o1, o1, 0T,
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where AT, =T, g”” —T, and the subscript “n” indicates the iteration. Therefore, the

surface temperature 7T, g”” can be written as

oL, OH,  OIE,

Sg—Lg—Hg—/”LEg—G+Tg"(8T Ho

g g g

n+l __
Tg =

oL, OH, OAE, oG
+—£+ £+
oTr, o1, oT, oT

4 4 4 4

where the partial derivatives are

oL,

oT :4ggG(Tgn)3’
g
aHg _ patmcp
8Tg .,

a)lEg — ﬂ’patm dquZt
oT, o AT,
oG _ A
oT, Az

(9.11)

(9.12)

(9.13)

(9.14)

(9.15)

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 (&

v,atm

unstable conditions (&

v,atm

-0,.<0).

Richardson number using equations (5.46) and (5.48).
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An initial guess for the Monin-Obukhov length L is obtained from the bulk



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

Thermal conductivity 4, (eq. (9.6))

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

Potential temperature scale &, (egs. (5.37), (5.38), (5.39), (5.40))
Humidity scale ¢, (eqgs. (5.41), (5.42), (5.43), (5.44))

Aerodynamic resistances r,, , 7, ,and r, (egs. (5.55), (5.56), (5.57))

m> “ah? aw

Lake surface temperature 7 g”” (eq. (9.11))
. . n+l
Sensible heat flux H, is updated for 7, (eq. (9.1))

Water vapor flux E, is updated for 7;,”“ as

sy (w1
Eg = __patm 9 atm _qSth _%(Tg 1 _Tg ) (916)
aw g

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.

. . "
Saturated specific humidity qST;’t and its derivative 29 are updated for 7;,”“

4
(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, =T, 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)

atm
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
E =G<—2 L (9.18)

where L, is the latent heat of fusion (J kg™) (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=E,[L, (kg m?s?).

r and r are

ah > aw

The roughness lengths used to calculate r

am?

Zy

m

= Zy, = Z4,y = Zom, - 1he momentum roughness length z, . =0.01 for unfrozen

lakes (7, 2T, ) and z,, , = 0.04 for frozen lakes (7, <T,) whether snow-covered or not.

Om,g
The displacement height d = 0. When converting water vapor flux to an energy flux, the

term A is defined as follows

)lsub ]:ztm < Tj
A= (9.19)
/’i’vap ]:ztm > 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)

or :i{(xm +Ke)a—T}+Lﬁ (9.20)
ot oz oz | ¢, dz

where 7' is lake temperature (K), «, =4, / ¢, and k, are the molecular and eddy
diffusion coefficients for heat (m* s™), Ay, 18 the thermal conductivity of water (W m’
K") (Table 1.4), Ciq = Ciiy Py, 18 the volumetric heat capacity of water (J m” K) where

C

lig is the specific heat capacity of water (J kg'1 K'l) (Table 1.4) and p, ' is the density
of water (kg m™) (Table 1.4), ¢ is a subsurface solar radiation heat source term (W m™),
and z 1is 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 10-layer

lakes with boundary conditions of zero heat flux at the bottom and the net flux of energy

at the surface F, (W m?)

F,=pBS,~L,~H,-AE,~E, (9.21)
where B =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?) from layer i to i+1 is

-1

F=—c,|(T,-T,) A i (9.22)

i i+1

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.,
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—Cliy (Km t+K,; )[Ti;j’n J =—Cyy (Km K, )[ T;nA_ZEH j (9.23)

where T is the interface temperature.

The energy balance for the i” layer is

c, qui (

I 1) =—F (6,4 (9.24)

1 1
1 P I-I-2

where the superscripts » and » +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"")

CziqAAtZi (T;nﬂ _];n) = a(—Eﬁl + E”)+ (1 _a)(_E:H " En+1)+ (¢,-,% B ¢i+%) (9.25)

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

r=aT" ' +bT"" +cT"". (9.26)

i i iTi+l

For the top lake layer i =1, F, | = F,, and the equations are

n n n+l n+l —
Znﬂ _an _ At i_ ]; _ZH + 7: _7;+1 + ¢1‘% i+3 (927)
AZi Clig AZ!’ + AZM Clig

K,tK,, K,+K

e,i+l

a, =0 (9.28)
-1
p=1+ 2L A2, Ah (9.29)
Azi Km + Ke,i Km + Ke,i+1
-1
o =-A|_ Az | Az, (9.30)
AZ[ Km + Ke,i Km + Ke,Hl
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r=T"+—| (T

1

i+1

At | F, (in_Tn)
Az, Clig K,+tK,, K,+K

e,i+l cliq

-1
( Az, Az, ] ¢i—% B ¢i+%
+ +

The boundary condition at the bottom of the lake column is zero heat flux,

resulting in, for i =10,

Az, K,+*K,,, K,+K,

A Az ) b4
P=T (T,:—T/’)[ Z A Jw-%

For the interior lake layers, 1 <i <10,

-1
At Az Az
Tlvn+l T;n — _(7—;: _ Tn + Tn+l Tn+l ) i—1 i
Az, K, +K K, +K
-1
At Az Az
__(]—Ivn _ 7—;11 + Tn+l T;z;—l ) i + i+l
AZ[ K, + Ke,t Km + Ke,Hl
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(9.31)

F=0,

l

(9.32)

(9.33)

(9.34)

(9.35)

(9.36)

(9.38)



+
i
Azi Km + Ke,i—l Km +Ke,i AZi Km +Ke,i Km + Ke,i+1
-1
At Az Az,
¢ =— BT (9.40)
AZ[ Km + Ke,i Km + Ke,i+1

i Km +Ke,i—1 Km +Kei
-1
At Az Az,
— (T (9.41)
AZi Km + Ke,i Km + Ke,i+1
At ¢i—% ¢:+l
Azi Clzq

The eddy diffusion coefficient (m?® s for layers 1<i <10 is

kw'z, r
k., =1 B(1+37R) xp(-kz) 1>, (9.42)
0 T,<T

g f

where k 1is the von Karman constant (Table 1.4), F, =1 is the neutral value of the

turbulent Prandtl number, z, is the node depth (m), the surface friction velocity (m s) is
w'=0.0012u,, and k" varies with latitude ¢ as k" =6.6u,"*\/|sing|. For the bottom
layer, x,,,=x,,. As in Hostetler and Bartlein (1990), the 2-m wind speed u, (m sy 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, :%m(ij >1. (9.43)

The Richardson number is
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AON’k*Z?
-1+ [1+— .
w' exp(—2k*zi)
Ri= (9.44)
20
where
N —_8P (9.45)
p; 0z

and g is the acceleration due to gravity (m s?) (Table 1.4), p, 1s the density of water (kg

m™), and g—p is approximated as Pea ZPi - pe density of water is (Hostetler and
z Zin TE
Bartlein 1990)
5 1.68
p,=1000(1-1.9549x107|7, 277 ). (9.46)

The term ¢ _, is the solar radiation flux into the top of the i layer (depth
z=z,—1Az))and ¢ _, 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—ﬂ)§g exp[—n(z—za)] (9.47)
where 17=0.1 is the light extinction coefficient for water. The net solar radiation flux

absorbed by layers 1<i<10, ¢_, —¢, ,, for an unfrozen lake (7, > 7)), is then

1
2

¢l._% —¢i+% =(1—ﬁ’)§g {exp[—n(z[ —1Az, -z, )]—exp[—n(zi +1Az, -z, )]} . (9.48)

For the bottom layer i =10, ¢, =0, and

¢4, =(1-B)S, {exp[-n(z,~3Az,-2,) . (9.49)
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For frozen lakes, the solar radiation is absorbed in the surface layer only so that

¢%1—¢5i+1={(1_ﬂ)sg = } (9.50)
? > 10 1<i<10

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

10 10
cliqAZi (

Y I ) = By (6 4. 9.51)

i=1 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 g,,,, (section 7.6) accounts for the excess or deficit of water

required to keep the lake volume constant as

n+l n

Dyt = Drain T Dm0 — Eg —T (9.52)

where ¢, and gq,,, are atmospheric inputs of rain and snow (kg m™s™) (section 1.2.1),

. 2 -1 : n+l n :
E, is the water vapor flux (kg m™ s™) (section 9.1), and W~ —W_ is the change in

snow mass (kg m™) in time step Az (s).

The snow mass is updated for melt and sublimation or frost as
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VV&',rlm + (qsno - M - qsubl + qfrost ) At 2 0 W < 1 000

sno

Wil =W —(M +q,,,)At >0 W, >1000 (9.53)

sno sno sno

0 Tg >Tf

where M is snowmelt (kg m™? s™) (section 9.1), .. 1s the sublimation from snow (kg

m™s™), and ¢ Jrose 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

sno sno sno

/P, assuming a

3

constant density of snow p, =250 kg m™. The water vapor flux E, (section 9.1) is

partitioned into ¢, or g, as

gy = MiN [Eg’%_Mj £, 20 (9-34)
At
Qpon =|E|  E,<Oand T, <T,+0.1. (9.55)
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10. 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).

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

within a RTM grid cell (m® s™) is

out

d—S:ZFm—F +R (10.1)
dt

where ZFM is the sum of inflows of water from neighboring upstream grid cells (m’

s, F . 1s the flux of water leaving the grid cell in the downstream direction (m’ s,

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
slope as determined from a digital elevation model (Graham et al. 1999). The flux of

water leaving the grid cell F , is
=—S (10.2)

where v is the effective water flow velocity (ms™), d is the distance between centers of

neighboring grid cells (m), and S is the volume of river water stored within the grid cell
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(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* . (10.3)

The distance in the zonal direction Ax (m) is

Ax=(1x10]6, , -0,

Re)[O.S(cosQ.,j+cos¢5i*,j*)] (10.4)

*J*

where 6, and 6, ,, are the latitudes (radians) of the upstream and downstream grid

*

cells, ¢, .

L

and ¢, , are the longitudes (radians) of the upstream and downstream grid

*, ¥

cells, R, is the radius of the earth (km) (Table 1.4), and i and ; are grid cell indices.

The distance in the meridional direction Ay (m) is

Ay =(1x10]6,, -0,

Re). (10.5)

. e

The RTM is generally run at a time step greater than that of the CLM because of
computational constraints (Vertenstein et al., 2004). The total runoff from the land model
at each time step is accumulated until the RTM is invoked. The total runoff at the land
model resolution (kg m™s™) is

R= qover + qdrai + Qr‘gwl (106)

where ¢, is surface runoff (section 7.3), g,,,, is sub-surface drainage (section 7.5), and

over

4,4 18 TUnoff from glaciers, wetlands, and lakes (all in kg m™ s™") (sections 7.6 and 9.3).

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 (10.1) by multiplying by 1x1074 where

A is the area (m?) of the RTM grid cell.
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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 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,. (10.7)

iJ iJ
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11. Volatile Organic Compounds

Terrestrial biogenic volatile organic compound (BVOC) emissions from vegetation
are simulated following the algorithm of Guenther et al. (1995) as described in Levis et
al. (2003). Emissions from soils, which are lower than vegetation emissions by at least
one order of magnitude, are not simulated. Five types of BVOC fluxes are estimated:
isoprene, monoterpenes, other VOC (OVOC), other reactive VOC (ORVOC), and carbon
monoxide (CO). The BVOC fluxes are

F, =¢Dy, (11.1)
where F; is the BVOC flux (ug C m™ ground area h™") for emission type i, &, 1s the plant

functional type dependent emission capacity for emission type i (ng C g dry foliar mass
h™") normalized to an incident photosynthetically active radiation (PAR) flux of 1000

umol m™ s and a leaf temperature T of 303.15 K, D is the foliar density (g dry foliar
mass m” ground area), and 7, 1s a dimensionless empirical activity adjustment factor for

emission type i that modulates emissions in response to incident PAR (isoprene only)
and leaf temperature (Guenther et al. 1993). Emission capacities ¢, (Table 11.1) are
taken from Guenther et al. (2000), Guenther et al. (1994), and Guenther et al. (1995) as

described in Levis et al. (2003). The foliar density is calculated from

D= L
0.58LA

(11.2)

where L is the exposed leaf area index (m? leaf area m™ ground area) (section 2.3), and
SLA is the specific leaf area (m” leaf area g C) for each plant functional type (Table
11.1) (Kucharik et al. 2000). The factor 0.5 converts SLA from g"' C to g dry foliar

mass.
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The activity adjustment factor is

7 =(Crsmn+Crna), Crs (11.3)

and C

where C 1 sha

L,sun

are light dependence factors for sunlit and shaded leaves and C,

is a temperature dependence factor. The light dependence factor is

aCLlan + aCLleha l — 1

(Coon+Cr) ={\1+2°Q,  \1+a°Q), (11.4)
1 i=2,...,5
where a =0.0027 and C,, =1.066 are empirical coefficients, and O, and O, are the
flux of PAR on sunlit and shaded leaves ( 1 mol photons m™ s™) calculated from
Qv =46(8, Vi +Fo S Vo) (11.5)
00 =4.6[ (1= £10) Surm Y | (11.6)

where S 1* and S | . are the incident visible direct beam and diffuse solar fluxes

atm vis atm vis

(W m?) (section 1.2.1), f.

sun

is the sunlit fraction of the canopy (section 4.1), and the

factor 4.6 is in x mol photons J"'. The temperature dependence factor is

exp Cn(T,-T)
0.001R,, TT, -
1=
G, = CT3+eXp{CT2(T T)} (11.7)
0.001R, T.T,
exp[ B(T,-T,)] i=2,...,5

where C,, =9.5x10* J mol”, C,,=2.3x10° J mol’, C,,=0.961, T, =314 K, and

B =0.09 K are empirical constants, T is vegetation temperature (K) (section 5), 7, is

s
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leaf temperature at a standard condition (7, =303 K), and R, is the universal gas

constant (J K™ kmol™) (Table 1.4).

Table 11.1. Plant functional type VOC emission capacities and specific leaf area.

Plant functional & &, & &, Es

type (isoprene) (monoterpenes) (OVOC) (ORVOC) (CO) SLA
NET 2.0 2.0 1.0 10 03 00125
Temperate

NET Boreal 4.0 2.0 1.0 1.0 0.3 0.0125
NDT Boreal 0.0 1.6 1.0 1.0 0.3 0.0125
BET Tropical 24 0.4 1.0 1.0 0.3 0.0250
BET temperate 24 0.8 1.0 1.0 0.3 0.0250
BDT tropical 24 0.8 1.0 1.0 0.3 0.0250
BDT temperate 24 0.8 1.0 1.0 0.3 0.0250
BDT boreal 24 0.8 1.0 1.0 0.3 0.0250
BES temperate 24 0.8 1.0 1.0 0.3 0.0250
BDS temperate 24 0.8 1.0 1.0 0.3 0.0250
BDS boreal 24 0.8 1.0 1.0 0.3 0.0250
C; arctic grass 0.0 0.1 1.0 1.0 0.3 0.0200
C; grass 0.0 0.1 1.0 1.0 0.3 0.0200
C4 grass 0.0 0.1 1.0 1.0 0.3 0.0200
Cropl 0.0 0.1 1.0 1.0 0.3 0.0200
Crop2 0.0 0.1 1.0 1.0 0.3 0.0200

g (ngC g dry foliar mass h™). SLA (m’ leaf area g C)

159



160



12. Offline CLM

In offline mode (uncoupled to an atmospheric model), the atmospheric forcing
required by CLM is supplied by a dataset. The forcing requirements are the same as in

Table 1.1, however, the inputs may be provided by alternative sources as follows.

The reference heights for temperature, wind, and specific humidity (z z

atm,h > atm,m

Zym.w) (M) are set to 30 m if not supplied by the user.

Only the magnitude of the wind (m s™) is required and the individual components,

u, and v, are set equal to each other.

atm atm >

The potential temperature % (K) is derived from the atmospheric temperature

T  as

atm

P

atm

P R4 /C,
@,,m:Ta,m[ ’j (12.1)

(Pa), C, is the

atm

where P, is the surface pressure (Pa), P, is the pressure at height z
specific heat capacity of air (J kg™ K™") (Table 1.4), and R,, 1s the gas constant for dry air

(J kg K') (Table 1.4). The surface pressure P, =101325 Pa if not provided by the

USCr.

The specific humidity ¢ (kg kg™') can be derived from a user-supplied relative

atm
humidity RH (%) as

0'6226atm (122)

o = 0.378¢,

atm
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where the atmospheric vapor pressure ¢, (Pa) is derived from the water (7, > 7)) or

RH
1 ] Talm P TII m 1 3
ice (7, <T,) saturation vapor pressure e as e, = 100 eqr where T is the freezing

temperature of water (K) (Table 1.4). The specific humidity can also be derived from a

user-supplied dewpoint temperature 7, (K) as

0.622¢%
. al 123
Gam =P 0,378 (123)

Here, ¢! ,, the saturation vapor pressure as a function of temperature, is derived from

Lowe’s (1977) polynomials.

The atmospheric pressure P, (Pa) is set equal to the surface pressure P, if
provided by the user or to the standard atmospheric pressure P,, =101325 Pa.
The atmospheric longwave radiation L, 4 (W m™) can also be derived from the

atmospheric vapor pressure e

atm

and temperature 7, as

L, +=0.70+5.95x 1072 x 0.01e,, exp [@j ol (12.4)

atm
atm

where o is the Stefan-Boltzmann constant (W m™ K™*) (Table 1.4).
Convective and large-scale precipitation may be provided separately (in which case
they will be added) or as total precipitation P (mm s”). All precipitation falls as rain,

Qyoin =P, 10 T, >T, +T, where T, is the atmospheric temperature (K), 7, is freezing

atm

temperature of water (K) (Table 1.4), and 7, =2.5 is the critical threshold temperature

(K). In the case of snow (T

atm

<T,+T,), all precipitation is assigned to snow ¢, =P

sno

162



and the land model determines the fraction of precipitation that is in liquid phase based

on atmospheric temperature

0 ]:nm S]1/‘
-54.632+0.27T,, T, <T,,<T,+2
i = | : (12.5)
0.4 T, +2<T,, <T,+1,
1 T >T, +T,

The term f,,,, is used to determine the total rate of liquid and solid precipitation

reaching the ground, g¢,,,,,, and q,,,,,.. (kg m?s")as

q B chm,liq + erip,liq ]:Um > Tf + T; (12 6)
rad,lig — .
¢ ! fP,liq (qthru,ice + qdrip,ice) ]:ztm = Tf' + ]—;
0 T, >T,+T,
q rad jice = A : (127)
¢ (l_fP,liq)(qthru,ice +qdrip,ice) T;vtm < Tf +T;

where g,,,,,, and g,,,,.. are liquid and solid throughfall, and ¢,,,,,,, and q,,,,,., are

liquid and solid canopy drip (kg m™ s™). Equations (12.6) and (12.7) replace equations
(7.10) and (7.11) in section 7.1.

Total incident solar radiation S, (W m™) may be provided by the user, in which

case the individual components are S, % =0.7(0.5S,,), S, ¥4=0.7(0.55,,).

atm " vis atm ~ nir

Som = 0.3(0.58,, ), Som ¥

atm Vi

=0.3(0.5S,,,). The user may also provide the total

nir

direct and diffuse solar radiation, S, {* and S, {, which are each equally apportioned

atm

into the visible and near-infrared wavebands (e.g., S, V4 =055, 1“,

atm ~ vis

S =058 1*).

atm ° nir
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In addition to the surface data described in section 1.2.3, the northern ( £}, ), eastern
(E;), southern ( E, ), and western ( E,, ) edges of the grid (degrees) are also required. For
global grids, E, =90", E;,=-90", E,=180", and E, =-180". For partial grids,

—90°<E,<90°, E, < E, <90°, —180" <E, <180, and E, <E, <180".
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