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1. Phenology

In current version, the phenology module aims to: 1) determine the fraction of vegetation canopy which is

buried by snow; 2) define the growing season.

1.1 Vegetation buried by snow

The thickness of canopy buried by snow is
d, =min {max(h,,,,~h,,,0), (h,, —h,, )}

where h, . is snow height, h,, and h , are the height of canopy top and bottom, respectively. The

snow

fraction of canopy buried by snow

d,

b mafio. (1,

Note that when0 < h,, <0.5, a critical snow depth (h,,, . ), at which the short vegetation is fully covered

'snow,c

by snow, is calculated as

— h\/,t .e_hsnow /O 1

hsnow,c

Then f, is calculated by

snow h < h

snow snow,C

1 h

snow 2 hsnow C
Once the vegetation is buried by snow, the effective LAI and SAI are given as
ELAI = LAl(1-f,)

ESAI = SAl+(1- f,)

1.2 Flag of Growing season.

In phenology module, we determine whether it is growing season (IGS=1) or not (IGS=0) by



L T, >T..
IGS =
0, T,<T

min

where T_.. is the minimum temperature for photosynthesis for each vegetation type.

n



2. Energy

We use different approaches to deal with subgrid features of radiation transfer and turbulent transfer. We use
'tile' approach to compute turbulent fluxes, while we use modified two-stream to compute radiation transfer. Tile
approach, assemblying vegetation canopies together, may expose too much ground surfaces (either covered by
snow or grass) to solar radiation. The modified two-stream assumes vegetation covers fully the gridcell but with
gaps between tree crowns.

Turbulence transfer: 'tile’ approach to compute energy fluxes in vegetated fraction and bare fraction
separately and then sum them up weighted by fraction.

Radiation transfer: modified two-stream [Yang and Friedl, 2003; Niu ang Yang, 2004] two-stream treats
leaves as cloud over the entire grid-cell, while the modified two-stream aggregates cloudy leaves into tree crowns
with gaps (as shown in the left figure). We assume these tree crowns are evenly distributed within the gridcell with
100% veg fraction, but with gaps. The 'tile' approach overlaps too much shadow.

L, LE H

IV

U =+u®+v?>1 (2-1)

Where U, is wind speed at reference height (m s™). u is eastward component of wind speed (m s™). v is northward
component of wind speed (m s™). (Why wind speed needs to be greater than 1 m s™?)

2) Vegetated or non-vegetated

PAI = LAI + SAI (2-2)
Where PAl is plant area index (-). LAl is leaf area index (-). SAIl is stem area index (-).
If PAI is greater than 0, then the surface is vegetated, otherwise, it is non-vegetated.

3) Ground snow cover fraction [Niu ang Yang, 2007]

msnow (2_3)

psnow - h

snow

Where pgnow i bulk density of snow (kg m'3). Msnow 1S SNOW Mass (kg m'2). hsnow IS SNOW height (m).

3



m
fmelt = (psnow ] (2'4)
pnew
Where fpe: is melting factor for snow cover fraction. pne, is fresh snow density (kg m™) (in Niu ang Yang [2007],
not defined in the code), here use pnew = 100 kg m™. m is melting factor determining the curves in melting season, is
adjustable depending on scale (generally, a larger value for a larger scale). It can be calibrated against observed

snow cover fraction or surface albedo. Here use m = 1.0, which is different from the one in Niu ang Yang [2007]
that estimated at 1.6 as calibrated against the AVHRR SCF data.

2.5z f

0 "melt

foow = tanh(M] (2-5)

Where fsno is fractional area of the grid cell covered by snow, or snow cover fraction (-). zog the ground roughness
length (m), here use zy4 = 0.01 m.

4) Ground roughness length

( snow)+ fsnow 0,snow For SO”
ZOm g = O le (1 fsnow)+ fsnow 0,snow For Iakeng < Tfrz (2-6)
0.01 For lake, T, >T,,

Where zon 4 is ground roughness length for momentum (m). zo snow is the snow surface roughness length (m), here
use Zg gnow = 0.002 m.

5) Roughness length and displacement height

Loy =

m

(2-7)

{zom For vegetated surface
z

om.g For non - vegetated surface

Where zqn is roughness length for momentum (m). zom v is roughness length for momentum determined by
vegetation type (m).

d- Nerow For non - vegetated, or vegetated with h,,,, > 0.65h_, 2-8)
0.65h,,, For vegetated with h,,,, <h.,
Where d is the zero plane displacement (m). h¢a, is the top of canopy layer (m).
Z = maX(d ’ hcan) a (2-9)
Where z, is the reference height (m). z', is the atmospheric received from the atmospheric model (m).
If Ngnow > 74, then
Zy =hgo + 7', (2-10)



6) Canopy wind absorption coefficient

O = Oyt (2-11)

Where a is the canopy wind speed extinction parameter (-) and ay is canopy wind speed extinction parameter
from the vegetation lookup table.

7) Vegetation and ground emissivity

g =1- e—(LAI +SAI) (2-12)
Where ¢, is the vegetation emissivity (-). /_1 is the average inverse optical depth for longwave radiation, here
1=10.
c = {850“ (l_ fsnow)+ gsnow fsnow For SO“ (2_13)
’ 8Iake (1_ fsnow)+ gsnow fsnow FOf Iake

Where &gl €1ake; @aNd €50 are the emissivity for soil, lake, and snow respectively (-).

8) Soil moisture factor controlling stomatal resistance

We implemented three options for this factor: (1) Noah type using soil moisture, (2) CLM type using matric
potential, and (3) SSiB type also using matric potential but expressed by a different function [Xue et al., 1991]. The
Noah-type factor is parameterized as a function of soil moisture. The CLM-type factor [Oleson et al., 2004] is a
refined version of that of BATS [Yang and Dickinson, 1996].

N 7 0. -0,

B= Zﬁ min| 1.0, —2! it Noah type (2-14)
i=1 Lot Href - ewilt
N oot _ .

B= zﬁ min l.O,MJ CLM type (2-15)
i=1 “root SUwilt _g/sat
Nroot

b= Zﬁ min(1.0,1.0— e ")) CLM type (2-16)
i=1 “root

Where 6, and 6y are soil moisture at witling point (m* m®) and a reference soil moisture (m* m™®) (close to field
capacity), respectively. Both depend on soil type. Nyoot and z,o0t are total number of soil layers containing roots and
total depth of root zone, respectively. %= (an,ilesat)‘b is the matric potential of the ith layer soil, and ¥, is the
wilting matric potential, which is =150 m (equivalent to a 150 m-deep water table under steady state of soil
hydrology) independent of vegetation and soil types. c; is a slope factor ranging from 4.36 for crops to 6.37 for
broadleaf shrubs [see Xue et al., 1991, table 2]. When c,=1, equation (14) [see Noah-MP paper Niu et al, 2011]
becomes very close to equation (13). The CLM-type $ factor shows a sharper and narrower range of variation with
soil moisture than the Noah-type does (Figure 2). The SSiB g factor (c; = 5.8 in the figure) is even steeper than the
CLM-type. These three options represent a great uncertainty in formulating the 4 factor in LSMs.



9) Soil surface resistance for ground evapotranspiration [Sellers et al., 1992]

Fy = fooy x1.0+(1—f

surf —  "snow

)e(8.206—oz31) (2_ 17)

snow

Where rg is the soil surface resistance (s m’l). fsnow 1S the snow fraction covering a ground surface. S; is soil
wetness in the top soil layer, varying from 0 to 1. « is a surface dryness factor controlling the effect of soil moisture
0N Fsyrs.

If 0||qy]_ < 0.01 and hSnOW: O, then

r, =1.0x10°sm™ (2-18)

surf

-S,
0.
Y= —&Usa{max(o.m, ﬂﬂ (2-19)

sat

Where ¥ 'is soil matric potential (mm). P is the saturated soil matric potential (mm).

vg
RH = fSﬂOW + (1_ 1:snow )e[ s ] (2-20)

Where RH is the relative humidity in surface soil/snow air space (-). ¥ is the soil matric potential (mm). ¥, is the
saturated soil matric potential (mm). Ry, is the gas constant for water vapor (J kg™* K™).

10) Set psychrometric constant

ﬂ“vap T> Tfrz
A= T<T (2-21)

frz

Where 4 is the latent heat of vaporization/sublimation (J kg™). A, is the latent heat of vaporization (J kg™). A is
the latent heat of sublimation (J kg™).

_ Cair I:>atm (2-22)
0.6224

Where y is the psychrometric constant (Pa K™). P, is the atmospheric pressure (Pa).

1/4
Tod = [L—Tj (2-23)

o

Where T, is the radiative temperature (K). L1 is the upward longwave radiation (W m™). ¢ is the Stefan-
Boltzmann constant (W m? K™).

PAR = PAR™"L*" + PAR*™ L™ (2-24)

Where PAR is the total photosynthetically active radiation (W m?). PAR™" is the PAR absorbed per sunlit LAI (W
m2). PAR™ is the PAR absorbed per shaded LAI (W m?). L®" and L*™ are the sunlit and shaded leaf area indices (-

).



A= Asun Lsun + Asha Lsha (2_25)

Where A is the total photosynthesis (x mol CO, m?s™). A% is the sunlit photosynthesis (x mol CO, m2s™). A is
the shaded photosynthesis (« mol CO, m?s™).
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3. Radiation Transfer in Canopy

3.1 Chapter Summary

This chapter addresses the parameterization of radiation transfer through vegetation canopy. Versatile
Integrator of Surface Atmosphere (VISA) model, used in the National Center for Atmospheric Research
Land Surface Model version 1.0 (NCAR LSM 1.0), incorporates two-stream radiation-transfer scheme
which overestimates the downward sensible heat flux, therefore resulting in earlier snow melting and a
shallower snowpack. In order to overcome this disadvantage, a modified two-stream radiation scheme
(Niu and Yang, 2004) was implemented in Noah_MP land surface model.

Snow cover is very sensitive to the radiation transferred within canopy.

The radiation subroutine called two other subroutines which are used to calculate the surface (including
canopy) albedo, fluxes (per unit incoming direct and diffuse radiation) reflected, transmitted, and
absorbed by vegetation, and sunlit fraction of the canopy.

4 Snow_age()

|

Snowalb_bats() Snowalb_class()

Albedo() < ﬂ

Groundalb()

Radiation() ﬂ

Twostream()

Surrad() /

Figure 1 Flow chart of the radiation subroutine.

3.2 Snow Age

5x10% -1
Ai _ e Tfrz Tg



A, =03
A=A+A+A

where A, A,, A, and A represent the effects of grain growth due to vapor diffusion, the effects of grain
growth at freezing of melt water, effects of soot, and the total effects of these three ones.

7, =(7, +1x10°dtA )(1-S,, +S,)

Sa — 7'-SS
7, +1
Where S, is snow age.
3.3 Snow albedo from bats
15
° 1+4cosZ

Uy =0y +0.4Z, (1-ay, )
Ay, =0y, +0.4Z, (1-ay,)
a,, =0.95(1-0.2A)
a,, =0.65(1-0.5A)
3.4 Snow albedo from class
a, =055+ (a,, —0.55)e 0%
a=a,+f,dt(0.84—,)

Where we make an assumption that the fresh snow density is 100kg/m3 and 1cm snow depth will fully
cover the old snow.

Ay = Qgyp = Oy = Oy =X
3.5 Ground albedo
C, =0.11-0.4W,

where C,, is correction factor for soil albedo because of soil water which can change the soil albedo in a
relative large range; W, is volumetric soil water content.

For soil:



o = Asat tCw  (2gat TCw<gry)
=

Xdry (@sat *Cw>2gry)

Based on the above equation we get that higher soil water content corresponds to lower soil albedo, which
results from higher heat capability of water than that of soil and the transparent property of water.

o =0y

For lake, when T, >T

frz

ay =L617+015

(cosZ)

a, =0.06

frz

when T, <T

For desert and semi-desert,
oy =a,+0.1
oy =0;+0.1
which are based on the fact that desert and semi-desert usually has a higher albedo.

So the ground albedo have the following forms:

ay =y (1= f )+ g, |

sn

ag = (1-f, )+ f

Isn “sn

3.6 A Modified Two-Stream Radiation-Transfer Scheme

The two-stream radiation-transfer scheme used in the default version of VISA to calculate the radiation
transfer through canopy is replaced by a modified version of the scheme by inducing the total canopy gap
probability, P., which equals to the sum of the between-crown gap probability, P,., and the within-crown

gap probability, P, :

_ —paR?Icos(6")
P.=¢

10



—-0.5F,Hg/cos@
P :(1— Pbc)e ‘

Kopr = [/ P2 Sin(20)d6

P — {1_ fgrn
c Byc +Puc

where K__ is gap fraction for diffuse light.

open

Flux absorbed by vegetation, f :
fo=1-f.—Q-ay)fy _(1_0‘i) fa

Where ¢, is direct albedo of underlying surface, ¢; is the diffuse albedo of underlying surface, f,_is the
reflected flux by vegetation and ground,

(ﬂ+h2+h3j(1—Pc)+ad P, (for direct beam)

(o}

re

(17 +hg )(1-Kgpen )+ K open (for diffuse beam)

open )

And f, is downward direct flux below vegetation:

S, ( for direct beam)

fg =
0 (for diffuse beam)

And f, is downward diffuse flux below vegetation:

(hfz +h551+2—iJ(1—Pc) (for direct beam)

f.. =
t (NgS1+M1o/S1)(1-Kopen )+Kopen [ for diffuse beam)

Where S, and S, are expressed as,

11



Where L is one-sided leaf and stem area index (m2/m2), z,, is optical depth of direct beam per unit leaf
area, and H can be calculated as following:

b

Tavd

Where,
variables used to simplify the equations, and they are express as the following:

h1 = -1, (b -1 ) _Qzﬂito (1_ﬂd )

h, :{tzts—(b—ravdH)tJ/dl
S,

hy =[t,tsS, —(b+7,,H)t, | /d,

is average diffuse optical depth. In the above equations, h, (i =1~ 10) are intermediate

avd

h, =-t,Q(1-8,)(b+1t,) - QB Byt

t,t
hy :( gls +t9]/d2

hs = (t:t;S, +1,)/d,
h, =Qpt,/(d,S,)
hy =QpLS, /d,
h, :t4/(d281)
hy =S, /d,
where, t.(i=0~09), like h, are intermediate variables and expressed as the following,
ty = Toa Tair
t, =b*-c?
H

t2 =U;p — Toq

t,=u +7,,H

avd

t4 =U, Ty H

12



t.=u,+7,,H

avd

t; = 4Qp, - hl(b_HO)
o

t, = |:tOQﬂd _Q:Bi _ﬁ(u1 +1 )} Sz
O

h4

t, ==
(o2

ty=[Uy—t, (U, —t,) ]S,
And is upscatter parameter for direct beam radiation, is upscatter parameter for diffuse radiation

And is fraction of intercepted radiation that is scattered and express as,

QL (t>tfrz)

(1_ fwet )QL + fwetQS (tSt frz )
Also b, ¢, d; and d, are intermediate variables and expressed as the following,

b=1-Q+Qp

Where u,, u, and u, are expressed as,

u, =b-ca

U, =t,Q(1- By )+ ca

Where « is albedo of underlying surface,

13



ay (for direct beam)

a; ( for diffuse beam)

and g and g, are upscatter parameter for diffuse radiation and upscatter parameter for direct beam

radiation,

_ Ba (t>tfrz )
ﬂd (1_ fwet )QL:BdI + 1EwetQSﬂds (tStfrz )
ﬂi — B (t>t frz)

(1~ et )L B + et Qs B (tgtfrz )

Where A is single scattering albedo, and expressed as, And £, and g, are the same as g, and 5, but

for leaves, and f,,, is the fraction of leaf and stem area index that is wetted, Q, and Q are fraction of

wet

intercepted radiation that is scattered by leaves and stem, respectively.

By = [1"'%} A/(QLTavdeir)
Tir
B :p(l"'XZLj /QL

Where A is single scattering albedo, and expressed as,

A=05(p+7) @, + ¢, 030" [1_( ¢, c0s 6"’ log ¢ (1+c0s@")+2¢p, cos @ }/((01+2q02 cos )

@, +2¢p,C0s6' @, +2¢,c0806") ¢,C0S 6"
Q =p+r
2 ?
%
Tgie = +
dir COSQ' ¢2

¢, =0.5-0.633X, —0.33X 2

0, =0.877(1-2¢,)

14



X (x>0.01)
0.0L  (x<0.0)

where, X ranges from -0.4 to 0.6.

H,, —H
f'=tan [“’p—b"‘tan (0))
2R

where, H, and H,, are the top and bottom heights of the crown, R is the horizontal crown radius.

Z (z <89.5°)

89.5° (z 289.5")

where, Z is zenith angle.

3.7 Surface radiation initialization

fo,=1-f

ara
LAl =ELAIxf,
LAl = ELAIx f_,
VAI = ELAI + ESAI

If VAI is greater than zero, the land is considered as covered by the canopy, or else no canopy in the grid.

3.8 Surface radiation

The following equations are used to calculate the solar radiation absorbed by vegetation.
Cas = Sq Fapa
C,=Sf,
Sav = Cad + Cai
Fo=Cy +C,
These two equations represent the transmitted solar fluxes incident on ground.
Ty =S4Fyq
T.=S,F, +S,F;

15



Solar radiation absorbed by ground surface is represented as:
R, =T,(1-a)+T,(1-a)

R, =R

g a
Fsa = Cad + Cai + Ra

Partition visible canopy absorption to sunlit and shaded fractions to get average absorbed parameter for
sunlit and shaded leaves.

P .\
AU LAL + SAl

Psun = (Cad +Cai) fLAI /LAlsun
Pha = Cai fsha/LAlsha
Here are reflected solar radiations.

+a.. R

dnir inir * Minir

Rnir = adnir R
Rvis = advisR + ¢ R

dvis ivis ' Vivis

I:sr = I:anir + Rvis

16



4. Momentum, Sensible Heat, and Latent Heat Fluxes

4.1 Momentum, Sensible Heat, and Latent Heat Fluxes for Bare Ground
4.1.1 Overall

Cir = &40 (4-1)
Where c;, coefficients for longwave radiation as function of T,

Cst = 2kso/sn /AZ (4'2)

Where cq coefficients for ground heat flux as function of T;.

Zom 1st iteration
Zon = (4-3)

7, - CaklL o Nzan other iterations

m

Where zon is roughness length for momentum (m), which is the theoretical height at which wind speed is zero
[Bonan, 2008, Ecological Climatology, P208]. zq, is roughness lenth for heat flux (m).

r,, =max|1 L (4-4)
am , Cm * U*

Where ry is the aerodynamic resistance for momentum. Cy, is momentum drag coefficient.
Iy =max| 1 L (4-5)
b 'C,-U.

Where rqy is the aerodynamic resistance for sensible heat. C;, is sensible heat exchange coefficient.

r-aW = r-aH (4'6)

Where ryy is the aerodynamic resistance for momentum. The drag coefficient for momentum and sensible heat
can be calculated using Monin-Obukhov similarity theory or the method used in original Noah LSM introduced
by Chen [1997], which are introduced in Section 4.1.2 and Section 4.1.3 .

Saturation vapor pressure at ground temperature (pa), es:

€y Tg >0
e. = 4-7
s T,<0 S

Where Ty is ground temperature in °C. ey, and ey are saturation vapor pressure for water and ice (Pa), both of
which are calculated in Section 7??.

The derivative of saturation vapor pressure as a function of ground temperature (Pa K™):
17



d(eSW) T >0

dle g
gtS): d((cjat) @8)
s/ Tg <0
dt
Where both of d(es,)/dt and d(eg)/dt are also calculated in Section ???.
Coefficients for sensible heat as function of surface temperature, cq;:
IOairCair
Cqp=""7" (4-9)
r-aH
Coefficients for evaporation as function of es(T;), Ce:
C..
c,, = Leir=ar (4-10)
[Ny
Net longwave radiation (W m) (positive towards the atmosphere) at the surface:
L=-L, 4+L7T (4-11)
Where Ly is the downward longwave radiation (W m). L1 is the upward longwave radiation (W m).
For non-vegetated surfaces:
L, =—-o,Lum J +590'Tg4 (4-12)

Where L," is preliminary net longwave radiation (W m), aq is the ground absorptivity. g4 is the ground emissivity.
Ty is the ground temperature (K).

H'=c,(T, - 6,) (4-13)
Where H' is the preliminary sensible heat flux (W m™). 6, is potential temperature (K).

E'=c,(e,RH —¢,) (4-14)
Where E' is the preliminary water vapor flux (W m™). e, is vapor pressure of air (Pa). RH is relative humidity.

G'=cy(T, ~ 1) (4-15)

Where G' is the preliminary ground heat flux (W m™). ¢y, is Coefficients for ground heat flux as a function of
surface temperature.

47 - Se-L-H-E-G

= (4-16)
g9 3
de ol +Cy +Cy, +Cy,

18



Where AT is the ground temperature change (K). §g is the solar radiation absorbed by ground (W m).

Update L, H, E, G, and T,.

L= L, ' +4e,0T AT, = —a L, ¥ +&,0T; +4,0T AT, (4-17)
H = H'+c, AT, = ¢, (T, + 47, - 6,) (4-18)
E=E'+c,, = cev(eSRH —-€, +%AT} (4-19)
G =G'+CyyAT =y, (T, + AT - T, ) (4-20)
T, =T, +4T, (4-21)

Where Ty' is the updated ground temperature (K).

If there is snow on the ground and Tg' > Ty, reset T' equal to Ty

Tg =T (4-22)

Then reevaluate ground fluxes, the L, H, E are recalculated using the equations (1-13) ~ (1-14). The
ground heat flux is recalculated using these new fluxes.

—

G=Ly—(L,+H+E) (4-23)
Wind stresses.
Twind,x = loaircmu*u (4'24)
Where zyingx IS the wind stress in E-W direction (N m'z).
z-Wind,y = paircmu*v (4'25)

Where zyingy i the wind stress in N-S direction (N m'z).

4.1.2 Monin-Obukhov

Before proceeding to further calculation, it has to make sure reference height (z,) is greater than zero plane
displacement (d).

z,—d
Z0

TMPCM =In

(4-26)

m
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z,—d

TMPCH =In (4-27)

ZOh

T,,=T,11+0.61

v,a a( qa) (4'28)
Where T, is the temporary virtual temperature (K). T, is the air temperature at reference height (K). g, is the
specific humidity (kg kg™).

—u (4-29)
.9 H
Tv,a paircair

L=

Where L is the Monin-Obukhov length (m). x is Von Karman constant, and x = 0.4. g is the acceleration of
gravity (m s?), and g = 9.80616 m s,

. (z,-d
¢ = mm( aL ,1) (4-30)
Where {is the Monin-Obukhov turbulent stability parameter.

2
2In 1+x +1In 1+x —2arctanx+£, ¢ <0
2 2 2

¥ - (4-31)
~5¢, 0<¢<1
x=(1-16)"
(L-16¢) (4-32)
1+ x°
21n , ¢<0 (439
= 2
~5¢, 0<d<1
¥, for the 1™ iteration (4-34)
Y = '
(‘P%\Pm), for other iterations
¥, for iteration 1 (4-35)
¥ .
(%, erlPh) for other iterations

Where ¥, is the momentum stability correction, weighted by prior iterations. ¥ is the sensible heat stability
correction, weighted by prior iterations.
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a . if "% _w 510
_ Zom
In % d_ Y, ’
C,= Zom (4-36)
2
K it n2=9_y <10°
(1076)Z ZOm
2 —
K ' it n22=9 _w 510 (4-37)
_ Z
(In z,—d _\Ph] Oh
Cp= Zon
2 —_—
L if n22—9 _w <10
(10_6)2 Zop

4.1.3 Chen’s Implementation in Original Noah LSM
The method used in this part was introduced by Chen [1997].

4.1.3.1 Initial Iteration (1* Iteration)

Here we use superscript “J” t0 indicate iteration. For the 1% iteration, the friction velocity u~ is adjusted
using Beljars correction [Beljaars and Viterbo, 1998].

0 if C,(6,-T,)=0
2 = 2/3 (4_38)
1.44-|ghes, C, (6, - T, | if C,(6,-T,)#0

JC,-u=007 if C,(6,-T,)=0
U, =
YCo VP +W2 2007 if C,(6,-T,)%0

Where w- is friction velocity in vertical direction (m s™), u- is friction velocity (m s™), u is wind speed and u”*>10"

(4-39)

1 . . . . . .
‘B :ﬁ , g is gravity acceleration, hpg, is the planetary boundary layer depth and hpg. =1000m, 6, is potential

temperature at reference height (k), and Tg is ground surface temperature.

- kpBoC, (e, -T
£ KAC (6, T,) 4a0)

U*

4.1.3.2 Other lterations

For later iterations,

Zoh = Zom -exp(— kCziI\/R7:) (4-41)

Where 2o is roughness for heat, and zo, > 10°°,
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. Wz,

RE
19
it for z, + 2y, > Zgy i
=27
o for z, 4+ 2y, < 2 o
Z, +1,, ’

Beljaars correction for friction velocity us-.

U, =4/C, -4/’ + W >0.07

C. - max ku, 0.001
" SUm(ym) _l‘ym(xm) +In(za+20m)_|nzoh’ Z,

C - max( ku., 0.001]

th(Yh) _Th(xh) +|n(za+20h)_|n20h’ z

a

(4-42)

(4-43)

(4-44)

(4-45)

(4-46)

Where we can use either Lobocki’s or Paulson’s surface functions to compte stability correction for momentum

(¥n) and stability correction for sensible heat flux (%,).

1) Paulson’s surface functions [Paulson, 1970].

-5¢ 0<(<1

v = 2
; 2In(1zxj+ln(l+zx ]—2arctan(x)+% ~-5<(<0

-5 0<(¢<1

po— 2
h 2In[1+2XJ _5<(<0

Where ¢ = z/L and x = (1-160)"*.

o | -167,,cT" £<0
i ZOmC C > O
y = [1_16(Za + Zoy )]1/4 C <0
" (Za + ZOm )é/ < ZOh,min é‘ 2> 0
Where
. :{[1—16%4]“4 £<0
" ZonG >0
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1-16 ">l-16z, [ 0
= [ (Za + ZOh )]1 [ ZOh,mm]1 C < (4_52)
ZOh,min < (Za + ZOh )é/ < ZOh,max C 2 O
2) Lobocki’s surface functions [£obocki, 1993].
1 _ —1
y | 2.076[L- (¢ +1)"] 0<¢<1 ws)
~0.96In(1-4.5¢) ~5<(<0
(R,
e _2076[1l-exp(-1.2¢)] 0<¢<1
v, =1 R4 (0) (4-54)
~0.96In(1-4.5¢) -5<(<0
Where
_ Bl — 6A1 _
e T B +12A +38, O (4-59)
B —C, )y, —(6A +3 /B
1 (71 1)7/2 ( A A2)71 L _0.183 (4-56)

©3A, Vit 7

Rec is the critical flux Richardson number, Ri¢ is the critical gradient Richardson number (but I got 0.195 instead
of 0.183 when | used the values in [Lobocki, 1993]), and #1(0)=0.8 is the dimensionless velocity gradient for
neutral conditions. The constants used in the above computation are from Mellor and Yamada [1982]; they are,

(Al, A2, Bl, Bz, C]_) = (092, 074, 166, 101, 008)

Xm = Zom& (4-57)
Z,+ 2y, )¢ {<0and(z, + 2y, ) < Zg, maxs

, fEr) (0t 2 <2, s
ZOh,max C 2 0 and (Za + ZOm)é/ > ZOh,max'

Xp = Zon& (4-59)
Z,+12 {<0and(z, +z < Zon max

W CRE (2 20)C <2 .
ZOh,ma>< ( 2 O and (Za + ZOh )é/ > ZOh,max’

Zilitinkevitch fix for zg,.

Zoy = 2 -EXp(— kC, (\/;)_l\/ U ZO] 210" (4-61)

An IF statement to avoid tangent linear problems near 0.

23



0 if C,(0,-T,)=0

2 = 2/3 (4-62)
1.44-| fghes, C, (6, - T, | if C,(6, - T,)%0

o KA (6. T,) w6)

U*

Update the Monin-Obukhov stability parameter using a weight of o for the previous and 1-o for the
current.

F=gl o (1-0) (464

Where ©=0.15.
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4.2 Momentum, Sensible Heat, and Latent Heat Fluxes for Vegetated Ground

4.2.1 Canopy fluxes
The effective VAI (Vegetation Area Index, i.e. LAI+SAI) is converted from grid-based VAI:

val, = VAL

veg

where f, is greenness vegetation fraction.

Similarly, the sunlit and shaded LAI (one-sided) are converted

LAISUI’I,G = LAISU”
fveg
LAIshd,e = LAIShd '
fveg
All the VAI,, LAl ., LAl are limited to be less than or equal to 6.

Wind speed at the top of canopy layer is

_In(h,,/Zon)
o T In(ZIvI/ZOM )

where u, is wind speed at the reference level, h_, is canopy height, z,, is the height of reference level,

and z,,, is roughness length for momentum.

The fluxes between canopy and the atmosphere, and vegetation temperature are calculated by “stability
iterations”.

Zow,g = Zom,g

Calculate momentum drag coefficient C,, and sensible heat exchange coefficient C, either from M-O

scheme or from Chen97 scheme.
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Aerodynamic resistance for momentum over canopy is

v = max(]/(CM u,),1), and the resistance for sensible heat and water vapor are

Myt e =Ty e = max(]/(CHur),l)

r r r., ., are calculated by RAGRB subroutine.

aM,g ' "aH,g ' "awW,g

At the 1% iteration step, determine the rate of sunlit leaf photosynthesis A, and shaded leaf

photosynthesis A, by either Bell-Berry scheme or Jarvis scheme.

To prepare for the sensible heat flux between canopy and atmosphere, below items are calculated:
sensible heat conductance from canopy air to air at reference height C,, :]/raH o

sensible heat conductance, from leaf surface to canopy air C,, = 2VAl, /r,

??? conductance C, =1/r,,, |

ATA — Th,air .CaH +Tg .CgH

C,+Cpy + CgH

CvH
CaH + CvH + CgH

BTA=

CSH = (1-BTA)+p,, *C, i *Cun

. e
p,air

where T

h,air

is the potential temperature at reference level, T, is ground temperature.

To prepare for the latent heat flux between canopy and atmosphere, below items are calculated:

latent heat conductance from canopy air to air at reference height C,, =1/r,,, .
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evaporation conductance, leaf to canopy air C,, = f,.. VAl /r, , where f, is the wet fraction of canopy.

wet wet

transpiration conductance, leaf to canopy air C,, = (1—f,, )sLAl . /(f, +1 o)
latent heat conductance, ground to canopy air C,,, =1/(ry, ; + )

eair 'CaW +€ CgW

C.v +Cu +Cy +CgW

L]
sat,g

AEA =

CeW + CtW
Cuw+Cy +Cy + Cg\,v

BEA =

CEV =(1-BEA)-C,y, *0,*Cpar /7

CTR =(1-BEA)-Cy, 0, *C, a /7

where y is psychrometric constant.

Then evaluate the canopy surface fluxes with current temperature and solve vegetation temperature.

Canopy air temperature T, ,, = ATA+ BTAT,

canopy air water vapor pressure e, ,, = AEA+ BEA«e

sat,v

net longwave radiation
L, = fo, {—gv.[1+(1—gv)(1—gg )L —e6,0Ts +[ 25, (1-¢, )}gvaT;‘}

where ¢, and ¢, are vegetation and ground emissivity, respectively, Liir is atmospheric longwave

radiation, o is Stefan-Boltzmann constant.

sensible heat flux H, = f . <o, *C, .. *C.y .(TV ~T.u )
evaporation heat ﬂUX EVV = fveg °pair.Cp,air.CeW .(esat,v _ea,H )/7/

EV,; EV, < Aeltc, /dt o -
L= where Itc, is intercepted liquid water by canopy.

Jeltc, /dt; EV, > Aeltc, /dt
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transpiration heat flux TR, = f, 0, *C, ., *Cy, -(esatyV —€, 4 ) / Vs

Change in T, is

s,,—-L ,—H,—EV,-T
dT = a,v a,Vv v v Rv

\

fveg ’(4[2 —&, (1—5g ):|°5VUTV3 +CSH + (CEV + CTR)‘(Letsj

Finally update T, by T, =T, +dT,. Then repeat the above iteration procedure until a user-defined

number of iteration is reached.

The next step is the iteration to compute under-canopy fluxes and ground temperature.
Similarly, we use the stability iteration,

First, calculate the heat fluxes,

Longwave radiation flux: L, , = £,0T,, +(—gg (1-¢,)L;

air

4
—&,6,01, )

Sensible heat flux: H,, = p,,C, o (Tyu —Taw )/

aH,g

Evaporation heat flux: EV,, = 0,,C, i (€t RNors — €1 )/[7(raw

sat,gv surf

Fot )]

9

where Rh_ . is the relative humidity in surface snow/soil air space.

surf

Ground heat flux G, = ZM(Tg v —Tisnoﬂ)
Az ’

isno+1

where A

isno+1

is the thermal conductivity of the surface layer of snow or soil, Az is the layer

isno+1

thickness of the surface layer of snow or soil, and T

isno+1

is the temperature of the surface layer.

The change of ground temperature under canopy
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dT = SagV_Lagv_Hg,v_Engv_Gv
. 3 pairC air pairC air de /’L
48gGTg,v + par P, oos 4 9 Zsno+l
raH,g }/(raw,g + rsurf ) dt AZisr10+1

Then update all the heat fluxes according to dT,_,
L. o = La g +45,07,,dT,,

Hg,v = Hg,v +paiGC,airdTg,v/raH,g

EVg,v = EVg,v +paiGC,airdTg,v (des/dt)/[j/(raw,g - r-surf )]

G, =G, +2Jsma g1
Az |

isno+1

Repeat the above procedure until a user-defined iteration number is reached.

When OPT_STC=1, i.e. semi-implicit snow/soil temperature scheme is used, if h, >0.05 and

T,, > Ty, (freezing point temperature), then set T, =T, and reevaluate all the flux as above, except

that

G,=S,.,—L,o,—H,, —EV

v agv a gv g,v g,v

The wind stresses over vegetated ground:
z-x,v =~ Pair .CM .ur.U
Ty,v = _pair.CM *u, v

and finally output 2-m temperature

T

H,,+H, 1 (2+z
2m,v :Ta,H -— In( = j

paiGC,airu* K ZOH
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where x =0.4 is von Karman constant, and u. is friction velocity.

4.2.2 Bell-Berry stomatal conductance scheme

_ psfc .106

CF=—% "
8.314T,,

leaf stomatal resistance r, = CF/BP

Initialize leaf photosynthesis PSN =0

Calculate several intermediate terms

Fnf = min{N|eaf /Nleaf,max J 1}

Tc :Tv _Tfrz
PPF = 4.6APAR
J = PPF+QE,,

KC = KC,cs AKC 210

KO = KO,.+AKQ™" 2%

Awc = ket 92
KO
CP=055C.02.0.21
KO
AV (T.—25)/10
VC max :VC max .an .ﬂran e
| e t . [-2.2410° +710(T, +273.16) |
+eX
D1 8.3144(T, + 273.16)

Calculate a first guess of ClI
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Cl =0.7C0O,<C3PSN +0.4CO,+(1-C3PSN)

CEA = max {0.25EI-C3PSN +0.4E1+(1-C3PSN ), min {EA, EI}}

Given the iteration number (currently set to be 3), calculate several variables through iterations

max (Cl —CP, 0)+J
WJ = +J+(1-C3PSN)
(Cl +2CP)-C3PSN

_ max (Cl —CP, 0)+V

WC = ey +(1-C3PSN)
(Cl+ AWC).C3PSN ~ ©
40004V, Cl
WE =05V, «C3PSN + '
' Py (1-C3PSN)

Then update PSN = 1GS+min {WJ,WC, WE}

CS =CO, —1.37r, p,.PSN

To solve Q

_ MP-PSN-p,-CEA

CS-El +BP
MP+PSNe«p,,.
B=| ————+BP |1, -1
CS
C:_nb
B++B*—4AC
- B>0
then Q = 2
— 2_
_B-+B°-4AC B<0

2
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r, = max{g,g}
A Q

Cl = max {CS ~1.65PSN+p,;r;, 0}
Then go back to repeat the iteration until a predefined iteration number is reached.

Finally, convert the unit of leaf stomatal resistance r, =r,+CF

4.2.3 Javis stomatal resistance scheme

1) contribution due to incoming solar radiation

2PAR N I min
RGL
r —

s,max

s 2PAR
1+ 0
RGL

r, . = max{r, ,0.0001}

2) contribution due to air temperature
2

r.r =1-0.0016(T,, —T;)

rc,T

= max {r, ;, 0.0001}

3) contribution due to vapor pressure deficit

1
e T 1 s + max {d, ., — 0, 0}

g = max{rc,q, 0.01}

Canopy resistance is determined due to all these factors
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5. Soil and Snow Temperature

5.1 Phase Change

5.1.1 Supercooled Water

There are two options available to calculate supercooled water: no iteration from Niu and Yang [2006], and
Koren’s iteration [Koren et al., 2006] with Flerchinger’s explicit solution ([Flerchinger and Saxton, 1989],
introduced in [Koren et al., 2006]).

5.1.1.1 No Iteration

3 —
¥(T,)= %ﬁﬂ) if T <T, (5-1)

Assume Y(T:) = ¥(6iiq)

10°L, (T, - T, )
Org,sati = Osat, T (5-2)
Where is jiqsat,i Supercooled liquid water content.
-1/B;
10°L,(T. =T '
Wqu max,i Hsa[ iAZi M ) Ti<Ti (5-3)
Y Y Y gTilPsat,i
5.1.1.2 lteration
1) Koren’s Iteration
IfT,<T;,
i = 6 (5-4)
Hice,i = el - gliq,i (5'5)

Where 6, is initial guess of frozen content.

B;
g\Psati Hsati I Ti _Tf
ki=Inj ——=|-l+cO..f | ——| —In - 5-6
i n( Lf j ( +Ck |ce,|)2 (0 _0 j n[ T ( )

i ice,i

o B.
D =2. k + i .
fom 1+c0 o0 -0 (6-7)

ice,i i ice,i
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6 —0.02 ifo_ - 50002
Y Dnom
6. =10 ifo. - 50 (5-8)
ice,i ice,i Dnom
K, .
Opei ——— otherwise
’ Dnom

Where g, ;is frozen content during each iteration.

gliq,sat,i = gl - eice,i
If more than 10 iterations, use explicit method (ck = 0 approximation). When g, - .., <0.005, no more
iterations required.
2) Explicit Solution
Equation 17 in Koren et al. [2006].
-1/B;
P _g L, T -T, (5-9)
lig,sat,i — “sat,i g(_ \Psat,i) -I-i
Where 0.02 < H“qysat'i < HSat,i.
Wliq,max,i =1000- AZieliq,sat,i (5-10)

If there is ice in the coil and temperature is higher than freezing point, then ice is melting. If liquid water is
more than supercooled water by mass, and soil temperature is lower than freezing point, then ice is accumulating. If
snow exists, but its thickness is not enough to create a layer, snow is melting.

5.1.2 Energy Surplus and Loss for Melting and Freezing

Ti _Tf
. no phase change
Oi =1 i (5-11)
0 melting or freezing
Where
f.= At (5-12)
C-Az
H_-At
W, =—= (5-13)
Lf
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5.1.3 The Rate of Melting and Freezing for Snow without a Layer

Wsrllgl :Wsrr:o _Wl 20
L n —W n+1
Hr:Hi_ f( sno sno)
At
H, - At H, >0
w=1 L
0 H, <0
Snow melt
! no_ n+1!
Mls — WSFIO Wsno 2 0
At
Ep,ls =L{M

5.1.4 The Rate of Melting and Freezing for Snow and Soil

W_n+1 :W_n _Wi > 0

ice,i ice

H =H - Lf( ige,i _Wicnefil)

ri i At

Wit = min(vvlir:q,i +Wige,i’Wige - Hm)

ice,i

H n n n n n n n
nil mm(wliq,i + Wice,i = Wiig,max,i» Wice — Hm) Wiigi T Wige i = Wiig max.i
ice,i — N N "
O Wqu,i + Wice,i < Wqu,max,i
n+1 n n n+1
Wiigi = Wiig,i T Wice,i = Wige,i
Lf (\Nige,i _Wicnefil)
Hr,i =H; -
At
If [H{>0
. 0 .
a | T +—H, soil layer
Ti = esat
T, snow layer
valgrrnd
E,=E,;s+ D.E,,
i=snl+1
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(5-14)

(5-15)

(5-16)

(5-17)

(5-18)

(5-19)

(5-20)

(5-21)

(5-22)

(5-23)

(5-24)

(5-25)

(5-26)



noo_yn+t
Ep,isz(ice,iTthe,')

For snow layers,

Micei = Wie,i

Myig,i = Wiig
For soil layers,

9 _ Vvice,i
ai = 1000Az

— Wice,i + Wliq,i

' 1000A7
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(5-27)

(5-28)

(5-29)

(5-30)
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5.2 Thermal Properties

5.2.1 Snow

Partial volume of ice in snow layer (the fraction of ice volume to snow volume)

m

ice,i

6., =—- 5-32
e (5-32)

Effective porosity

ee,i =1- eice,i (5'33)
Partial volume of liquid water in snow layer

m.. .
Oigi =2 (5-34)
Az, " Plig
Bulk density of snow
Mice i + Mg i

psnow,i =— IAZi a (5'35)
Instead of using a constant of 0.525x10° volumetric specific heat is calculated by

Cv,i = Ciceeice,i + Cliqeliq,i (5-36)
There are several equations available for thermal conductivity of snow

ki =3.2217x10°p2 ., [Yen, 1965; Lynch-Stieglitz, 1994] (5-37)

ki=2x1072+25x10°p2 ,;,  [Anderson, 1976] (5-38)

k, =0.35, (5-39)

ki =2.576x10°p2 . +0.074,  [Verseghy, 1991] (5-40)

1.88
ki =2.22 Psnow.i , [Yen, 1981; Douville et al., 1995] (5-41)
1000

Noah-MP uses the Yen [1965] method. However, CLM uses the equation from Jordan [1991] (see CLM 4.0
Technical Note). NCAR Land Surface Model 1.0 uses the combination of Lunardini [1981] and Farouki [1981]
(see NCAR LSM 1.0 Technical Note).
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5.2.2 Soil

Soil ice content

Orcei = 6 — 9|iq,i (5-42)
Heat capacity

Ci =04Ci + (1_ esat)csoil + (Hsat -0, )Cair +Oe iCice (5-43)
Saturation ratio

s, =% (5-44)
Thermal conductivity for the solids

Kag =Kae ™ g (5-45)

Where kgq is thermal conductivity for the solids (W m™ K™). kq is thermal conductivity for quartz (W m™ K™), Ky,
=7.7W m™* K™, K, is thermal conductivity for the other soil component (W m™ K™), k, = 2.0 W m™ K™, f, is the
soil quartz content which depends on soil type and is stored in soil parameter table.

Unfrozen fraction, from 1, i.e., 100% liquid, to 0 (100% frozen).

69i i
=" (5-46)

Unfrozen volume for saturation

6,

uf ,sat,i =

f .0 (5-47)

uf i “sat

Saturated thermal conductivity

_ k (]fgsat) . k (gsa: 79uf ,sat,i) . k guf Jsat i (5'48)

sat,i — "‘sld ice lig

k

Where ki is thermal conductivity of ice (W m™ K™), kiee = 2.2 W m™ K™, K4 is water thermal conductivity (W m™
K™, kice = 0.57 Wm™ K™,

Dry density in unit of kg m=,
Pary = 2700(1—0,) (5-49)
Dry thermal conductivity W m™ K™,

_ 0.135p,, +64
™ 2700-0.947p,,

(5-50)
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Kersten number ke, as a function of the saturation S; and phase of water, uses “fine” formula, valid for soils
containing at least 5% of particles with diameter less than 2.0x10° m [Peters-Lidard et al., 1998]. It is calculated

by

Sr,i!
ke; =1InS,; +1.0,
0

Thermal conductivity of soil,

ki = ke,i (ksat - I(dry)-i_ kdry

5.2.3 Lake
Heat capacity

Cice’

Thermal conductivity

k» _ kliq'
I kice’

For frozen soil (6, +0.0005 < 0)
For unfrozen soiland S, > 0.1

For unfrozensoiland S, <0.1

liquid
ice

liquid
ice

Calculating a temporary factor used in phase change

f At
temp,i E

snowy/soil interface

— k Azl + kSnOWZSFIOW

Az, +12

soil

kl

snow

(5-51)

(5-52)

(5-53)

(5-54)

(5-55)

(5-56)

Where ks is the thermal conductivity calculated for layer 1 (top soil layer). Snow thermal conductivity Ksyw IS
constrained to 0.35 W m™ K™. g0 is SNOW height.
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5.3 SNOW WATER (this module is used to calculate the snow water equivalent)

Computer snow (up to 3L) and soil (4L) temperature, snow water is predicted from a multi-layer model. Snow
accumulation/ablation parameterizations of the Noah-MP model are based on mass and energy balance in the
snowpack. The change in snowpack snow water equivalent is balanced by the input snowfall, and output snowmelt
and snow sublimation:. Snow accumulation/ablation parameterization of the original Eta model [Chen et al., 1996]
is based on the energy and mass balance of the snowpack and the snowmelt rate (M) is determined by

Aws
dt

=P —-M,—E 1)

MS:%(QSW+Q|W_Q|K_QSH_QQ) (2)

Where W; is the snow water equivalent, Ps is precipitation in the form of snow, M is the snowmelt rate, E is the
snow evaporation, Qs is net solar radiation, Qy, is net longwave radiation, Qy is the latent heat flux,Qsy, is the
sensible heat flux,Qq is ground heat flux, and L is the latent heat of fusion.

The parameterization neglects heat transferred by movement of meltwater in the snowpack and assumes that
all liquid water covered area(except for the snow albedo). Snowpack physical characteristics, thermal conductivity
Ks, and density pare assumed constant at 0.35 Wm™K™ AND 0.4 GCM™*, RESPECTIVELY. Below, it will be
shown that this assumption can lead to significant overestimation of snow depth.

From code: snow water (5 subroutines)

Subroutnel: for the snowfall (it happens when there is new snowfall)

Subroutine 2: compact (Calculate the pressure of overlying snow [kg/m2])

Subroutine 3 : combine (snow melting and sublimation)

Subroutine 4: divide ( ?? subdivide a specify snow layer when the snow depth is over limitation )

Subroutine 5: snowh20 (to obtain equilibrium state of snow in glacier region)
Sneqvi.;=sneqvitsnice+snlig  i=isnow+1,0 (1.1) (main equation)

Subroutnel: for the snowfall ( it happens when there is new snowfall)

It is used to calculate the snow depth and density which induced by the new snowfall. The value of snow depth and
density returned.

shallow snow/no layer(newcode=0)
Snowh=snowh,+snowhin*dt (1.1.1)

Sneqv =sneqv,+gsnow*dat (1.1.2)
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When snowh >=0.05 then set newcode=1(creating a new layer)

Isnow=-1 (it has one layer of new snowfall)

Dzsnso (0)=showh
Snice(0)=sneqv
Then when the depth of snowfall over one layer, the snice and dzsns will be calculated (snow with layers)
Snice(isnow+1)=since,(isnow+1)+gsnow*dt (1.1.3)
Dzsnso(isnow+1)=dzsnso,(isnow+1)+snowhin*dt  (1.1.4)
When isnow <0 the snow water will used subroutine 2-4 (when snow depth is more than one layer)
Subroutine 2: compact (it is used to calculate dzsnso)
Calculate the pressure of overlying snow [kg/m2]
Wx=snice +snliq  (1.2.1)
Fice=snice/wx (1.2.2)
Void=1.-(snice/denice+snlig/denh20)/dzsnso (1-fraction of quality of ice and liquid in snow layer) (1.2.3)
(allow compaction only for non-saturated node and higher ice lens node)

We are first setting the initial value of ddz1 as -2.5e-6*exp(-0.04*(273.15-stc))When void >0.01 and snice>0.1
(when fraction of snow layer ice to snow thickness)

dzsnso " dzsnso

since since
Dd21:¥ddZ1 * exp (—46.0e — 3% ( — dm)) —dm > 0} (1.2.4)

ddz1 = 2.0 ,snliq > 0 * dzsnso, liquid water term

Ddz2=-(burden+0.5*wx)*exp(-0.08*(stc-tfrz)-(2.1e-3)*since/dzsnso)/ (0.8e+6) (1.2.5)

( ficeold—fice )
"max(1.E-6,ficeold)

_ max
Ddz3=— m

compacting occuring during melt  (1.2.6)

Time rate of fractional change in DZ
pdzdtc=max(-0.5,(ddz1+ddz2+ddz3)/dt)  (1.2.7)

Dzsnso=dzsnsd,*(1.+pdzdtc) (1.2.8)

Subroutine 3: combine (when it happens snow melting and surface sublimation)
Sh20=sh20,+snlig/(dzsnso*1000)

Sice=sice+snice/(dzsnso*1000)
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When there is too large surface sublimation, we need to conserve water first.
Sh20=sh20+sice

When all snow gone, the liquid water was assumed to be ponded on soil surface

Sh20=sh20+zwlig/(dzsnso(1)*1000.)

We will use subroutine combo when combined node | and j and then storied as node j

Then shift all elements in the above layer to down one
Subroutine 4: divide (??)

Subroutine 5: snowh20 (renew the mass of ice lens (snice) and liquid (snliq) of the surface snow layer resulting
from sublimation (frost)/evaporation(dew))

Bdsnow=snice/dzsnso
Snoflow=sneqv-2000.
Snice=snice-snoflow

It has been divided into 2 different case,

Case | ,for shallow snow without layer, snow surface sublimation may be larger than existing snow mass. To
conserve water, excessive sublimation is used to reduce soil water. Smaller time steps would tend to avoid this
problem

( temp = sneqv
sneqv = sneqv — gsnsub * dat 4+ gsnfor * dt
sneqv isnow=0 and dneqv>0

propor = =
L snowh = max (0., propor * snowh)

. . sneqv
sneqv =0

sh20(1) = sh20(1) + sice(1)
{ sice(1) = 0.

} sice<0,
Case II,For deep snow
Wadif=snice(isnow+1)-gsnsub*dt+qgsnfro*dt
Snice(isnow+1)=wgdif

It calls subroutine combine when wgdif <1.e-6 and isnow<0

Snlig (isnow+1)=snlig(isnow+1)+qrain*dt
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Snlig(isnow+1)=max(0.,snlig(isnow+1))

Calculate porosity and partial volume

snice(j) )

VOl_ice(j) = min (1' ’ dzsnso(j)8denice
Epore(j)=1.-vol_ice(j) j>=isnow+1
Sice=sice,+sneq/(dzsnso*1000)

The liquid water from snow bottom to soil

Qsnbot=gout/dt

5.4 Snow and Frozen Soil Temperature

Snow-skin temperatures in the vegetated fraction (T,,) and bare fraction (T,,) are solved iteratively through

the energy balance equations (1) and (2),

FregSag = Fueg (Lagy (Tg) + LE, (Tg )+ Hy (T ,) + G, (Tg ) (21)
The ground-absorbed solar radiation over the gridcell, Sy, is shared by the vegetated ground with an amount
of SagFveg and the bare ground with an amount of S,4(1-F.e). The vegetated ground emits longwave radiation to the
canopy and exchanges latent heat (LE,,) and sensible heat (Hg,) fluxes with the canopy air and ground heat with

the upper soil (G,) at a temperature T, .

(1_ Fveg )Sag = (1_ I:veg )(Lag,b (Tg,b) + LEg,b (rg,b) +H g.b (Tg,b) + Gb (Tg,b )) (22)

where L,g, is the net longwave radiation (positive upward) absorbed by the vegetated ground. Analogously,
the bare ground at the fractional area, 1-F., emits longwave radiation to the atmosphere and exchanges latent

heat (LEg) and sensible heat (Hg) with the atmosphere at a temperature Ty, .
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The G in the equator 3 is regarded as the upper boundary condition of the snow/soil temperature equation, the
temperatures of the snow and soil layers are then solved together through one tri-diagonal matrix with its dimension

varying with the total number of snow and soil layers.

5.4.1 Numerical Solution

The soil column is discretized into 4 layers and snowpack can be divided by up to three layers depending on
the total snow depth h,,, ,as in Yang and Niu[2003]. The layers from top to bottom are indexed in the fortran code

as i=-2,-1,0.Layer i=0 is the snow layer next to the top of the soil surface and layer i=isnow+1 is the top layer,

where the variable snl is the negative of the number of snow layers.The number of snow layers and the thickness of

each layer is a function of snow depth h_,; as follows:

Where h,,, <0.045m is the total snow depth. There is no snow layer exists and the snowpack is combined

with the top soil layer.

Where 0.05> h,,, > 0.045 m, the first snow layer Az,(m) is

sno —

AZi = {hsno}

(2.3)

Where 0.1> h_,, > 0.05 m, two snow layers are created and the thickness of each layer Az, is

sno —

h,,/2,i=-1
Az, = i (2.4)
h,/2,1=0

Where 0.15>h__ > 0.1m, the two-layer thicknesses are:

sno —

{0.05, i=-1 }
Az, = )
(hsno - Az—l)’ =0 (2_5)

Where 0.45>h_ > 0.15m, a third layer is created; the three layer thicknesses are:

sno —
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0.05,i = -2
Az, =4(hy, - Az,)12,i = -1

((hsno - AZO)/ 2,i= 0) (2.6)

Where hg,, >0.45m, the layer thicknesses for the three snow layers are: Az_, =0.05m, Az_; =0.2m, and

Azy =(hgo —AZ_, —Az_ ;) M.
0.05,i=-2
Az, =:0.2,i=-1

((hsno - Az, - Azfl), = 0) 27)

If a layer thickness is less than its minimum value (0.045 m, 0.05 m, and 0.2 m for the three layers from top
to bottom) due to sublimation and/or melt, the layer is combined with its lower neighboring layer; the layers are
then re-divided depending on the total snow depth following the above procedure. The thinner first snow layer is

designed to more accurately resolve the ground heat flux.

T F---—- T e Az .0, 2,05 ====="
""" T ===== Az ,,0,, 5,0y ===

=
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w
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Figure 2. Schematic diagram for snow, soil, and an uncon-
fined aquifer as represented in the model. The indices for the
snow layers from the top are —2, —1, and 0 to continuously
transition to soil layer’s indices 1, 2, 3, and 4. The variables
are deseribed 11 detail 1in the tevt



5.4.2 Phase Change (melting occurs)

Snow and soil layer temperatures are then used to assess the energy for melting or freezing (Hy,) for the ith
snow and soil layers, i.e., the energy excess or deficit needed to change a snow or soil layer temperature to the

freezing point T

N+1

H,, =CAz, 'A—;f” i=isno+1,4 (2.8)

Where energy for melting or freezing (Hn;) , T;" ** is the ith layer snow or soil temperature solved through the tri-
diagonal matrix (T, ** can be greater than Ty, during midday hours in the melting season before the treatment of

phase change). Az; and At are layer thickness and time step. Subscript “isno” represents the total number of snow

layers in a negative number (for instance, when there are three snow layers, isno = -3; isno+1= -2 represents the

surface snow layer). C; is the volumetric heat capacity:

iceVice,i tigYliq.i (2.9)
Cicelei +Cibici *Cn(1—6,) 1=1,4

iceice,i lig™liq,i

{C 6._.+C, 6 i=isno+10

where G and 6y stand for partial volume of ice and liquid water in the ith snow or soil layer (Figure 2), and Cic
and Cy;; for volumetric heat capacity for ice and liquid water, respectively. 6 is soil porosity, and Cs; is the

volumetric heat capacity of soil particles.

When a snow or soil layer’s ice content €., >0 and T.""* > T, , melting occurs. In the melting phase,

ice,i

6,

icei > 0 and TiN+1 >T melting,i =isnow+10 H, (>0)

frz

TN <Ty, and 6;,; > 0 (for SNow) or G, ; > g max; (Or soil), freezing,i=0,isoil

Hin = L Ore. 1 PiceZ; | AL, (2.10)
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When H,, >0,where L; and pic, are latent heat of fusion (= 0.3336 x 10° J kg™) and ice density (= 917 kg m™).

The 8iq,i is limited by its maximum value of a snow layer (or holding capacity, =0.03 m*/ m%); excessive

gliq max,i
Biiq.i AbOVE iy maxi Tlows down to its lower neighboring layer and eventually to the soil surface. When freezing

occurs, where g max.i 1S the upper limit of the supercooled liquid water (see section 4.6 for details).

When H,, (< 0) is limited by the latent heat released by freezing all the liquid water in a snow layer or the
liquid water over Gjigmax,i in @ soil layer within one time step. The residual energy that may not be consumed by

melting or released from freezing is used to heat or cool the snow or soil layer.

5.4.3 Snow Interception Model

We further implemented a snow interception model [Niu and Yang, 2004] into the Noah model. Because the
interception capacity for snowfall is much greater than that for rainfall, interception of snowfall by the canopy and

subsequent sublimation from the canopy snow may greatly reduce the snow mass on the ground.

The snow cover fraction (SCF) on the ground, f,, ., is parameterized as a function of snow depth, ground

roughness length, and snow density following Niu and Yang [2007].

aq = (1_ fsno,g)asoi + fsno,gocsno : (211)

The ground surface albedo «, , is then parameterized as an area-weighted average of albedos of snow (&, )

and bare soil (a,; ). The SCF of the canopy (fsn,c) adopts the formulation of Deardorff [1978] for the wetted
fraction of the canopy, depending on snow mass on the canopy. It is used as a weight to average the scattering
parameters used in the two-stream approximation over fractional snow-covered canopy (fsnoc) and non-covered

canopy (1-fsnoc) -
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6. Hydrology

6.1 Summary

The water cycle processes considered in the model include surface runoff, subsurface runoff, infiltration,
groundwater, snow accumulation and melt, interception, throughfall, and the redistribution within the soil column
to simulate canopy water W, Snow water equivalent Wy, and soil water zgiAZi , Where &; is the volumetric soil

water content and 4z is the soil thickness (m). All water fluxes are in units of mm s™.

If snow exists, snow surface sublimation rate (mm s™), Qsu

. W
Qs = mm[qvap’?;oj (6'1)

Where g4 is S0il surface evaporation rate (mm sh.

Oseva = qvap ~ Qb (6'2)

Where Qseva is s0il surface evaporation rate adjusted for sublimation from the snow pack (mm s™).

q fro — qdew (6-3)

Where g, is snow surface frost rate (mm s™). Qgew is S0il surface dew rate (mm s™).

qsdew = qdew - qfro (6'4)

Where (sgew 1S S0il surface dew rate adjusted for frost (mm s'l). When snow exists, dew water is added as frost to the
snow pack and Qgseva becomes 0.

W o ;
P bt + Gegen + rain if nosnow layer
) At
qinsur - (6-5)
;otnd + O oy + s if snow layer exists

Where Qingyr iS Water input on soil surface (mm s'l). Osnwot 1S Melting water out of snow bottom (mm 5'1). Qrain IS rain
at ground surface (mm s™).

If the surface type is lake,

qinsur If Wa e >Wa e, max
qsur = o . e (6'6)
0 otherwise

Where g, is surface runoff (mm s™). W', is water storage in lake from previous time step (mm). Wiace max IS
maximum water storage in lake (mm), W)ae max =5000 mm.
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Wlake = WI;lke + (qinfur ~ Oeeva — Gsur )At (6'7)
Where W, is updated water storage in lake (mm).

If free drainage option is selected for runoff and groundwater,

qsub = q‘sub + qdrain (6'8)

Where gy, is updated subsurface runoff (mm s™). q'su is subsurface runoff from previous time step(mm s™). Qarain iS
soil-bottom free drainage (mm s™)

6.2 Canopy Hydrology

6.2.1 Partitioning Precipitation into Rainfall and Snowfall

For partitioning precipitation into rain or snowfall there are three options that can be selected: 1) is based on Jordan
(1991) [add information] 2) is based on BATS when the surface temperature is the freezing temperature added to
2.2 degrees, and 3) is the surface temperature times the freezing temperature. Option 1 is suggested for the
majority of work. If option 1 is chosen, the following is carried out:

0 Tsfc > Tfrz
1t Tye < Tppy + 0.5
Jice —

F, ;6—(—54.632 +0.2 % Typ) Ty < Tryy +2 (6-9)
' Tspe > Tprp + O.SJ
If option 2 is selected the following is expected:
(0 Tspe = Tprp + 2.2}

Fpice = {1 Tore < Trry (6-10)

If option 3 is desirable the following will occur:

_ 0 Tsfc = Tfrz

Fp,ice a {1 Tsfc < Tfrz } (6-11)

6.2.2 Fresh Snow Density

The Hedstrom NR and JW Pomeroy (1998), Hydrologic Processes, 12, 1611-1625 was used for fresh snow density,
ps- Itis based on the idea that Bulk density snowfall BDy, is affected by air temperature T,;,- and rain R as well
as snowfall S is dependent on convective F,,, and large scale P;,,, precipitation. This precipitation is treated
differently depending on how much of the precipitation fraction is ice F, ;...

(Tsfc_Tfrz)

pe = 67.92 + 51.25 ¢ 259
(6-12)
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{120 120 > p, } (6-19)

BDgan = 120 < p,

R = (Pconv + Psyn) * (1 - Fp,ice) (6'14)
§= (Pconv + Psyn) * (Fp,ice) (6'15)

6.2.3 Fractional area that receives precipitation

The fractional area that receives precipitation F, is based on Niu et al. 2005 and is the result of convective
precipitation P, and large scale precipitation .

Pconv+Ps n
Y = {—y Peony + Poyn > 0 } (6-16)

10% Peony+Psyn

1.2 (if we do the 1.2.3) Liquid water:

6.2.4 Maximum Canopy Water

The maximum amount of water within the canopy B,,,, is determined by the maximum intercepted water Py,qxn20.
the vegetation type VEG,,,,, the Leaf Area Index , and the Stem Area Index SAI.

Pnax = Pmaxnzo (VEGyyp) * (LA + SAD) (6-17)

Average interception and through fall, if there is a canopy, ie LAl and SAI are greater than zero, expect the
expressions below where interception of rain is R, , green vegetation fraction is F,., , rainfall is R , the fraction

of a grid cell that receives precipitation is F, , the maximum canopy water is M;;, , the canopy liquid intercepted
water is Cy;, and the time step is At:

Rint = Fyeg * R * K, (6-18)
Rine = Myiq—Ciiq ';;A.t A RxAt (1'11)
T *1—e iq Rint > Miiq—Ciiq £1— e_Mliq
. Rine >0
Rine = {Rg“ Ry <0 } (6-19)
Rdrip = Fveg * R — Rint (6-20)
Rinrou = (1 = Fpeg) * R (6-21)

If there is no canopy, the through fall will be equal to the rain.

6.2.5 Evaporation, transpiration, and dew

If the temperature of the veg T, is not freezing (T;, > T,,) then the following is what is expected for evaporation
Reyq, transpiration ET, and dew formation Rg,,,. Evaporation flux is represented by ET ¢, , latent heat of
varporization is represented by L,, , and canopy evaporation is denoted by C,,, .

52



ET flux ET flux

ET b b 70 6-22
- ETflux<0 (- )
0 Ly
Cey C,
Roo =% o 6-23
eva — @<0 (' )
0 Ly
Cev Ceyp
R b < (6-24)
d = -
v Lo 5 0
0 Ly

Because the vegetation temperature is above freezing, T, > T, , no sublimation Q,;, or frost
Ryrose formation occurs. If the vegetation temperature is below freezing, T, < Tf,,, the following is expected as a
result where latent heat of sublimation is Ly .

ET flux ET flux

ET={ " . (6-25)
- ET flux ;
o T =P
ET flux ETﬂux >0
Lg L
Qsup = BT o1 (6-26)
flux
0 . <0
ET flux ET flux <0
Lg L
Rirost = s (6-27)
frost ET flux
o T 0

6.2.6 Canopy Water Balance

It is most convenient to allow dew to bring canopy liquid C;;, above the maximum water or else re-adjustments
must be made to drip. Evaporation rate iS R, -

Clig C liq
At At < Reva

Ropa = Cug _ g (6-28)
Reva At eva

The canopy liquid intercepted water C;, is determined by the rain intercepted R, , the dew formation R,,, and
the amount of evaporation E occurring over time t .

oo 0 0 > Cig + (Rint + Raew — E)At 629
"7 Clg + (Rint + Raew — Reva)At 0 < Cig + (Rine + Rgew — E)AL
-3
Clig = {0 Cig=1 %10 } (6-30)

The intercepted water by the canopy must be above a threshold of 1E-3 in order for the model to consider canopy
liquid present.
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The Maximum canopy capacity for snow interceptionM,,,,.,, is dependent on LAI, SAI, and the bulk

density snowfall BDgy, it is treated as My, = 6. 6(0 27+46) (LAI + SAI) within Noah-MP’s Canopy Water

subroutine.

If there is a canopy, i.e. LAl and SAI > 0, then the following is also true where R, is intercepted snow,
S is snowfall, F,4 is green vegetation fraction, F, is the fraction of the grid cell which is receiving precipitation,
and C,;. iS canopy intercepted ice mass:

Rgine = Fveg * 5 % Fp (6-31)

sat
Rsint < (Mgnow + Caice) At * (1 —e MS""W)

R.:
Rsint = e __sat sat (6_32)
(Monan + Caiee) * (1= €m0 ) R s by 4 et + (1= ¢ o
. = JRsint Rsine >0 } _
Rsint { 56" Ryins <0 (6-33)

The temperature factor for unloading rate Ty, is treated as the maximum between vegetation temperature T,
and ...(add)

0 (#y-27015)
T = 0 > 1.87%105 (6_34)
fu (Ty—270.15) 0 < L=27015)
©1.87+105 1.87+10°

The frictional velocity Vris dependent on the U and V component of the wind: (check syntax)

Uz2+v?2
Vr = \ 156+10° (6-35)

The drip rate of snow Rg4,,is a function of canopy ice Cg;c., the time step At, the frictional velocity V¢, and the
temperature factor for unloading rate T,

0 0 > (<o)« (v + Tp,)

Rodrip = (M) (Vs + Tr) 0 <( ‘“Ce) (Vs + Try) (6-30)

The canopy through fall of snow R0, 1S dependent on the green vegetation fraction E,
the intercepted snow from the canopy Ry

eg- the snowfall Py, and

sthrou - (1 veg)Ps + (Fveg * Ps - Rsint) (6'37)

If there is no canopy, the trough fall is just equal to the snowfall. The sublimation rate Q,,; in this case is a
function of canopy ice C,;.. and time and the canopy ice depends on the intercepted canopy snow Rg;,;, the drip
rate Rgqyrip, the frost formation Qf,,., and time t. If canopy ice is less than 1E-3 then it is treated as not present.

Caice Cai
(52)  (%2=) <Qu

qub - Caice
( At ) > qub
qub

(6-38)

54



_ 0 0> Caice + (Rsint - derip)At + (erost - qub)At 6 39
Caice - ( - )
Caice + (Rsint - derip)At + (erost - qub)At 0 < Caice + (Rsint - derip)At + (erost - qub)At

6.2.7 The Wetted Fraction of the Canopy

If canopy ice exists Cy;ce, then the fraction of the canopy that is wet F,,.; depends on the maximum canopy
capacity for snow interception Mg, o -

( 0> Caice \
0 { Msnow Msnow >1x107° }
- -6
_ C.: 1%10~6 Mgsnow <1%10
Fyet = atee = Cgi (6'40)
{ Msnow Msnow >1+10 } 0 < e -6
1x1076 Mgpow <1¥1076 { Msnow Msnow >1+10 }

11076 Mgpow <1¥1076

If no canopy ice exists then the fraction of the canopy that is wet is dependent on the canopy liquid C;, and the
maximum canopy capacity for liquid interception My;,.

Cliq
0 0 >{ Myiq Myjq >1x107° }
F — Cliq 1x10~6 Myiq <1+1076 (6-41)
et { Miiq Miiq >1+107¢ } 0 < Clig —6 I
l 1510-6  Mjzq <1x1076 { Miiq Miiq >1+10 } )
1410=6  Mjjq <1x107°
F, <1
Fet = {F wet  Wet } % 0.667
1 Fwet > 1
(6-42)

6.2.8 Phase changes

If canopy ice exists according to the above qualifications, and vegetation temperature T, is greater than
freezing T, then the following can be determined for the melting rate of snow within the canopy R¢;¢, the

canopy ice Cyce, the canopy liquid Cy;4, and the vegetation temperature.

Cice* Caice
Caice ( Caice) _ Pice
( At ) At < ( T, Tf’”z) LgAt

Rperr = —Cicz*ifeaice Cice* Caice (6-43)
o) et oo
C. = 0 0> (Caice - (( Cmelt)At)) (6-44)
e (Caice - (( Cmelt)At)) 0 < (Caice - (( Cmelt)At))
C. = 0 0> (Cliq + (( Cmelt)At)) (6 45)
7 (Cug + ((Cme)tt)) 0 < (Cuiq + (( Crere)At) )
T, = (Fwet - Tfrz) +(1- Fwet)Tv (6-46)

If canopy liquid exists according to the above qualifications, and vegetation temperature is greater than
freezing, then the following can be determined for the freezing rate of liquid water within the canopy, the
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canopy ice, the canopy liquid, and the vegetation temperature.
kw* Ciiq
Cii Cii w
G @) <m-n(E)
kw* Cliq w* Clig
Ty — Trpy) [ —22— Cu w
(T~ 7y )( W) (A_;)>(T,,_Tm)<LZM)

o 0 0> (Caice +(( Cfrz)At)) -

aice = {(C +((Grae)) g < (c ((cﬁz)m)) (6-48)
0 (Clzq ( Cfrz)At))

(cua = ((Gra)at)) g < (Gutg = ((Grra)at))

T, = (Fwet = Tprz) + (1 = Fyed)Ty (6-50)

Cfrz = (6'47)

Clig = (6-49)

6.2.9 Total Canopy Water

The amount of intercepted water per ground area A,,;,,; is determined by the sum of canopy intercepted
liquid and canopy intercepted ice mass.

Ayint = Caice + Cliq (6-51)

6.2.10 Total Canopy Evaporation

The total canopy evaporation E,,, is treated as the sum of evaporation R,,,, and sublimation
QsupSubtracted from the difference of the dew R, and frost formation Q o

Ecan = Reva + Qsub — Raew — Rfrost (6-52)

6.2.11 Rain or Snow on the Ground

Rain and snow on the ground (P, and Py, respectively) is the result of the through-fall, bulk density
snowfall BDyg;, and the drip rateR i, and Rgqyip - D, is snow depth increasing rate.

Fy = Rarip + Rtnrou (6-53)
Psg = derip + Rsthrou (6-54)
_ _Psg -

Dy = gt (6-55)

If the surface is a lake (Sy, = 2) and the ground temperature Ty is above freezing Ty, then there is no snow
at the ground and the snow depth D, is not increasing (both are set equal to zero).

6.3 Soil Water

For the case when snowmelt water is too large, for each soil layer the Effective porosity is:

0 0 elce soil (6'56)
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The accumulation of the saturation excess is:

nsoil

total z max ( 50|I 9 ) X (dsnow )i (6'57)

where: nsoil is the number of the soils.
The soil liquid water content for each soil layer is set to:

esoil = min(ewesoil) (6'58)

Impermeable fraction due to frozen soil for each soil layer is:
maX(O.O e (-Ax(1-fice)) - e('A))

f, = (1—e (_A)) (6-59)
where: A=4 and fi.. is the ice fraction in frozen soil and in the model defined as:
f... =min| 1.0, s son (6-60)
o,

In this equation Hicesqi is the soil ice moisture (m3/m3) and 6. is the porosity, saturated value of soil moisture.

The maximum soil ice content and minimum liquid water of all layers are defined based on the following
conditions:

eice—max = esoil—ice If eice soil 950” max

. (6-61)
fcr = fcr—max If fcr > fcr max
gsoil = esoil—min If esoil—mln > Hson

Subsurface runoff is calculated by the following equation:

R (1 f f X e(’Gridtopo) X e(_Krunoff de) (6_62)

cr—max ) base

where: Ry, is the subsurface runoff, fo.max is he maximum impermeable fraction due to the frozen soil, d,, is the
water table (section 7.2), foase and Kiunotr are the base flow coefficient and runoff decay factor respectively which are
equal to 4 and 2.

different equations are defined in the model, to calculate surface runoff:

Case (I): in this case if the water input to the soil surface is greater than zero then K = 6 and surface runoff

runoff

and infiltration rate are:
Rs = Qwat x |:(1_ f(:r)>< fsat + fcr (6'63)

Isfc = Qwat - Rs (6'64)

where: Rs is the surface runoff, Qy, is the water input on the soil surface, I is the infiltration rate at surface, fey is
the saturated fraction of the area and in this case is:

e(_O'SXKrunoff X(dw_z)) (6-65)

sat — ' sat—max
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Case (I1): in this case if the water input to the soil surface is greater than zero the surface runoff and infiltration rate
are determined by the same equation as the case (I). However, the K =2 and fy iS parameterized as:

runoff

fo=f gl 05 Ko <) (6-66)

sat sat—max

Case (I11): using subroutine INFIL (Section 7.3).
Case (IV): in this case the surface runoff and infiltration rate are determined by the same equation as the case (1),
but f is parameterized as:

4
f . = max (0.01, %} (6-67)

C
where: &y ave is 2-m averaged soil moisture (m*m?), 6, is porosity, saturated value of soil moisture (volumetric).

2-m averaged soil moisture is defined as:

nsoil

Z (eN )i ><(dsnOW)i

O ae = = (6-68)

2m_ave nsoil

ds—2m = Z (dsnow )i

i=1

It should be noted that if the dsom is greater than 2m then sets as 2m.

In the model if the infiltration rate times time interval is bigger than Snow/soil layer thickness times saturated value
of soil moisture, then the iteration time becomes twice

In this step, the accumulation of the saturation excess is calculated by:
niter

Htotal = Z (Hsat )t (6-69)

t=1
where: niter is number of iterations and &, is the saturation excess of the total soil [m] (section 7.6) .

The total surface runoff converted from the (m/s) to (mm/s) by:

R, =R, x1000 +w (6-70)

Removal of soil water due to the groundwater flow (Rim)

At each soil layer the amount of the removal of soil water is simulated as:

Ki x (dsnow )i
nsoil (6-71)

; Ki % () g

R, = R, xAtx

Then the new soil liquid water content is calculated as:
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R
0, = 0., (EQ.7—3) ———m
soil sml( q ) d ><1000

snow

(6-72)

In this model soil/snow liquid water mass (Mmg,ow) Should be equal or greater than minimum soil volume soil
moisture (Myarmin=0.1 mm). Otherwise water needed to bring mg,, from the lower layer. The mgo, for each soil
layer expressed as:

msnow = Hsoil x dsnow x1000 (6'73)
The difference between Mgnow and Myaemin Should be subtracted from the subsurface runoff:
(Myat-min = Minow )
R e R - wat-min snow 6_74
sb sb Dt ( )

After that the soil liquid water content should be recalculated using equation (7-18):
9 —_ msnow 6 75
soil d %1000 ( - )

snow

6.3.1 Water Table (Subroutine ZWTEQ, page 89)
The initial value of the water table is calculated by:

d, =-3xZ, —0.001 (6-76)

However for each fine soil layer of the 6m soil:

d,, = Zy5 if abs(Dy_yp. —Dys)<0.1, (6-77)
where: Zjq is layer-bottom depth of the 100-L soil layers to 6.0 m. Which is equal to the number of the fine soil
times layer thickness of the 100-L soil layers to 6.0 m, Dy.4 is water deficit from coarse (4-L) soil moisture profile
and Dg.100 IS water deficit from fine (100-L) soil moisture profile respectively and are defined as:

nsoil

D9—4L = Z I:ec - (gsoil )i X (dsnow )i ] 1 (6'78)
i=1
N fine d _ Z ' -1/B
Dyosoor = D4 6, % 1—(1+%J xDZ,0 b, (6-79)
i=1 sat

In the above equations dsnow is Snow/soil layer thickness and DZ;q is the layer thickness of the 100-L soil layers to
6.0 m and defines as:

DZ,y, =3%(=Z,)/ Ny, (6-80)
In which: Zy, is the depth of soil layer-bottom [m], and Nsine is number of fine soil layers of 6m soil.

6.3.2 Infiltration (Subroutine INFIL, page 89)

If the water input on soil surface is greater than zero (Que >0) the time step is converted to the ratio of a day,
therefore the new time is:
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At
At =——— 6-81
b 86400 (6-61)

And the difference between saturated water content and permanent wilting point is:

ec—wp = ec - ewp (6-82)

In the first layer:
dice = _(Zb )i:l ><(esoil—ice )i:l (6'83)

(dmax )i:l - (_ (Zb )i:l X ecpr ) X (1_ ((Hsoil )i:l + (Hsoilfice )i:l N vap ) / Hcpr ) (6-84)

For the layers 2 thru last layer (nsoil) :

die = nISZO; [dice - ((Zb )i—l - (Zb )i ) x (esoil-ice )i :| (6-85)

(dmax )i = (((Zb )i—l - (Zb )i )X ec—wp ) x (1_ ((esoil )i + (Hsoil—ice )i - ewp ) / ec—wp ) (6'86)
nsoil
ot = D (A ), (6-87)
i=1
dtot ~ (1_ e(*KthAtl) )
P, x
P+ O (16 ) (6-88)
I =
max At
Where: 6, .. is soil ice moisture (m*m®), 6, is soil liquid water (m*/m?), 6,, is the wilting point soil moisture

(volumetric), and P, = max (0,Q,, x At)

wat

Impermeable fraction due to frozen soil:

The impermeable fraction due to the frozen soil (f;,) is expressed as:

f =1 default
[—3>< FRyata X Frz ] (6-89)
f =1-Txe ‘% if d,>0.01

where: FRya is used to compute maximum infiltration rate and Fgzis:

6, 0.412
Rz = e
FC 0.468

(6-90)

And “T” is;
FCR=1.
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IF (DICE > 1.E-2) THEN

ACRT = CVFRZ * FRZX / DICE
SUM = 1.

IALP1 = CVFRZ - 1

DO J=1,IALP1

K=1

DO JJ = J +1,IALP1

K=K*J)

END DO

SUM = SUM + (ACRT ** (CVFRZ - J)) / FLOAT(K)
END DO

FCR = 1. - EXP (-ACRT) * SUM
END IF

Correction of infiltration limitation:

o = e X o (6-91)
lnax = Max( 1., K) (6-92)
ImaLx zmin(lmaxxpx) (6'93)

Finally, the runoff and infiltration rate at the surface are:

Rs = maX(O, Qwat - Imax) (6'94)

Isfc = Qwat - Rs (6-95)

where: s IS maximum infiltration, f; is impermeable fraction due to the frozen soil, K is hydraulic conductivity,
R; is surface runoff, I infiltration rate at the surface.

6.3.3 Calculate the right hand side of the time tendency term of the soil water diffusion equation.
Also to compute (prepare) the matrix coefficients for the tri-diagonal matrix of the implicit time
scheme (Subroutine SRT, page 91)

The soil water flux (q) is calculated by defining the following conditions:

q=Axz +k —lg +ET +Eg i=1
q=A4xz+k -4, xz,—k_,+ET, i < nsoil (6-96)
q=A4,xZ_ ,+K_ ,+ET, + Qi i = nsoil

where: A is soil water diffusivity, Z is the height above some datum, I is the infiltration rate at surface, ET is
transpiration rate. Eg is the soil surface evaporation rate, K is the hydraulic conductivity, Qgrain is Soil bottom free
drainage. In the above equations Z is:
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—2x(6,-0.,)—(Z it i=1
{ Z X( |+) ( b)H—l : I (6'97)

2, =2x(0,-6,,)1[(Zy),,~(Zo);, ] it i<nsoil’

Where: the @ for each soil layer is defined based on options for frozen soil permeability (Opt_inf). There are two
options for frozen soil permeability, one is linear effects, more permeable (Niu and Yang, 2006, JHM)and second is
nonlinear effects, less permeable (old):
0 =0" if Opt _inf =1
0 =0 if Opt _inf =2°

soil

(6-98)

Also, based on the options for runoff and groundwater (Opt_run), Qgrain is calculated as:

erain =0 Opt _run= lor2
erain =3x K Opt_run=3 , (6-99)
eram - (1 Fcr max ) Ki Opt _run= 4

Options for runoff and groundwater are included:

1: TOPMODEL with groundwater (Niu et al. 2007 JGR).

2: TOPMODEL with an equilibrium water table (Niu et al. 2005 JGR).
3: original surface and subsurface runoff (free drainage).

4: BATS surface and subsurface runoff (free drainage)

In the above equation “S” is the slope index (0-1)

The matrix coefficients for the tri-diagonal matrix are classified to the three groups:
For the first soil layer:

Al =0.0

Bl =Ax2/[(-Z,),,,%(-Z,), ], (6-100)
Cl =-BI

If i<nsoil
Al =2, x21[(-Z,),,%(-Z,), x(-Z,), |

Cl=-4 XZ/[(_Zb )i+lx(_zb )i X(_Zb ).J , (6-101)
Bl :—(CI +A|)

If i=nsoil (last layer)

Al =—24 %2/ [(_Zb )i—l x (_Zb )i X (_Zb ).]
Cl=0 : (6-102)
= —(CI + Al )
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For all soil layers the RHS (right hand side of the matrix) is calculated by:

RHS =q/Z,
: (6-103)
RHS =—q/ ((Zb )i—l _(Zb )i )
6.3.3.1 Soil water diffusivity and hydraulic conductivity (Subroutine WDFCND1, page 94)
Soil water diffusivity and hydraulic conductivity are expressed as:
B+2
A= I:}Lsat x[max(o.oL o" /ac)] }x(l— f.), (6-104)
N 2xB+3
K = [Ksat x [max(0.01, oN 16, )} }x(l— f.), (6-105)
6.3.3.2 Soil water diffusivity and hydraulic conductivity (Subroutine WDFCND2, page 94)
A=A x| max(0.0,6"/6,)]", (6-106)

However if the soil ice moisture is greater than zero (6?

soil—ice

> 0) the hydraulic conductivity is updated as:

sttt 0]
' (6-107)
11 (1 (800x 0, . )) 2 (216,

xB+3

K = Ko x[max(0.0L0" 16,)] ", (6-108)

Where: the A_, is saturated soil hydraulic diffusivity, 6" is total soil water content (m*md). 6. is effective

sat
porosity, and B depends on soil texture.

6.3.4 Calculate/Update soil moisture content values (Subroutine SSTEP, page 92)

This subroutine updates the matrix coefficients to solve the saturation excess water for each soil layer:

RHS, = RHS, x At
Al, = Al, x At
Bl = BI, x At (6-109)
Cl, =CI, x At

After solving the matrix coefficients (Section 7.5.1) the soil liquid water content (6,,,) is updated for all layers as:

at

(gsat )i = (Hsat )i + CII (6'110)
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Excessive water above saturation in a layer is moved to its unsaturated layer like in a bucket
esat = max [{(esoil )i - (00 ) + (Hsoil—ice )i } ! OO] X (dsnow )i

O =min| {(0,)+ (Ot ce )} (O ), |

2

(esat)i - Z [90 /(dSHOW)i—1:|

i=nsoil

For the first layer:

Ot = max[{(&soi, ), = (6.)+ (Ouitice )1} : 0.0] X (dgnon ),

6., =min [{(96 )+ (Ouitice )1} (Oui )J

6.3.4.1 Solves (invert) the matrix coefficients show bellow (Subroutine ROSR12):

B(1), c(, 0 , 0 0 0 ## # # #
A(2), B(2), C@2), 0 0 0 ## # # #
0 A@3), B@3), €®B), 0 , 0 ## # #D03) #
0 0 , A4, B4), C4), 0 ##P@) # #DMA #
0 0 0 , A(G), BB, 0 t# PG # #DGB) #

## #=# #

## # # #
) ) ## . o# # . #
0, ..., 0 ,AM-2), BO-2), C(M-2), 0 ##P(M-2)# #D(M-2)¢#
0, ..., 0, 0 , AM-1), BOM-1), C(M-1)# #P(M-1)# #D(M-1)#
0, ..., o, 0 , 0 , A, BM ##PM # #DM #

Initialize equation coefficient C for the lowest soil layer.

Cnsoil = 00
Pntop = _Cntop / Bntop

Where: the subscript “ntop” and “nsoil” refer to the first and last layers.
Solve the equation coefficients for the first soil layer.

Antop = Dntop / Bntop
Solve the equation coefficients for soil layers 2 thru last layer

P=-C x(%wx x P}

1
A =(D-A XAi—l)X[mj

Set P to A for the lowest layer
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P

nsoil

=A

nsoil

Adjust P for soil layers 2 thru last layer

P, =PRixP

ii+1

*‘an
Where: “ii” is:

ii =nsoil —i+(ntop—1)+1
DO K = NTOP+1, NSOIL

KK = NSOIL - K + (NTOP-1) + 1

P (KK) =P (KK) * P (KK +1) + DELTA (KK)

END DO

6.4 SIMGM groundwater model

009999990000999099

it could be NSOIL - K +1

(6-119)

(6-120)

(6-121)

The groundwater model within Noah-MP (OPT_RUN=1) is the SIMGM model (Niu et al. 2007). The basics

of this model are described as follows.

65



‘[ ----- e
_____ P Ty Az, 3’B|'Ilr.—l I
=
[]
=
L7
______ T:] T T &-1]1 Bn’cl’.‘l‘ B,',-qu =====
L 4
------ 'Tll - - zl - = ]_Ij'l - -
...... T'E - :2 - lp,z -
;?GJ ______ T; ______ Iy mmmm— Wy e
—————— I'4 - - = - - llf‘l - - - --'Ill-rbﬂf_:hr:lf
i 7 |
i ;
v ¢
o
‘I'é -------------------- E ---------- - _-'_f'|._.
[=p
<< W, T LIY 3
l Ra&

As shown in the figure, an unconfined aquifer is defined as the part below soil column in the Noah-MP

model. The dynamics of the water storage in the aquifer (W, ) could be expressed as

aw,
dt

Q_Rsb

Where Q is recharge to the aquifer, and R, is discharge from the aquifer.

The recharge is calculated based on Darcy’s law

Q=-K —Zy _(Wbot - Zbot)

Ly = Zpy

where K, is aquifer hydraulic conductivity, z, is water table depth, ¥, is matric potential of the

bottom layer, and Z,, is the node depth of the bottom layer.
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The discharge (i.e. subsurface runoff) is parameterized as

Rsb = (1_ ffrz,max )' Rsb,max 'e_ﬂ .e—f(Zv—Z)

where fg, . is the maximum impermeable fraction due to frozen soil, Ry, .. is the base flow

coefficient, and A (=10.5) is grid cell mean topographic index.

Each time the SIMGM model is called, W, , z,,and & (soil liquid water) are updated, according to

the location of Z,, . If Z, is below the bottom of soil column, Z, is updated as
zy =(-2_, +25)—,W/(1000x0.2),

liquid water mass is also updated M, = My, —Q-dt.

If z, is within the 4™ soil layer,

z, =-1,_, —(W, —0.2x1000x 25)/(1000Poro,,_, )

where Poro,;_, is the effective porosity at the 4" soil layer.
mqu = mliq - Rsb KaAZ.dt/\NTsub

4
where Az is the layer thickness, and WT, = z K,iAZ .
i=1

Finally update the soil liquid water & = m.iq/AZ for each layer.

67



References

Niu, G.-Y., Z.-L. Yang, R.E. Dickinson, and L.E. Gulden, 2005: A simple TOPMODEL-based runoff
parameterization (SIMTOP) for use in global climate models, Journal of Geophysical Research, 110,
D21106, doi:10.1029/2005JD006111.

Niu, G.-Y. and Z.-L. Yang, 2006: Effects of frozen soil on snowmelt runoff and soil water storage at a continental
scale, Journal of Hydrometeorology, 7 (5), 937-952.

Niu, G.-Y., Z.-L. Yang, R. E. Dickinson, L. E. Gulden, and H. Su, 2007: Development of a simple groundwater
model for use in climate models and evaluation with Gravity Recovery and Climate Experiment data, J.
Geophys. Res., 112, D07103, doi:10.1029/2006JD007522.

68



7. Dynamic Vegetation

I . 0.5 non-growing season . . .
The respiration reduction factor r, = . , While the growing season is
1 growing season

determined by phenology subroutine.

T,—298.16

The temperature factor T, = ARM |

leaf respiration Resp = RMF,.«T, «Fnf «LAlr, -(1—W5t,ess)

where :

Leaf maintenance respiration per time step rs,,,, =min{m,, /At, Resp12x10"°}

leaf

Find root respiration per time step rs_,, = RMR, em  «107°<T, o1, +12:10°

root root

Stem respiration s, = RMS,.sm_ 10T, or,+12:10°°

P

wood

Wood respiration rs,,, = RS, *r-m

L]
'wood wood

Then convert the carbon assimilation from x mol CO, /m® /s to g carbon/m?® /s

The carbon flux assimilated per time step F_,., = PSN«12:10°

arbon

The fraction of carbon flux goes into leaf f_, . = exp{0.0l-[l— exp(0.75LAI )]-LAI }

c,leaf

except when VEGTYP is 12, 0.75 in the above equation is replaced by 0.50.

The fraction of carbon flux goes into stem f__. = LAI/10

c,stem

Then update f by reduction of f forear = Totear = Tostem -

c,leaf c,stem c,leaf
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The wood to root ratio

—BF sWRRAT *My o5t / My
f . (1_ € ' ’ /BF ). I:)wood Myooq > 0
wood
0 Myooa <0

The fraction of carbon flux goes into root f = (1— o tear )-(1— frvood )

and the fraction of carbon flux goes into wood f, 005 = (1= fo1ear ) Fuoos

Next, calculate the leaf and root turnover at each time step:

_ —6
Otheaf - Covt,leaf .10 .mleaf

_ -6
OVtstem - Covt,stem .10 .mstem
OVtI’OOt = Covt,root .mTOOt

Ovt . =9.510"m

wood leaf

Then calculate seasonal leaf dying rate based on temperature and water stress. Water stress is set to 1 at
permanent wilting point.

SC = exp[—o.:s-max(o, T,-T,

leaf

)]-m,eaf /120

SD = exp (Wstress - 1)°Cwstress

Dyleaf = Mgyt '10_6Wdy,leaf «SD+3C-C

dy,leaf

Dy, =m,,, «10°W

stem dy,leaf

«SD+SC.C

dy,leaf

Calculate the growth respiration for leaf, stem, root and wood.
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grleaf = max {O’ fgr .( fc,Ieaf * fcarbon - rsIeaf )}
Ol em = Max {0’ fgr .( fc,stem ¢ 1:carbon ~Sqem )}
Qoo = Max {O’ fgr '( fc,root' fcarbon ISt )}

grwood = max {0’ fgr '( fc,wood ¢ fcarbon o I’Swood )}

Limit lower T limit for photosynthesis, and then update leaf, stem overturn through adding some limits to

avoid reducing the mass below its minimum value.

Net primary productivities

NPP,,; = max{ANPR, ,—del,, |
NPP,,, =max{ANPP,, ,—del,,}
NPy = o o Frrton ~ P — I
NPPaos = T w00 *Fearbon = MSuaos = Ilicar

Update the masses

mleaf = mleaf +(NPPIeaf —-Owvt Ieaf dyleaf )

mstem = mstem ( NPPstem O stem dystem )

+(NPP

root

m — Ot oAt

root — root (

Moo =[mwood +(NPP, .y — OVt

wood

wood .At] wood

Calculate soil carbon budgets:
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- P

c, fast

Short lived carbon pool P, +(Ovt +0Wt,,; +Ovt,,, +OVt, g +aYex )-At

, fast root stem

Soil temperature factor for microbial respiration fs, = 2{"12%16/1)

0.23w

root

(02 +W oo )(023+ Wioot )

Soil water factor for microbial respiration fs, =

Soil respiration per time step rs,,, =12:10°° s, « fs; sMRP+max {0, P, ,,,<10°}

1 U, fast

Then update P, ., =P, o —1.1rs, *At
and stable carbon pool P, ... = P, gape +0.1rs; *At

Finally, the net carbon flux from land to the atmosphere

F

c,net —

-F

carbon

+ r‘Sleaf + IFsroot + rS’wood + r‘Sroot + rSsoil + grleaf + grroot + grw

ood

and LAl =max{m, -LAPM, LAI_ }

leaf

SAl = max {m,, +SAPM, SAI . |
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