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Role of land surface in Earth system models

Provides the biogeophysical boundary conditions at the land-atmosphere interface

— e.g. albedo, longwave radiation, turbulent fluxes (momentum, sensible heat, latent
heat, water vapor)

Partitions available energy (net radiation) at the surface into sensible and latent heat flux,
soil heat storage, and snow melt

Partitions rainfall into runoff, evapotranspiration, and soil moisture

— Evapotranspiration provides surface-atmosphere moisture flux

— River runoff provides freshwater input to the oceans
Provides the carbon fluxes at the surface (photosynthesis, respiration, fire, land use)
Updates state variables which affect surface fluxes

— e.g. snow cover, soil moisture, soil temperature, vegetation cover, leaf area index,
vegetation and soil carbon and nitrogen pools

Other chemical fluxes (CH,, Nr, BVOCs, dust, wildfire, dry deposition)
Land surface model cost is actually not that high ( ~10% of fully coupled model)



Role of land surface in Earth system models

The land surface model solves (at each timestep)
Surface energy balance (and other energy balances, e.g. in canopy, snow, soil)
SB+1L0=sB+L0+[FJE+H+G
= SO, S@ are down(up)welling solar radiation
= L@, LE are down(up)welling longwave radiation
= is latent heat of vaporization, E is evapotranspiration
= Hissensible heat flux
= G is ground heat flux

Surface water balance (and other water balances such as snow and soil water)
P =(Es + E; + E))+ (R, + Roypsurs) + ASM / At
P is rainfall

E is soil evaporation, E; is transpiration, E. is canopy evaporation
Reu is surface runoff, Rq ¢, is sub-surface runoff

ASM / At is the change in soil moisture over a timestep

Carbon balance (and plant and soil carbon pools)
NPP = GPP-R_ = (AC, + AC, + AC,) / At
NEP = NPP - R,
NBP = NEP - Fire — Land Use
= NPP is net primary production, GPP is gross primary production
= R, is autotrophic (plant) respiration, R, is heterotrophic (soil) respiration
" AC; AC,, AC, are foliage, stem, and root carbon pools
= NEP is net ecosystem production, NBP is net biome production



Model design philosophy

Coupling with the atmosphere every model timestep is a fundamental constraint (< 30 minute timestep)

So is the need to represent the global land surface, including Antarctica, the Tibetan Plateau along with forests,
grassland, croplands, tundra, desert scrub vegetation, and cities

Conservation of energy and mass is required

We strive to develop a process-level understanding across multiple ecosystems and at multiple timescales
(instantaneous, seasonal, annual, decadal, centuries)

Top-down, empirical modeling Process modeling
Thornthwaite: Monthly potential Penman-Monteith gquation
evapotranspiration driven by air temperature FvCB photosynthesis model
Ball-Berry stomatal conductance model
£ <16/ L[N Y107 ey 2O
r =15 30| 7 Fick’s law of diffusion
Darcy’s law and Richards equation (soil water)
Priestley—Taylor equation: Daily potential evapotranspiration Fourier’s law (heat conduction)
driven by radiation
R
E,=o S T
s+y A

Production efficiency model driven by radiation and empirical scalars

GPP=¢eS | f,(T) f,(6)f,(VPD)

Annual NPP driven by temperature and precipitation

3000
1+exp(1.315-0.1197)°

NPP:min{ 3000[1—exp(—0.000664p)}}



Lack of a common language

Flux is proportional to the driving force:
Flux = proportionality constant * gradient of driving potential

Describes heat flow in soil (Fourier’s law), water flow in soil (Darcy’s law),
turbulent fluxes (Fick’s law)

Dimensionless Dimensionless
drag coefficient soil moisture factor

kg m2s?1 kgm3 l ms?t kgkg? l

'

Atmospheric models: £ = pC u (QS —{q, ),B

p(q,-4,)

¥, + 71, <—— resistance(sm™)

Land surface models: E =

Pa m st
!

Biometeorology: AE = —(es —€, )gw
4

molm=2s?1 molmol? molm=2s1

ooy '

Plant physiology: E= (QS —{q, )gw



Model name

Model name depends on discipline:

Atmospheric sciences
land surface model
soil-vegetation—atmosphere—transfer model

Hydrology
hydrologic model (SVAT with lateral fluxes)

Ecology

biogeochemical model

dynamic global vegetation model
ecosystem demography model




The Community Land Model
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Lawrence et al. (2012) J Climate 25:2240-2260

Spatial scale
1.25° longitude [2]) 0.9375° latitude
(288 (7] 192 grid), ~100 km [7] 100 km

Temporal scale

= 30-minute coupling with atmosphere

= Seasonal-to-interannual (phenology)

= Decadal-to-century (disturbance, land
use, succession)

= Paleoclimate (biogeography)

Landscape dynamics



Land surface heterogeneity

The model simulates a column extending from the soil
through the plant canopy to the atmosphere. CLM
represents a model grid cell as a mosaic of up to 5
primary land units. Each land unit can have multiple
columns. Vegetated land is further represented as
patches of individual plant functional types

Sub-grid land cover and
plant functional types

0.9375° in latitude (~100 km)
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1.25° in longitude (~100 km)



Surface energy balance and surface temperature

Surface energy balance: Soil heat storage:
(SE-S[E) + ELE - [ oT.* - HIT,] - [FEIT,] = soil heat storage ¢ 2 =—[x2
2]-S[7 2]L[7 ?] oT, J-12 J= ge o To | Ko

Atmospheric forcing

S[?] - Solar radiation (vis, nir; direct, diffuse)
L[?] - Longwave radiation

T, - air temperature

q, - atmospheric water vapor

Flux = A concentration * conductance

Sensible heat

H=c,(T.~T,)g. T 1 u - wind speed
P - surface pressure
1E=ﬂ,(q*[?]_q1”)
8an T8 gaé Surface properties
S[?] - reflected solar radiation (albedo)
T, i - emissivity

g., - aerodynamic conductance (roughness length)
g. - surface conductance

k - thermal conductivity

c, - soil heat capacity

With atmospheric forcing and surface properties specified, solve
for temperature T, that balances the energy budget



Logarithmic wind profile in atmosphere near surface
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Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)

Turbulent fluxes — logarithmic profiles
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corrects for atmospheric stability
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Turbulent fluxes — logarithmic profiles
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Plant canopies

Sensible heat flux

T, L ] Ta; T,
(¢)
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Latent heat flux
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(a) Bulk surface (b) Bulk surface (c) Two-source (d) Multi-layer canopy
without canopy with canopy canopy

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)
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CLM perspective of the land surface

Flux to atmosphere

uses MOST

“Surface” is an imaginary Tam
height (where wind T
speed extrapolates to

zero) T,

H, AE, E, T, T,
L, albedo

T

rad

I -
— Shaded

“Big-leaf” canopy
without vertical structure

Deardorff (1978) JGR 83C:1889-1903
Dickinson et al. (1986) NCAR/TN-275+STR
Dickinson et al. (1993) NCAR/TN-387+STR




Radiative transfer

(a) Direct beam
1 -O 1 1 I ] 1

Visible

Near-infrared

Fractional canopy absorption

0 1 2 3 4 5 6

Leaf area index 0.8

0.6

Albedo

0.4
Near-infrared

0.2

Visible

0.0 1 1 1 1 1
0 1 2 3 4 5

Leaf area index

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)



Two-stream radiative transfer

(a) Downward diffuse

CLM uses the two-stream approximation ﬂ ﬂBmQKd It

(Dickinson, Sellers) .®

ﬂ [1-(1-B)o, K, It

dr' Ky
dx - [1_(1_18)@ ]Kd[T - foK,1 - ﬂoa%Kb]jky,be "
(b) Upward diffuse
W [i-(-B)a JK 1 + Pk T +(1- B) K, e
= o | K, oK, 0 ) ALy Lo, ﬁ[1-(1—[3)(oe]Kdl*

- >
ﬁ ﬂ Bo K, I

(c) Direct beam

ﬂ T 6, 0ke%1,

u (1-B,) msze-st I!ky,b
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How do we scale from leaf to canopy?




Leaf temperature and fluxes

Leaf energy balance:
T,

¢, =-=0,-260T +2¢,(T,-T,)g, +4q.(T)-q, g

Atmospheric forcing

Q, - radiative forcing (solar and longwave)
T, - air temperature

q, - water vapor (mole fraction)

u - wind speed

P - surface pressure

Leaf properties

[2), - emissivity

g,,, - leaf boundary layer resistance
g, - leaf resistance to water vapor
c, - heat capacity

With atmospheric forcing and leaf properties specified, solve for
temperature T, that balances the energy budget



Leaf boundary layer

co, H,0 Sen5|b+e heat

e Boundary layer: =

. =)

g, 11omm gbhg 3

. Guard >
/ Leaf \cutlcle Guard cell cell
0 High Low High
Wind speed Temperature
Photosynthetically
active radiation

Chloroplast

Light
CO,+2H,0 - CH,0+0,+H,0

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)
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Stomatal gas exchange

CoO, H,O
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Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)



Stomatal conductance

Scale bar 50 um

Ball-Berry stomatal conductance
model

gs — gO +gl Anhs/cs

Empirical relationship between
stomatal conductance and
photosynthesis and is applied
separately to sunlit canopy and
shaded canopy

Optimization theory

Stomata optimize photosynthetic carbon
gain per unit transpiration water loss while
preventing leaf desiccation

A4, <1DAg, ad Y, >, .

Williams et al. (1996) Plant Cell Environ. 19:911-927
Bonan et al. (2014) Geosci. Model Dev. 7:2193-2222
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Leaf photosynthesis

21

Farquhar, von Caemmerer, Berry photosynthesis model

A, :min(Ac,Aj)—Rd

w_ is the rubisco-limited rate of
photosynthesis, w; is light-limited rate
allowed by RuBP regeneration

rubisco-limited rate is

A= I/cmax(ci_r*)
© ¢tK(l4+o/K))

RuBP regeneration-limited rate is

" A2l )

Bonan (2016) Ecological Climatology, 3rd ed (Cambridge Univ. Press)

Net photosynthesis (umol CO, m? s°7)

Net photosynthesis (umol CO, m?s™)

40
35
30
25
20
15
10

5k

40
35
30
25
20
15
10

0
0

wimiimi o

RuBP Rubisco

500 1000 1500

2000

Photosynthetic photon flux density (umol m? s)

® ' A

.....................

Rubisco RuBP

-

TPU

200 400 600 800
Intercellular CO2 (pmol mol)

1000



Relative response Relative response

Relative response

Leaf physiological parameters
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Height (m)

o =2 N W & OO0 O N
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Canopy conductance — gradients of PAR

1 |

Oak forest
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Cumulative leaf area index



Depth in Canopy

SUNLIT

SHADED

Fraction absorbed

1.0
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04
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0.0

Sunlit and shaded canopy

(a) Direct beam

Shaded

Leaf area index
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Leaf area index
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Nitrogen profile

Decline in foliage N (per unit area) with depth in canopy yields decline in
photosynthetic capacity (Vcmax, Jmax)

a) Broadleaf demduous tree

8_ 10 —_—
e 09 Vemax i Kx
8. 0.8l ;\CJ)T:A)Z _ KmaxZS(x):I/cmaXZS (O)e '
= ——O-CN (Kn=0.11) | 1
§ 0.7} —JULES( (2n=o.1zf>) ) Fom (x) =€
g 061+ CoLM (Kn=0.5)
=
Tg 05_ cmax25(sun) J cmax25 f:vun (x)dx
s 04+
c 0.3+t
-_% 02_ cmax25(Sha) j cmaxZS )I:l_f:mn (x)]dx
o 01}
0.0

01 2 3 45678 9 101112
Cumulative leaf area index

Bonan et al. (2011) JGR, d0i:10.1029/2010JG001593

Note: CLM5 has a more complex
canopy optimization
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Plant canopy as a “big leaf”

Leaf Atmosphere
Stomata | Boundary Canopy Surface
Layer Layer
29, o 29,°L Ja
T, T
9 9o gs*L gb*L 9a
e=e’(T,) N NONAN~0 e=e*(T,)
eS ea eS eac ea
g,/1.6 g,/1.4 g/16*L g,/1.4*L
c ON\NBNNN—O@ c ONNBNNN—@
c c c c

Most models use two-leaves
(sunlit and shaded)



1990s: single site
comparison, short
intensive observing
period

Sensible Heat (W m™2)

600

Net Radiation (W m2)

Bonan et al. (1997) JGR 102D:29065-75

400
300

200 F

400

200

Flux towers & model validation

Boreal Ecosystem Atmosphere Study (BOREAS)

Southern Study Area — Old Jack Pine
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Flux towers & model validation

2000s: annual cycle, multi-site
comparison (boreal to tropical)

- - 4 A
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0.8

Soil moisture (-)

02¢
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o
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+++ Observations
*¥¥x¥ CLM 3.0

&AA CLM 3.5

Latent heat flux (W m?2)
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2003

Sensible heat flux (W m?2)

300

250¢1
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Morgan Monroe State
Forest, Indiana

2003

CLM3.0 —dry soil, low latent heat flux, high sensible heat flux

Stockli et al. (2008) JGR, 113, doi:
10.1029/2007JG000562

CLM3.5 — wetter soil and higher latent heat flux
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Flux towers & model validation

a) FLUXNET-MTE 117 PgCyr!
Control
Radiative § Radiative
transfer for- transfer
sunlit and - - and photo-
shaded | "I synthesis
canopy 1

FLUXNET-MTE data from Martin Jung and Markus
Reichstein (MPI-BGC, Jena)

Annual gross primary production (g C m2yr’)

6000

CLM4 overestimates GPP. Model revisions
improve GPP. Similar improvements are
seen in evapotranspiration

Bonan et al. (2011) JGR, d0i:10.1029/2010JG001593



Improved annual latent heat flux

3 13 vr-l
a) FLUXNET-MTE 65 x 10° km? yr b) CLM4
e 1 PRI PR | PR

P IR I R R R

68 x 103 km3 yr?!

™1
65 x 103 km3 yr?!
PR BTSN BTN ST SRR SRR SR |

0 10 20 30 40 50 60 70 80 90
Annual latent heat flux (W m)

Model improvements reduce ET
biases, especially in tropics, and
improve monthly fluxes

LU N BN BN BNLENLEN BELENLEN B LB BN

100 110 120

Bonan et al. (2011) JGR, d0i:10.1029/2010JG001593
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Latent heat flux (W m2)
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Modeling across scales

Tower

Morgan Monroe State Forest

300

. dr.y sgil, Ilowllat‘ent.hee.at ﬂlux .
J FMAMYJgJ A S OND
2003

Stockli et al. (2008) JGR, 113, doi:
10.1029/2007JG000562

> Large basin

Water storage (mm)

o

o
o

-100

Mississippi basin

Jan Apr July Oct

= GRACE
e CLM 3
e CLM 4

D. Lawrence et al. (2012)
J Climate 25:2240-2260

> Global

Annual latent heat flux
b) CLM4

0 10 20 30 40 50 60 70 80 90 100 110 120
Annual latent heat flux (W m?)

Bonan et al. (2011) JGR, d0i:10.1029/2010JG001593



Research areas

Surface fluxes
Roughness sublayer, multilayer canopies

Radiative transfer
3D structure, canopy gaps

Photosynthesis
Temperature acclimation, CO, response, product-limited rate, C4 plants

Stomatal conductance
Soil moisture stress, WUE optimization, CO, response

Canopy scaling
Optimal distribution of nitrogen
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Canopy turbulence and the roughness sublayer

CLM (and most other
models) use MOST, which
fails above and within plant
canopies

z/h

2.5r

1.5

Profiles from the CSIRO flux station near

Tumbarumba
MOST
a/l+ b Obs
RSL
+ >
v < D
4> f
%.we.
 h,/L=-0.06
06 5 10
U(z) / u,

Harman & Finnigan (2007) Boundary-Layer Meteorol. 123:339-363
Harman & Finnigan (2008) Boundary-Layer Meteorol. 129:323-351

(z-h ) /L

1/2

1/4

-1/4

(0-6(z)) /6.
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Two ways to model plant canopies

Photographs of Morgan Monroe State Forest tower site illustrate two different
representations of a plant canopy: as a “big leaf” (below) or with vertical
structure (right)

Depth in Canopy

SUNLIT

SHADED

Big-leaf canopy

Two “big-leaves” (sunlit, shaded)

Radiative transfer integrated over
LAl (two-stream approximation)

Photosynthesis calculated for
sunlit and shaded big-leaves

Depth in Canopy

SUNLIT

SHADED

-

-

Multilayer canopy

= Explicitly resolves sunlit and
shaded leaves at each layer in
the canopy

= Light, temperature, humidity,
wind speed, H, E, A, 8, ¥,

= New opportunities to model
stomatal conductance from
plant hydraulics (g, v,)



CLM4.5

CLMml

Velocity (m s™)
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Friction velocity (momentum flux)
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US-Var, March 2006
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CLMA4.5
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