The New Prognostic Canopy Air Space Solution

in the Community Land Model Version 4 (CLM4)

Samuel Levis, Gordon B. Bonan, Keith W. Oleson,

Mariana Vertenstein, and Forrest Hoffman*

Terrestrial Sciences Section
Climate and Global Dynamics Division
National Center for Atmospheric Research

Boulder, Colorado

NCAR/TN-xxx+STR
NCAR TECHNICAL NOTE

March 06



NCAR TECHNICAL NOTES

The Technical Note series provides an outlet for a variety of NCAR Manuscripts
that contribute in specialized ways to the body of scientific knowledge but that
are not suitable for journal, monograph, or book publication. Reports in this
series are issued by the NCAR scientific divisions. Designation symbols for the
series include:

EDD - Engineering, Design or Development Reports
Equipment descriptions, test results, instrumentation, and operating and
maintenance manuals.

IA — Instruction Aids
Instruction manuals, bibliographies, film supplements, and other research,
or instructional aids.

PPR — Program Progress Reports
Field program reports, interim and working reports, survey reports, and
plans for experiments.

PROC - Proceedings
Documentation or symposia, colloquia, conferences, workshops, and
lectures. (Distribution may be limited to attendees.)

STR - Scientific and Technical Reports
Data compilations, theoretical and numerical investigations, and
experimental results.

The National Center for Atmospheric Research (NCAR) is operated by the
nonprofit University Corporation for Atmospheric Research (UCAR) under the
sponsorship of the National Science Foundation. Any opinions, findings,
conclusions, or recommendations expressed in this publication are those of the
author(s) and do not necessarily reflect the views of the National Science
Foundation.



The New Prognostic Canopy Air Space Solution

in the Community Land Model Version 4 (CLM4)

Samuel Levis, Gordon B. Bonan, Keith W. Oleson,

Mariana Vertenstein, and Forrest Hoffman*

Terrestrial Sciences Section
Climate and Global Dynamics Division
National Center for Atmospheric Research

Boulder, Colorado

NCAR/TN-xxx+STR
NCAR TECHNICAL NOTE

March 06



i



Table of Contents page

List of Figures v
List of Tables vii
Preface ix
Acknowledgments xi
1. Introduction 1
2. The Equations and their Physical Basis ?

2.1 Solving for Ts

2.2 Solving for Qs

2.3 Solving for Ty

2.4 Solving for Ty

2.5 Solving for T;

2.6 Solving for Ty ?
3. The Matrix
4. Steps Toward Implementation ?

5. Necessary Code Changes ?

Bibliography ?

il



v



List of Figures page

Figure 1. ?

Figure 2. ?



vi



List of Tables page

Table 1. 9

Table 2. 9

Vil



viil



Preface

The present document describes the update to an analytical method of solving for
variables near the land-atmosphere interface that will appear in the Community Land
Model version 4 (CLM4). This document is an addendum to the standard CLM technical
description (Oleson et al. 2004). This work was supported in part by the ... program

through grant ....

Samuel Levis

Boulder, 7 March 2006

X






Acknowledgments

The authors thank the SiB group at Colorado State University, Fort Collins, for sharing

with us their implementation of prognostic canopy air space in SiB. We also thank X Y

for reviewing a draft of this document.

xi



xii



1. Introduction

The Community Land Model (CLM) solves a set of simultaneous equations once
per model time step n. The unknowns in this set of equations include near-surface
prognostic temperature and humidity variables for time step n + 1.

The near-surface state responds to the conditions prescribed by an atmospheric
data set when the CLM operates in offline mode or simulated by an atmospheric general
circulation model (GCM) when the CLM operates in coupled mode. In the latter case,
CLM’s calculated sensible and latent heat fluxes are passed to the GCM to establish two-
way land-atmosphere interactions.

CLM versions prior to version 4 employ an iterative scheme of solving for near-
surface temperature and humidity (Oleson et al. 2004). Here we document the model
update to an analytical method of solving for the same variables using a matrix solver.
This update will appear in CLM version 4. The analytical solution of this matrix of
equations will simplify large sections of the code and will allow for an easier
implementation of water isotope tracers in CLM.

The CLM already solves a set of soil and snow temperature and moisture
equations using a matrix solver. In CLM version 4 the soil and snow temperature
equations will be solved as part of the new matrix, while the moisture equations will

continue to be solved in a separate matrix.

2. The Equations and their Physical Basis
This section includes subsections numbered by matrix row, where each row

corresponds to an equation. All rows together form the simultaneous set of equations



solving for a number of unknowns equal to the number of equations. The complete
matrix appears in section 3. Symbols for all variables are consistent with Oleson et al.
(2004).

Each equation is presented in three forms: (a) the physical form, (b) a series of
forms following algebraic transformations, and (c) the matrix coefficient form. The
algebraic transformations assume an “explicit coefficient/implicit temperature” numerical
scheme (Kalnay and Kanamitsu 1988). “Explicit coefficient” means that we use the
resistance terms (Ian, Faw, I'b) calculated at time step n, while “implicit temperature” means

that the variables on the right hand side (RHS) of the equations are from time step n + 1.

2.1 Solving for T,

Eq. 1 solves for Ts (K), the canopy air space temperature. Eq. 1 states that the
change in Ts per time increment At (s) between time steps N and n + 1 is directly
proportional to the sum of sensible heat fluxes (W m™) from the ground, Hg, the
vegetation, Hy, and the GCM’s reference height (zZamnh = 30 m above the ground), H, to
the height of the canopy air space (zo, + d (Oleson et al. 2004)) (Vidale & Stockli 2005).
The first two sensible heat fluxes are positive into and the third is positive away from the

canopy air space:

A-I;S _ Hg+1 n H\;H—l _H n+1 (Eq la)

C

S

where Cs is the canopy air space heat capacity equal to p,,,C Az, pam is the density of

atmospheric, or moist, air (kg m), and C, is the specific heat capacity of dry air (J kg

K™). Az is the greater of 4 m and the difference between the top and bottom heights of the



canopy. If Az tended to zero, Cs would tend to zero and the prognostic form of Eq. la
would reduce to the diagnostic expression used in CLM prior to version 4 (Vidale &
Stockli 2005). Eq. 1a’ is shown as a reminder of an assumption that ceases to be true in
CLM version 4:

lim C, 21s
At

C;—0

=0=>H" =H" +H™ (Eq. 12)

Do not confuse Cs with the variable in Oleson et al. (2004) that represents the turbulent
transfer coefficient between soil and canopy air.

Starting from Eq. la, we carry the n + 1 sensible heat flux terms to the LHS, add
the corresponding n terms to both sides of the equation, expand all terms, and rearrange
the LHS by variable instead of by time step:

AT,

C +Hn+1_Hg+l_H\;]+1:0
t

S

C AL ™ T M L HT CH 4 HD = HE - HD - H
At

S

AT, B pathp (§n+l _-|-n+1) patmcp (gn _Tn)

s At I, atm +T atm s
4 Lame a;"‘f" (U —pa;mh?p (rr-17)
L+S (oo L+S (010 (a1
+ patmcp (Ts _Tv )_ pathp —(Ts _Tv )
b b
= _pathp %(Tsn _Tvn)_part_ch(Tsn _Tgn)+pach(_art]m _Tsn)
b ah’ ah
C C C,,— _
(%4_ pa;r:h P L ,Oatmcp L ;_: S + part-ranh' p j(Tan _-I-sn)_ patr:h p (eaTr;I _ ea?m)
_ pa;m::p (—I-gn+1 _Tgn)_ patmcp L ': S (—I-Vn+1 _-I-Vn)
= _pathp ﬁ(‘rsﬂ _Tvn)_ pa;ch(Tsn _Tgn)+ %;L%(ga?m _Tsn)
b ah’ ah



where Ty and T, are the ground and leaf temperatures (K), 6,, is the potential

temperature (K) at the GCM’s reference height, L and S are the exposed leaf and stem
area index values (m2 leaf or stem surface m™ ground), Iz, is the aerodynamic resistance
to sensible heat transfer (s m™) between CLM’s canopy air space and the GCM’s
reference height, r, is the leaf boundary layer resistance (s m'l), and ra’ is the
aerodynamic resistance to heat transfer (s m™) between the ground and the canopy air

space. Whether in offline or coupled mode, CLM assumes that a dataset will provide or

an AGCM will calculate @"'. Therefore, CLM does not calculate &,)*' and assumes

instead that 6" —@"

om — O =0 to solve the matrix. The corresponding term in Eq. 1b drops
out.

Ts, Tg, and 6.

| m» are column level, while T,, Cs, and the resistance terms are plant

functional type (pft) level variables. Generalizing Eq. 1b to include multiple pfts per

column and substituting Cs with p,,,C Az gives:

nprt Az, 1 L. +S, 1
wt).| —- + Ly C_|TM =T"
Z|:( )J( At ( )ijatm p:l( S 5)

+
j=1 rah)j (rb)j (rah’

npft_ C
_Z (Wt)jpatm p (-I-gn+1_-|-gn)
j=1 (rah’)j
ot L, +5S; n+ n !
_Z (Wt)jgpatmcp[(-rv l)j - (T, )J] (Eq. 1b')
=l ()
[ Li+S; (cn — |
npft _pathp Er ) : (Ts _(Tv )])
=3[ (), "
j=1 _pathp (Tn_Tn)+ pathp (gr; _-I-n)
_ () 0 ),




where ] is the pft index ranging from 1 to npft (the number of pfts present in the column)

npft
and (wt); is the fraction of the column occupied by pft j, where Z(Wt) ;=1. CLM

j=1
includes bare ground in the same column as the vegetation and gives it a pft index. The

fraction of the column with bare ground has L; +S; =0.

In matrix coefficient form, Eq. 1b’ becomes:

neft 1 Lj+Sj 1
th
Z{( )[mt (), (), m}pa }

L; +S;
C(lT )] (Wt) patmcp for J : npﬁ:
(b)
npft
—Z (wt), Fam=e. PanC Pam™~p (Eq. Ic)
j=1 ( ah’ )
I Li+S; (0 |
npft _patmcp ér ) J (T _(Tv )])
F, = | (wt), "
j=1 : _ patmcp (-I-n . ) pathp (Ht _Tn)
() 0 )y T

where C}S is the matrix coefficient in row 1 that is multiplied by AT,, C , is multiplied

(Ty)j

by A(T,);, and C}g is multiplied by AT, . A smoothing filter is introduced by multiplying

the time step, At, by a factor of 2. F; is the RHS term of Eq. 1.

2.2 Solving for gs
Eq. 2 solves for qs, the specific humidity (kg water vapor kg air) of the canopy
air space. Eq. 2 states that the change in gs with respect to time is directly proportional to

the sum of latent heat fluxes (W m'z) from the ground, AE,, the vegetation, AE,, and the

GCM’s reference height (Zamw = Zamn (Oleson et al. 2004)), AE, to the canopy air space



height (zow + d = zon + d (Oleson et al. 2004)) (Vidale & Stockli 2005). The first two
latent heat fluxes are positive into and the third is positive away from the canopy air
space:

AQ
AN7 —=
Pam At

= JE;" + 2B - 2E™ (Eq. 2a)

where AE, = AE; + AE), i.e. the sum of transpiration and canopy evaporation, and A (J

kg™) is the latent heat of sublimation if the water content of the top soil/snow layer is all
ice and no liquid; A is the latent heat of vaporization when liquid water is present in the
soil or when calculating plant evapo?transpiration. Without the factor A, the units of Eq.
2a would have been water vapor flux units (kg m™ s™') instead of energy flux units (W m’
%). Other terms in Eq. 2a have been defined previously.

If Az tended to zero, the prognostic form of Eq. 2a would reduce to the diagnostic
expression used in CLM prior to version 4 (not shown but, e.g., see Eq. 1a’ in section
2.1).

Next we carry the n + 1 latent heat flux terms to the LHS, add the corresponding n
terms to both sides of the equation, expand all terms, and rearrange by variable instead of
by time step:

AQ
AN —=
Patm At

+AE™ — JEM — JEM =0

Az 2 4 JE™ BT - ZEM 4 2ET - AEM + AED = JE” + AE7 — AE"
At



pane e () Lo, ) P ) )
L+S f ; Lsun Lsha o o
+ patmﬂ’{ fwet I:: + Id_y (r N I,sun L+ rsha j}( s - q;r;t )
L S f qun tha ] .
_patmﬂ’{ fwet ;,: + dL"Y (rb N rsun + rb + rsha J}(qs - q;r;t)
L+S f ] Lsun Lsha . N
= _patmﬁ{ fwet :; + Id_y [rb N r.sun rb N r.sha j}(qs - ql—evlt)
Loy Lanl (g, )
aw aw
Az 1 L+S  fo( LV L o
patmﬂ“{E +; + 1:wet rb + Ly [rb N rsun rb N rshaj raw }(qs - qs )
L S f Lsun Lsha . -
- patmﬂ’{ fwet I:: + dLrY (rb + rsun + rb + rsha j}(qzat - qsat)
patm ( 2;; qgtm) patm (q€r;+1 _qg) (Eq 2b)
nmN nwv
L+S f [Lsun L}ha ] .
= _patmﬂ/{ fwet :t: + Id_ry (rb N Ir.sun rb 4 rsha j}(qs - q:—;t)
Pl ) P o, )
ﬁnv nmm

where fyet is the wetted fraction of the canopy (leaves and stems) and fqry is the fraction of
leaves that are dry and able to photosynthesize (fuet and fury are defined mathematically in
Oleson et al. (2004) and fgy # 1 - fwer in general). When the soil moisture function that

limits transpiration /4 <1 x 1010 , fary = 0. When dew is present, fgry = 0 and fuer = 1. LS

sun ha

and L°" are the parts of L (m? m™) that are sunlit and shaded, r*" and r>® are the sunlit

and shaded stomatal resistances (s m™), ray is the acrodynamic resistance to water vapor
transfer (s m™') between the canopy air space and the GCM’s reference height, ra,/ is the

aerodynamic resistance to water vapor transfer (s m') between the ground and the



canopy air space, (g is the specific humidity (kg kg') at the ground, and gy, is the

saturated specific humidity (kg kg™') at temperature T,. Whether in offline or coupled

n+l
atm °

mode, CLM assumes that a dataset will provide or an AGCM will calculate q

n+l1
atm

n+l
atm

Therefore, CLM does not calculate g, and assumes instead that qg, —q, =0 to solve

the matrix. The corresponding term in Eq. 2b drops out.

T -|—n+1 -I—n
dqsat — Osat — Gt

, where . is the saturated specific humidity at
ar  T™-T" =

Assuming that

temperature T, and assuming that q, = aqzagt, where (g is the specific humidity at the

ground as a function of the saturated specific humidity at the ground (section 5.2 of

n+l1
g

Az 1 L+S f Lson Lshe |
patmﬂ’{E +—+ fwet + a [ sun + shaj—i—_}( s - qs )

Oleson et al. (2004)), we substitute the terms gg" —qg and q;"r1 - q;;: to get Eq. 2b":

aw Irb L rb + rs If-b + rs ravsl
T f sun sha
- patmﬂ% fwet L+S + = S sun + - sha (Tanrl _Tvn)
dT, I, L {n+r I+,
P, tmﬂv dqg n+l n '
—fam® Z (T4 _T Eq. 2b
r, dTg ( g g ) (Eq )
|_ + S fd Lsun Lsha N
=—p, A f +— + " gy
patm { wet rb L [rb + r_ssun rb + rssha (qs qsat)
al m/l n n al m/l n n
_L(qs _qg )+pr;(qatm _qs )
aw’ aw

Tg, s, and Qawm, are column level, while Ty and the resistance terms are pft level

variables. Generalizing Eq. 2b’ to include multiple pfts per column gives:



i Az, 1 1 L+S, ]
+ (fwet)j N
npft At (raw)J ( V\/) (rb )j el n
Z (Wt)jpatmﬂ sun sha ( s _qs)
i= (fdry)j Lj Lj
+ sun + sha
L Lj (rb)j +(rs )j (rb)j +(rs )j ]
_ (0, 5> |
L ® [, -]
- w 'pam - sun sha V+ i~ \lv/j
& i Pat d(TV),- +(fdry)j Lj N Ljh j j
I L L)+ (1) +(5™), |
npft_ d
ptmj’ qg n+l n "
3 (wty, Lan® o (g (Eq.2b")
JZ=1:_ : (raw)j dTg jl( ’ ’ )
Li+S, (fy); L5 L ( )
npft _patmﬂ“{( fwet)j Er ) : + dLy J ((r ) _{_J(rsun)' (r ) +J(rsha)_ J} qs qs(;—t )
:z (Wt) b/j i b/j s /] b/j s /]
=l patm n patm n
qS q atm qS
(Faw) | ( g) (Fa) ( t )
In matrix coefficient form, Eq. 2b” becomes:
I Az, L+S ]
N L = i
C2 % ( t) J) 2At (raw)j (raV\/)j (rb)'
= WU Patm sun sha
=1 R Y G L
_ L @, Ty, ) |
( L; +S;
i OB(T ), Wet)j (rb)
Cs, =—(Wt). p, A—2 wn a for j=12,...,npft
T I N S
L, ((%); +(rssun)j (rb)"‘(r:ha)j
npft d
patm/1 qg
C2 =Y | (wt), P =% (Eq.2c)
’ g‘ " (ry),; dT,
L. +S, (f,) L L ( )
npft _patmﬂ’{( 1:Wet)j (Jr ) : + dLy : ((r ) +J(rsun)_ (r ) +J(rsha)_ ]} qs qieTlt)
Fqs:z (Wt)j b i b/j s /j b/j s /j
= patm patm n
- qs q atm qs
( aw‘) ( 9) ( aw) ( t )




where C:S is the matrix coefficient in row 2 that is multiplied by Aqg,, C/

1,), 1s multiplied

by A(T,);, and CT2g is multiplied by AT, . A smoothing filter is introduced by multiplying

the time step, At, by a factor of 2. F, is the RHS term of Eq. 2. Although A could cancel

out of all the terms in Eq. 2 as latent heat of vaporization, A could also represent the latent

heat of sublimation in Cng if the top soil/snow layer’s moisture is all ice. Therefore, we

keep A in all the terms of Eq. 2.

2.3 Solving for T, (We’ll solve separately for sunlit and shaded leaf temperatures later.)
Eq. 3 states that vegetation temperature, T, (K), changes with time as a function of
the net energy available to the vegetation (W m™), accounting for radiation and heat flux

terms, as well as changes in emitted longwave radiation from the ground and vegetation.

The radiation terms include the vegetation-absorbed net solar, S,

(positive into
vegetation), and net longwave radiation, I:v (positive away from vegetation). The heat

flux terms include the sensible and latent heat fluxes, H, and AE, (positive away from

vegetation). The changes in longwave radiation emitted by the ground and vegetation for

respective temperature changes ATy and AT, from time step n to n + 1, are given by

dL, T o :
T AT 6,, (positive into vegetation) and
9

n

it
dT,

AT, 8, (positive away from
n

vegetation). Feels as though we are neglecting other longwave terms like the above.

AT, =0 = do, T do, T
C,—t=S'—L—HM" - AEM + —%L | AT 3,,, ——L AT,S, Eq. 3a
v At v I‘v v v dTg i g ~veg dTV i v+veg ( q )

10



where C, (J m? K') is the heat capacity of the vegetation equal to

+ + where Ciig 1S the specific heat capacity of water - K),
(L+S)C, W, +C,; W here Ciiq is the specific h pacity of (J kg' K

lig lig"Vean »

Wiear 1s the amount of water in leaves per leaf area set to 0.2 kg m> (does Ian mean in
leaveststems per leaf+stem area?), Wean is the amount of water on the canopy per unit
area of ground (kg m™), and Oveg 1 a step function equal to zero for L + S < 0.05 and
equal to one otherwise.

As in previous sections, now we transform Eq. 3a to Eq. 3b. Also we replace

do, T
9 d M with 4¢ a(T“)3 and 2-4<9V(7(TV”)3 respectively:
dT, | dT, | e
d, T cn o
C, AT, +HM™ —H" + AE™ - AE" _,_M AT, ——2— AT, =S -L, -HJ - AE]
At dTv n dTg

Cofrmi 1) pC L+S(“+1 LR C-Efiﬁ“—Tﬁ

\ \Y atm ™~ p atm ™~ p S v
At ]
- A -
. 1 f L+ S dry L L ( n+l T )
patm r + rsun r + rsha S qsat
L+ S dry [

) _
Lsun LS a ( N B Tv")
r + rsun sha S qsat
b

+ PanA| Tt
I‘b + r

+ 8¢, O'( )3 Veg( - ) ( )3 veg(Tgn+l_Tgn)

- . L+S L+S f, [sun | she )
=S, -1+ 0nCo— 1" =T )+ pant| f +—= "
v L\/ patm p ( S ) patm |: et rb L (rb + rsun rb + rssha (qs qsat )

11



Sl 0, S 1), S )

Patm p
b b
+ Pan| | L+3 + O + L~ (qTn+l -0z )
patm I wet rb L rb + rsun rb + rsha | sat sat
B L+S fd Lsun Lsha ]
— P f + M Eq.3b
patm wet rb L (rb + r_sun rb + rsha _( S qS ) ( q )

_48 ( )3 veg (Tgml _Tgn)

- — L + S L + S fd Lsun Lsha .
C,——(T"-T")+p, A T +— + " q
LV atm p r_b ( S \ ) patm |: wet rb L [ rb + rssun rb + rsha (qs qsat)

where & and g are the vegetation and ground emissivities, and o is the Stefan-Boltzmann

constant (W m™? K™).

\

TV
As done in Eq. 2b, we next substitute q, — gL, with %(TV“+1 -T ”):

\'

Patm p
b

T, f sun sha
omr S St )

B_t*g”( T 5y Gy

rb rb + r rb + rs
L+S fd Lsun Lsha
—p A f + - + g Eq.3b'
patm |: wet rb L [rb + r.Ssun rb + I,.Ssha j:|( S qs ) ( q )
L+S n+l n n n+1 n
— panCy (T T )= 4 0T 5, (T2 =T))
b

~n — L + S L + S fd Lsun Lsha .

T" =T )+ p A | +— + -
Lv atm p rb ( s v ) patm |: wet rb L [rb + r.sun rb + r.ssha (qS qsat)

Ts, Qs, and Ty are column level, while T, and the resistance terms are pft level

variables. Generalizing Eq. 3b’ to include multiple pfts per column gives:

12



(C)); L +3;
{A #8(6,),0(1) Gun)s + £anCy =

dogy Li+S;  (fy); L5 L . i
+patmﬂ“ qsat {(fwet)j J L+ ) : + [(Tv 1)j_(-rv )J]

a,), Wy L L, i, e,
L. +S;  (fu);: L Lsha 1
_ tm/l fwet . J J y/) J — ] e ;H :
P % ”<mj+lj(mnunn+m»ﬂunﬂ( )
L +S.
— panC Er+) LT - T)-4e,0(Tf (8,), (T = T7) (Eq.3b")
b/j

= - Li+S; (o0 0
=80, = (B + punCy L T

v pand] (o, oS Gaodi [ W7 L o7 —a)
atm wet sun sha S sal
t : (1) Ly () + (), (%) +(rsh )i

J

forj=1, 2, ..., npft. There are as many equations solving for Ty as pfts in the column.

In matrix coefficient form, Eq. 3b” becomes:

- L.+S,
(oka. :_pamc i i
R (3]
. L.+S. (f,). Lun Lsha
Cgﬂ = — P (fwet)j it J'|'( dry)] ! ot ] -
: () Li (), +(); (), +(7);
v (C) L, +S;
C(ZTV)Jj = J+8(8) O-( )3( veg) +patm p ( ) (Eq 30)
b

+p ﬂdqgar:h (f ) Li +Sj n (fdry)j szun N Ls}ha
atm d(T,); e (%) L, () +(K™); (I’b)j-l-(l':’ha)j

Ci'i = 4¢ ol (6,

=0 - L.+S
=ﬁnﬁ¢m+%ﬁp()( -

+ P A (Fo) i +(fd“’)j L + 5" (q —qg )
atm we! sun sha S sat
t ), Ly () + (™)) (h); + (™),

]

Fo |
Wil i
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forj=1,2, ..., npft. CTZ:j is the matrix coefficient in row 2 + j that is multiplied by AT,
Ci” 1s multiplied by Aq;, C(th)jj is multiplied by A(T,);, and Cng” is multiplied by
AT, . A smoothing filter is introduced by multiplying the time step, At, by a factor of 2.

F(Tv)j is the RHS term of Eq. 3.

The matrix solves for (Ty); for all the pfts present in a column. For simplicity we
continue section 2 as though npft equals one. Therefore, this section (2.3) discussed

matrix row 3, the following section (2.4) will discuss matrix row 4, and so on.

2.4 Solving for Ty
In CLM, properties of the ground correspond to properties of the top soil or snow

layer, whichever is in contact with the atmosphere. Eq. 4 solves for Ty, the ground

AT,
temperature (K), stating that A_tg is a function of the net energy available to the top

soil/snow layer (W m™). As in section 2.3, net energy includes radiation and heat flux

terms, as well as the changes in longwave radiation emitted by the ground and vegetation.

The radiation terms include ground-absorbed net solar, S

o (positive into the top

soil/snow layer), and net longwave radiation, I:g (positive away from top soil/snow
layer). The heat flux terms include sensible, latent, and soil heat fluxes, H,, AE,, and

Fisni (positive away from top soil/snow layer). The changes in longwave radiation

emitted by the ground and vegetation for respective temperature changes ATg and AT,

14



. . dL, T
from time step n to n + 1, are given by T

g

AT, (positive away from top soil/snow

n

layer) and d(lj'j’l_ v AT,0,., (positive into top soil/snow layer):

v&veg

[ 1 n+l1 n+l1 n+l1 dLg T
- H ﬂ’E I:1+snl
dT,

d, ¥
dT,

\

C1+snIAzl+snI A_tg = gg ATg + ATv5veg (Eq 43)

where Ciisn (J m™ K) is the volumetric heat capacity of the top soil/snow layer (index
1+snl) and snl, the number of snow layers, can range from 0 to —5. With no snow the
index for the top soil layer is 1, while with five layers of snow the index for the top snow
layer is —4. Az;sn (M) is the top soil/snow layer thickness.

Transformations similar to the ones used in sections 2.2 and 2.3 lead from Eq. 4a

de, T

9 In

and dL, v
dT.

vV In

to Eq. 4b. —— are replaced with 459(7(Tg”)3 and 48V0'(TV”)3 respectively,

d
and "' — qg is replaced with %(Tg”+l _Tn):

g g
g

AT, dL, T
C1+snIAZI+snI ’ L= AT - dLV \L ATvé‘veg
At dT, dT, |,
+HIT - H + 2B —/1E“ Fril—F" = §g —L)-H) - AE] -F',,

C... AZ

1+snl

.
o, D0 Tl Y 1)

_ pathp (Tsn+1 _Tn+1)+ pathp ( Sn _Tn) pﬁtm ( n+l qngHl) p;ﬂm (qs q )

g s
r-ah' rah' aw aw’

A A
_ . [Zh,_1+zsnl] (-I-gn+1 Tzrrstl ) [zh,_1+zsnl] (T Tzrlsnl )

1+snl 2+snl

_§r- D+ LanCoro ), Lan qn

g

2+snl I1+snl

) Zﬂ[zmm.] (Tgn Tz’lsm)

S

r-ah’ aw' 2+snl — “l+snl
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Cl+snIAzl+sn| AA_-I:[Q + part-mc +4¢ (T(T n)3 — M (Tgn+1 _-I-gn)
ah’

_ PanCp (TM Tn) Pam? (M qsn) p;nm (qm q)

2+snl 1+snl

S 9

rah r-aw’ aw' (Eq 4b)
+ 7 A[Zh’Hsnl ] (Tzr:,lnl _Tzrlrsnl ) 4e O-( )3 veg( ! -T n)
24snl ~ “l4snl
o o amC n atm 2’ +sn n n
S +%(TS 1)+ Pr:W’ (@ - )+ %(Tg ~T )

C+sn Az +sn 'Datmc pamﬂ’ dq ny ﬁ’[zh,Hsnl] n+l _Tn
| IAtl | " rah’ p " ratw' dTZ +4€90(T9 )3 Z2+sn| - Zl+sn| (Tg Tg )

n ﬂ[zhi+zsnl] (TzT—slnl Tzrlsnl) 480'( )3veg(-|-n+l Tn)

2+snl 1+snl

S

_ pathp (—I-n+1 _Tn) patm ( n+l1 qn)
r s

I’-ah’ aw’

=Sn_[ +pathp (Tsn Tg) p;um (qs —q ) Zﬂ«[zh_n;nl] (T T2n+sn|)

rah' aw’ 2+snl 1+snl

where the coefficient A was defined in section 2.2, while Az, 1 (W m™ K) is the

thermal conductivity at the interface between the top and second soil/snow layers, zh +sni
(m) refers to the depth of that interface, while z;,sn and z,+sn (m) are the depths of the top
and second from the top soil/snow layers, respectively.

Ts, 0s, Tg and To4sn are column level, while T, and the resistance terms are pft

level variables. Generalizing Eq. 4b for multiple pfts per column gives:
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%l:(wt){CHsnlA Lesnl pathp patmﬂ dqg +4¢ (-I-n)3 _M}}( n+1 _-I-n)
< J )

At (G, ( W) AT, Z,. oy~ ’

2+snl 1+snl

+ % (Wt)j M}(TZTSLI _T2n+snl)
=1L 2+4snl — “l+snl
npft [
_z (Wt) de G( )3( veg) [(rvn+l)j _G-vn)j]]
j=1
-5ty Lo }(T”“ -T0)- %{wvt), Pond }( M -q)) (Eq. 4b")
j=1_ ( ah) j=1 ( aw)
_ ) ) C -
o (SR T B o))
= Z (wt), /1[2 ]ah o
i=1 + h,1+snl ( n T2n+sn|)
L Zy sl ~ Livsni |

In matrix coefficient form, Eq. 4b’ becomes:

npft K

PamC
Ct =-%| (wt), Lame
" ; : (rah’)j :I

npft /1
=_ t), Lam?
Z_(W )J (raw’)j:|

‘ —(wt), 4e, G( )3( Og); for j=12,..,npft

§|:( ) { 1+sn| 1+sn| patmcp patm/1 dqg +4¢ U(TH)B—M}}

j=1 2At (rah )] (raw’)j dTg ’ ’ z

2esnl — Ligsnl
& [ h 1+snl ]
CT2+snI Z ( t)
i= Z2+sn| 1+snl
an I n amC n n amﬂ“ ]
npft SQ_LQ+I?rt )_p (Ts _Tg )+(ﬁ;tl)_(qs qg)
Fr, = 2| (w), T " (Eq. 4c)
j=1 n ﬂ“[zh,usnl] ( n_Tn )
2+snl
Zyisnl ~ Lisni

where CT4$ is the matrix coefficient in row 4 that is multiplied by AT,, C. is multiplied

by Aq,, C(“Tv)j is multiplied by A(T,);, C{‘g is multiplied by AT, and C; is multiplied

T2+sn|
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by AT,,, . A smoothing filter is introduced by multiplying the time step, At, by a factor

+snl

of 2. FTg is the RHS term of Eq. 4.

2.5 Solving for T;
Eq. 5 solves for Tj, the temperature (K) of internal soil/snow layers. In CLM the
soil/snow layer index, i, ranges from 1 to 10 for soil, while for snow it depends on the

number of snow layers, snl. For snl equal to 0, values of i for snow do not exist. For the

maximum absolute value of |sn|| = |—5 , 1 ranges from 0 to —4. Eq. 5 solves for internal

layers only, where i ranges from a minimum of -3 to a maximum of 9, so Eq. 5 can
occupy as many as 13 rows and 13 columns in the final matrix of equations (section 3).
The physical form of Eq. 5 states that soil/snow temperature in layer i changes

with time as a function of the total heat flux (W m™) at this layer’s interfaces. In
y

particular, F"*' is the heat flux at time step n + 1 at the interface between layers i and i +

1 and is positive into layer i. Similarly, F";' is the heat flux at time step n + 1 at the
interface between layers i — 1 and i and is positive away from layer i.

AT n+l1 n+l
i i At i i-1 ( q )

where ¢; (J m™ K) is the volumetric heat capacity and Az (m) the thickness of the
soil/snow layer.

Next we carry the n + 1 heat flux terms to the LHS, add the corresponding n terms
to both sides of the equation, expand all terms, and rearrange by variable instead of by

time step:
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caz Al pr _pn _p pr g
At

S0 S 4 P

i—1 i

A S A A z, -1,

+M( n+l -|-n+1) ﬁ“[zh,i] (Tin_Tiil)

i+1
Zi, — Zi, — I

ﬂ’[zh'] n n Z[Zhl 1] n
Zi+1 — (Ti _TM)_'_ Z, —Z_ (T T ) (Eq. 5b)
_M(Tinlﬂ _T0 )+(CiAZi N /I[Zh,i] 4 l[Zh,i—l]J(Tinﬂ _Tin)

At Zi,, — I i — 7,

o 2 o)

i-1 1
Z,, -1, z,-17,,

where A[z,;] (W m™ K™) is the thermal conductivity at the interface between soil/snow

layers i and i + 1, zn; (m) refers to the depth of that interface, and z; (m) is the depth of
soil/snow layer i.

In matrix coefficient form, Eq. 5b becomes:

CT7H :_jl_ih,zilj
i i-1
C7 _ CiAZi + ﬂ’[zh,i] + ﬂ'[zh,i—l]
" At Lia—%4 Li—Z (E 5 )
. JC
C7 _ Z[Zh,i] q
T Ly~
Alz. - A
o el e

where CTSHi”1 are the matrix coefficients in row 5 multiplied by AT,_,;,,. In Eq. 5, i

ranges from 2 to 9 when snl = 0 and from —3 to 9 when snl = —5. The 2At smoothing filter

found in previous equations is not used in Eq. 5. F; is the RHS term of Eq. 5.
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2.6 Solving for Ty

Eq. 6 solves for Ty, the temperature (K) of the bottom soil layer (index N). N
equals 10 by default in CLM. According to Eq. 6, the change in Ty with time is directly
proportional to the soil heat flux into soil layer N, Fy.; (W m™):

AT n
CyAZ, A_tN =-F (Eq. 6a)
where cy (J m™ K) is the volumetric heat capacity and Azy (m) the thickness of the

bottom soil layer.

AT, n+ n n
CNAZNA_,[N+ Fot —Fy, =-F{, (Eq.6b)

ATy l[zh,N—l] (Tr\r:j _T,\TH)_,_M(T,\TI _TN”):M(T,\T1 —T,\T)

CNAZN AL
Zy — Iy Zy — Iy, Zy — Iy,

ﬂ’[zh,N—l] n+ n C AZ ﬂ‘[zh,N—l] n+ nj)_ j‘I:Zh,N—l] n n
_ﬁ(TN: _TN1)+( NA,[ o+ Z, -2, (TN 1_TN)—H( N-1 _TN)

where A[z, ] (W m” K) is the thermal conductivity at the interface between soil

layers N - 1 and N, while zn .1 (m) refers to the depth of that interface, and zy and zy.1 (m)
are the depths of soil layers N and N - 1.

In matrix coefficient form, Eq. 6b becomes:

cd —_ ﬂ’lzh,N—IJ
e Zy —Zng
o Sl An] (Eq. 6¢)

At Zy — 2y

_ ﬁ“[zh, —] n n

F

Ty
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where CfN . are the matrix coefficients in row 6 multiplied by AT . The 2At

smoothing filter found in previous equations is not used in Eq. 6. F; is the RHS term of

Eq. 6.

3. The Matrix

Using the LAPACK matrix solver DGESV, CLM solves the set of simultaneous
equations described in section 2 once per time step n for each column in a land grid cell
(except over lakes where CLM’s existing method remains unchanged). A grid cell’s lake,
wetland, glacier, urban, and soil fraction each occupies a separate column. The unknowns
in this set of equations include various near-surface prognostic temperature and humidity
variables for model time step n + 1:

The canopy air space temperature and humidity, Ts and s, which represent the
column’s canopy air space state; Tq, the temperature of the top soil/snow layer; T, which
for i < 0 are snow layer temperatures and for i > 0 are soil layer temperatures; (Ty);, the
vegetation temperature indexed by pft j, which does not have values over bare ground.

We write the equations in matrix form (A- X = B) for two sample cases. One with

only one pft and three snow/soil layers to match the explanations and subsection numbers
of section 2, and the other with three of each (pfts, snow layers, and soil layers) as an

llustration:
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G0 C G o0 0]||ar||F

0 G G G 0 0 ||| |F

G ¢ oo o[l |R

cocc g ool R

0 0 0 G G G||AL]| R

0 0 0 0 C cJ|an] R
G 0 G G &G G 0 0 0 0 0 AL R
0 ¢ G, G, G G 0 0 0 0 0 M| R
G G G, 0 0 G 0 0 0 0 0 [|AT)||F,
G G 0 G, 0 C 0 0 0 0 0 ||AT),|/|FR,
G G 0 0 G,C 0 0 0 0 0 KA, HHF,
G G G GGG G0 0 0 0 |k
0 0 0 0 0 ¢ ¢ ¢ 0o 0 o0 [|AT]|]|F,
o 0 0 0 0 0 C G ¢ o0 o ||A,]||R
o 0 0 0 0 0 0 C G G o0 AT || R
0 0 0 0 0 0 0 0 G C ¢ ||4a||FK
0 0 0 0 0 0 0 0 o0 C c LA ]|RK]

AV VN VAN e

canopy air space  pfts 1,2,  snow layers soil layers
and 3 -2,-1,and 0 1,2,and 3

The matrix coefficients are indexed at top right by the row number (or equation)
that they belong to and at bottom right by the column (or prognostic variable) that they

correspond to.
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Recall that CLM uses 10 soil layers, up to four pfts, and up to 5 snow layers in
each grid cell by default. CLM adjusts the size of matrix A in every grid cell according to
the actual number of pfts and snow layers. The matrix size can range from 11x11 for a
column with no snow and no pfts (e.g., wetland, glacier, bare soil; npft equals 1 but L + S

equals 0 in such columns) up to 20x20 for a column with four pfts and 5 snow layers.

4. Steps Toward Implementation

A fortran routine based on SiB3 subroutine sibslv.F90 was written to fill the
coefficients of the matrix of section 3 with realistic data from one time step of a single-
point CLM simulation. The main routine calls a matrix solver (subroutine dgesv) and
writes the solution as though one CLM time step has passed.

The fortran routine was originally tested in one column with one pft and no snow:

1. The heat capacities of vegetation and canopy air space were set to zero to mimic
CLM assumptions. The matrix solution appeared reasonable but values were
different from CLM output at the same time step.

2. Finite heat capacities were used for vegetation and canopy air space and the
results changed mainly above ground as expected.

3. A 2At smoothing filter was used in Eq. 1c to Eq. 4c following the approach found
in SiB3. The results changed mainly above ground because the smoothing was not
used below ground.

4. The routine was changed to accommodate multiple pfts. Ts and s were made

column level variables. The results did not change when setting npft = 1.
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Solving for two or more identical pfts (npft > 1) gave same answers for each of
the pfts as for the single pft in test #4.

Vegetation related variables were set to zero to test the matrix for the case of bare
ground. The results changed mainly above ground as expected.

The routine was generalized to accommodate snow. The results did not change

when snl was set to zero.

. As this document was written, a few errors were found in the definitions of some

matrix coefficients, so answers changed. However, the new results look just as
reasonable as the old.

This new matrix solution will be linked to the CLM as a replacement to the
original iterative solution. In CLM the matrix dimensions will be determined
dynamically for variable numbers of pfts and snow layers to ensure maximum
computational efficiency. Extensive tests will be performed with the new and the
old codes to demonstrate that the new solution works correctly. Some of the tests
described earlier in this section will be repeated. Also conservation tests for mass

and energy will be performed.

5. Necessary Code Changes

List subroutines that were removed, added, or changed. List corresponding

sections from Oleson et al. (2004) that become obsolete.

Keith mentioned that after phase chg in soils we adjust temps and/or fluxes? This

consideration should be added to the discussion of how to apply limits to the matrix

solution. Apply the limits recommended by Vidale & Stockli (2005) (see Eq. B1)? Keep
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clm’s current method of applying limits? Eg, now clm applies E; limits within the
iterative scheme, but we calc other fluxes after it and then solve soil moisture and update
fluxes. Would it be cleaner to calc soil moisture first, then solve matrix with B1 limits to

get the fluxes once?

6. To Do...
Add or just refer to Keith’s figures such as 4.1, 5.1, 5.2, 6.1?

Ian (?) suggested that we compile with ATLAS (?)
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