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Complex and Interactive: One thing changes everything
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Carbon Cycle
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Land is a critical component of the
Earth system
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Land is a sink for ~30% of anthropogenic CO, emissions

CO, Sources CO, Sinks

9.5 + 0.5 PgC yr- 86%

45%
4.9 + 0.2 PgC yr?

23%
2.5+ 0.5 PgC yr' e

Notes: Values are averaged from 2009-2018; Budget Imbalance: 0.4 Pg C/yr; Source: Friedlingstein et al. 2019
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... and the Surface Water Balance

P=Eg+E +E.+R+
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... and Surface Carbon Exchange
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FEFH:

1966 {H1: SRE, REBIER
1962 flit: SRE, KRAETER
1961 F+: WESYEZE, KBHBKE




FEFAREH:

1966-1968 : Research Associate, MIT, Cambridge, MA
1968-1975 : Scientist, EEERKSHFTHIL> (NCAR)
1975-1981 : Head, EEERASHRPF L SIEED
1981-1990 : Deputy Director, EEERAKS AR HF 1L
1990-1999 : Regents Professor, ILFIRIPAZE

1999- present : Georgia Power Chair Professor, {£i& ¥
M T 2%




FEFARRERS:

= 1988: Member, National Academy of Science
(ZERFER KR

= 2002: Member, National Academy of Engineering
(EETRER Rt

= 2002-2004: President - American Geophysical

Union (EEMIKIIBEES £F)

= 2005: PERFR ZERAEHEHR

= 2004: HERZER KSYERRARENEA

= 2004: JEREIMEXRZFE REB®
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2004

2003:

2002:

1987:
1984:

1973:

Honorary Membership in European Geosciences
Union (EGU)

ISI Web of Knowledge Highly Cited List, ISI
HighlyCited.com

Honorary Membership in the European
Geophysical Society (EGS)

Fellow, American Geophysical Union

Fellow, American Association for the Advancement
of Science

Fellow, American Meteorological Society
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1996:

1996:

1996:

1992:

1988:

1973:

Roger Revelle Medal, American Geophysical Union
(REMIKIEKES HEX)

Rossby Award, American Meteorological Society
(XESRFES &5X)

G. Unger Vetlesen Award, Lamont-Doherty Earth

Observatory of Columbia University

(HEKBIEFEAR “HIUR” R)
Physics Distinguished Achievement Award for
Outstanding Publication Contribution

Jule G. Charney Award, American Meteorological
Society (EESRFES

Meisinger Award, American Meteorological Society
(ESS¥2




http://www.ldeo.columbia.edu/vetlesen/recipients.html

About the Vetlesen Prize

Background Information

The Vetlesen Prize was established in 1959 by the G. Unger Vetlesen Foundation.
The prize is awarded for scientific achievement resulting in a clearer understanding
of the Earth, its history, or its relations to the universe and is administered by

Columbia University’s Lamont-Doherty Earth Observatory. Designed to rank
In its field in importance and dignity with the Nobel awards,
the Vetlesen is acknowledged as the premier prize in this area.
Eligibility
Competition for the Vetlesen Prize is open to any person anywhere in the world.
Prizes may be awarded to more than one person at a time.

Frequency
The prize is awarded on average once every two years, if the jury selects at least
one worthy candidate during this period.

The Prize
The prize consists of a cash award of $100,000, a medal.
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Vetlesen K3RGE K H MRS

2004: Sir Nicholas Shackleton
W. Richard Peltier
2000: W. Jason Morgan
Walter C. Pitman Il
Lynn R. Sykes
1996: Robert E. Dickinson
John Imbrie
1993: Walter Munk
1987: Wallace S. Broecker
Harmon Craig
1981: Marion King Hubbert
1978: J. Tuzo Wilson
1974: Chaim Leib Pekeris
1973: William A. Fowler
1970: Allan V. Cox,
Richard R. Doell
S. Keith Runcorn
1968: Francis Birch
Sir Edward Bullard
1966: Jan Hendrik Oort
1964: Pentti Eelis Eskola
Arthur Holmes
1962: Sir Harold Jeffreys
Felix Andries Vening Meinesz
1960: W. Maurice Ewing
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Recognitions by Earth Science Community

Dr. Dickinson formulated path-breaking computer models that
simulated the basic workings of the Earth's atmosphere, from the
troposphere to the thermosphere, and showed how atmospheric
dynamics affect the Earth's climate.

— Citation by the Vetlesen jury

His genius is reflected by a great breadth of accomplishment and by
remarkable depth. His papers provide example after example of
great attention to the details and complexities of a problem while
pioneering whole new areas of investigation.

Bob's research spans the areas of assessment of future climate
change, biometeorology and vegetation-climate interaction, remote
sensing of the Earth's surface, upper atmosphere research, polar
climates, aerosols and biomass burning, the general circulation of
the atmosphere, the atmosphere of Venus, and the climate of the
early Earth.

— Citation by AGU in recognition of sustained and continued superior
contributions to the science of climate dynamics and to predictions of
expected climate changes



Biosphere - Atmosphere Interaction in climate

— Developed the first biosphere-atmosphere transfer scheme for
global general circulation and meso-scale weather models
(Dickinson 1984), and current NCAR Community Land model (Dai
et al. 2003).

— Pioneered modeling of land use impacts on climate (Dickinson and
Henderson-Sellers 1988) and draw internation attensions to
tropical deforestation (Dickinson 1987).

— Led Remote sensing of land surface/vegetation of NASA Earth
Observing System
A world leader who has created and led the field of
vegetation-atmosphere interaction in climate research for
the past two decades. Today, this is one of the most active
and for-front areas of climate research.
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Pioneered

* Model of
thermosphere/mesosphere

* Predictions of
thermosphere/mesosphere
cooling from increased CO,, CH,
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Climate Research

" |mportant contributions to the framework of
climate sensitivities to human influences

— Dickinson 1982: Modeling climate changes due to
carbon dioxide increase (Oxford University Press)

— Dickinson 1986a: How will climate change The climate
system and modeling of future climate (Wiley)

— Dicknson 1986b: Impact of human activities on climate
- A framework (Cambridge University Press).
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Piers Sellers (1955-2016)

NASA Astronaut / Former Director of
Earth Sciences at Goddard Space Flight
Center



« Dr. Piers Sellers earned his B.Sc. from the University of Edinburgh and
his Ph.D. from Leeds University.

* In 1982, he moved from the U.K. to the U.S. in 1982 to carry out
climate research at NASA/GSFC, where, from 1982 to 1996, he
worked on global climate problems, particularly those involving
interactions between the biosphere and the atmosphere, and was
involved in constructing computer models of the global climate
system, satellite data interpretation and conducting large-scale field
experiments in the U.S., Canada, Africa, and Brazil.

» 1In 1998, he was the project scientist for the first large Earth
Observing System platform, Terra.

* In 1996, he joined the NASA astronaut corps and has flown on three
space missions to the International Space Station (1SS) in 2002,
2006, and 2010, carrying out six spacewalks and working on ISS
assembly tasks.

k. IV

Piers Sellers in the International Space Station during the STS-132 Piers Sellers stands on the International Space Station’s
space shuttle Atlantis mission in May 2010. Canadarm2 to work on the station at the end of the STS-112

mission's second spacewalk on Oct. 12, 2002.




Simple Biosphere Model (SIB)

Zn

~ Warain

The Simple Biosphere (SiB) Model was
originally developed by Piers Sellers in the
mid-1980’s as an internally-consistent
module to surface-atmosphere exchanges
of radiation, heat, moisture, and
momentum over land.

It was extended in the mid-1990’s by a
team of interdisciplinary scientists to
include mechanistic linkages to
photosynthesis, stomatal physiology, and
satellite remote sensing.

Since that time it has been extended to
include improved treatment of carbon
cycling, soils, snow, hydrology, stable
isotopes, phenology, and crops.

« Sellers, P. J., Y. Mintz, Y. C. Sud, and A. Dalcher, A simple biosphere model (SiB) for use within general circulation models, J. Atmos.

Sci., 43, 505-531, 1986.

« Sellers, P.J., D. A. Randall, G. J. Collatz, J. A. Berry, C. B. Field, D. A. Dazlich, C. Zhang, G. D. Collelo, L. Bounoua, A revised land
surface parameterization (SiB2) for atmospheric GCMs, Part 1: Model formulation. Jour. Clim., 9, 676-705, 1996a.



— Biogeophysics

Photosynthesis and stomatal resistance
Hydrology

Snow

Soil thermodynamics

Surface albedo and radiative fluxes

— Biogeochemistry

Carbon / nitrogen pools, allocation, respiration
Vegetation phenology

Decomposition

Plant Mortality

External nitrogen cycle

Methane production and emission

Vegetation dynamics
Urban

Crop and irrigation
Lakes

Glaciers and ice sheets
Fire and fire emissions
Dust emissions

River flow

Biogenic Volatile Organic
Compound emissions



The Evolution of Land Modeling

Nutrients
Dynamic Vegetation
Plant Canopies Heterogeneity Carbon Cycle Land Cover Change Crops, Irrigation
Surface Energy Fluxes Stomatal Resistance Lakes, Rivers, Wetlands Groundwater Urban Lateral Flow
Soil Moisture
70’s 80’s 90’s 00’s 10’s R. Fisher

Land models are increasing in

complexity
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"Essentially, all models are wrong, but some are useful.”
(George E. P. Box, Robustness in the strategy of scientific model building, 1979)
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Modeling variably saturated flow in stratified soils

Spatial discretization
Prognostic variables
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Governing equations

Ponding water
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Wetting front

Numerical scheme

Spatial discretization:
Cell-centered approach
~> Suitable for stratified soil

&

Equivalent hydraulic conductivity
formula:
Weighted geometric mean

&Lead to oscillation free solution

Time integration:
Mixed implicit-explicit scheme
> Stable and mass conserved

ﬂwf - qsat B qwf
ﬂt qs - qu
Water table
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1t q.-qg,

Explicit tracking of
wetting front and

Nonlinear least square problem solver:
Gauss-Newton algorithm

> Approach quadratic convergence
rate
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Typical shaded leaf Typical sunlit leaf

The micrographs of typical shaded and sunlit leaf on the same
tree. Sunlit leaf has dense palisade mesophyll, and its spongy
mesophyll is in the lower half of the leaf. Shaded leaf has less
dense palisade mesophyll and the spongy mesophyll is more
extensive.



CO, Concentration within Canopy

The CO, flux budget within canopy can be described by a
CO, concentration conservation equation:

cc

2 E"tl =0=-F - [A?-'],f—l - [/1” ],r'_;z + R, + R,

C,

R..i = CO, flux from soil surface to canopy air;

soil —

R, = non-leaf plant respiration

[Aq]; = net CO, assimilation of canopy by sunlit and shaded

{ea\fes{[ %, _1.37}{% -, ]]}

F. Is the CO, flux from canopy to atmosphere
F ={g,+1.37}[c, —c,,]



Photosynthesis capacity of sunlit and
shaded leaf fractions

The leaf assimilation rates as the minimum of three limiting rates:

A =min(w_,w_,w_)

L V. ¢l , forc,
w.: Leaf enzyme limitation rate, w.= ¢, +K_(1+0,+K))
v, forc,
: C e . . ¢ —I7
w,: Light-limitation rate, w. = +2r*),for C; plant

j, for ¢, plant

w,: Capacity for export or (0.5V_, forc,
utilization of the products of W, =1 4 ,
photosynthesis for C; plant 2x107Vye, +p, fore,
and CO,-limited capacity for
C4 plants




Maximum catalytic capacity of Rubisco V:

maxfT( l)fw(e)
Viex = Vemax €XP (=K, X)

cmax

V IS correlated with leaf nitrogen concentration

cmax
Electron transport rate:
] =min(el,, ], +4)

]max — ]cmax exp(_k:l,lx)

J IS correlated with leaf nitrogen concentration

cmax

The effect of soil water stress on assimilation

Wmax B W
Z f root, j ]
l// W fc



Scaling up from leaf to canopy

Maximum catalytic capacity of Rubisco :

Vemax (1) = Veman (0)exp(- kyL /L)

cmax cmax

{ Vesun = [ Vernan (8)fsn (8)dE

VcSha — OLAI chax (é)fSha (E.:)dE:

Maximum electron transport rate :

jmax = jmax (O) eXp(_kZ,li)

LAI

{ J sha = Jn (0) j e_kz’léfsm(é)da

0

]CSUI’I - jmax (0) J. e_kz’lgfsun (g)dE)

0



Equations for photosynthesis-stomatal conductance

A e
8. ]j - le;

j b1,
), e, P

(AL = [A]L - [Ry]

J

The complete equation set can be solved to yield mutually consistent
values of leaf photosynthesis and transpiration.



Exchange with environmental variables

pC, pC,
[E. | =19,];([e ] —ea)T =[g.];([e; ] — e ;) —
Y Ay

. Ca _[Cs ]j [gb]j - [Cs ]j _[Ci ]j [gs ]j
T p 1.4 D 1.6

m
|

a — [Etr T Ewet ]sun+sha T Eg €a

I:c02 a I:An]sun+sha T I:c02 soil Ca
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Surface Field

Resolution

I =1 (DEM)

30 arc-seconds

Vv Bk JE 23 £E Global Soil Characteristics

30 arc-seconds

APk 1 7B 55/ HR| FH #0455 42 Global Land Cover Characteristics

30 arc-seconds

V A BRI AR $5 24 Global Leaf Area Index

30 arc-seconds

XK 15 Global Forest Height

30 arc-seconds

FRVR FE J 43 4iiGlobal Plant Rooting Depth

30 arc-seconds

UK )1 F1¢K 5 Global Glacier Characteristics

30 arc-seconds

YA HiGlobal Lakes and Wetlands Characteristics

30 arc-seconds

TR A5 R Global Lake Coverage and Lake Depth

30 arc-seconds

#1EGlobal Cultural Characteristics

30 arc-seconds

WL Global Map of Irrigation Areas

30 arc-seconds

I 1 Global Urban Characteristics

30 arc-seconds

V Ayt Global River Characteristics (flow direction, ...)
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The global soil data set for earth
system modeling

Shangguan et al., 2014: A Global Soil Data Set for
Earth System Modeling. Journal of Advances in
Modeling Earth Systems, 6: 249-263.



The soil general information (Products 1) :

No.

10

11

Description Units

additional property
available water capacity

drainage class

impermeable layer

nonsoil class
phasel
phase2

reference soil depth cm
obstacle to roots
soil water regime

topsoil texture

Binary file

ADD PROP

AWC CLASS

DRAINAGE

IL

NONSOIL
PHASE1
PHASE2

REF DEPTH

ROQOTS
SWR

T TEXTURE

NetCDF file

ADD PROP

AWC CLASS

DRAINAGE

IL

NONSOIL
PHASE1
PHASE2

REF DEPTH

ROOTS
SWR

T TEXTURE
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Soil properties (34) of CoLM/CLM soil horizons (Products 2):

No Attrubute

O 00 N O 1 B W N -

e e o
o U A W N LR O

Total carbon

Organic carbon

Total N

Total S

CaCo3

Gypsum

pH(H20)

pH(KCI)

pH(CaCl2)

Electrical conductivity
Exchangeable calcium
Exchangeable magnesium
Exchangeable sodium
Exchangeable potassium
Exchangeable aluminum

Exchangeable acidity

units

% of weight
% of weight
% of weight
% of weight
% of weight
% of weight

ds/m

cmol/kg
cmol/kg
cmol/kg
cmol/kg
cmol/kg
cmol/kg

Scale factor
0.01
0.01
0.01
0.01
0.01
0.01
0.1
0.1
0.1
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Binary file

NetCDF file

TC1,1C2
OC1,0C2
TN1,TN2
151,152
CACO31,CACO32
GYP1,GYP2
PHH201,PHH202
PHK1,PHK2
PHCA1,PHCA2
ECE1,ECE2
EXCA1,EXCA2
EXMG1,EXMG2
EXNAL,EXNA2
EXK1,EXK2
EXAL1,EXAL2
EXH1,EXH2
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No. Attrubute

17
18
19
20
21
22
23
24
25
26
27

28

29

30
31

32
33
34

Cation exchange capacity

Base saturation
Sand content
Silt content
Clay content
Gravel content
Bulk density

Volumetric water content at -10 kPa
Volumetric water content at -33 kPa
Volumetric water content at -1500 kPa
Amount of phosphorous using the Brayl

method

Amount of phosphorous by Olsen

method

Phosphorous retention by New Zealand

method

Amount of water soluble phosphorous
Amount of phosphorous by Mehlich

method

Exchangeable sodium percentage
Total phosphorus

Total potassium

units
cmol/kg

%

% of weight
% of weight
% of weight
% of volume
g/cm3

% of volume
% of volume
% of volume
ppm of weight

ppm of weight
% of weight

ppm of weight
ppm of weight

% of weight
% of weight
% of weight

Scale factor
0.01

0.01

0.01

0.01

0.01

0.0001
0.01

0.01
0.0001
0.01

Binary file NetCDF file

CEC
BS

o
=
N

'U
I
@)

_U
<
m
T

|—||—I|rn
A~ |9 |\

CEC1,CEC2
BS1,BS2
SAND1,SAND2
SILT1,SILT2
CLAY1,CLAY2
GRAV1,GRAV2
BD1,BD2
VMC11,VYMC12
VMC21,YMC22
VMC31,VYMC32

PBR1,PBR2

POL1,POL2

PNZ1,PNZ2
PHO1,PHO2

PMEH1,PMEH2
ESP1,ESP2
TP1,1P2
TK1,TK2
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The global depth to bedrock dataset for
Earth System Modeling

Shangguan et al., 2017. Mapping the global depth
to bedrock for land surface modeling. Journal of
Advances in Modeling Earth Systems, 9,
doi:10.1002/2016MS000686.



The global high-resolution dataset of soil
hydraulic and thermal properties for land
surface modeling

Dal et al., 2019: A global high-resolution dataset of soill
hydraulic and thermal properties for land surface
modeling, Journal of Advances in Modeling Earth
Systems.

Dal et al., 2019: Evaluation of soil thermal conductivity
schemes for use in land surface modelling.
Journal of Advances in Modeling Earth Systems.



Status of soil hydraulic parameters and soil data
in land surface models

* The soil water contents are calculated numerically using the
Richards equation,

% = 2{K(é’)( oh(0) - 1)} —S(6)
ot o0z 0z

« Clapp and Hornberger (1978) functions have been
widely used in land surface schemes for
climate/weather models;

=y (0/0,)
K(O)=K_(6/6,)"

* Four parameters are required:
K. = saturated hydraulic conductivity (cm/d)
0. = saturated water content (cm3/cm3)
v, = saturated capillary potential (cm)
A = pore-size distribution index

-1/



Status of soil thermal parameters and soil data
in land surface models

* The soil temperatures are calculated numerically using the

equation,
6T o (k 8Tj+sh
at o\ oz

* The volumetric soil heat capacity and thermal
conductivity have been widely used in land surface :

C=C,+V,C,; TtV

air Yair water

C +V. .C

water ice ~ice
k = (ksat B kdry)Ke + kdry

« Three parameters are required:

¢, the volumetric eat capacity of soil solids in a unit soil volum
k.. the saturated thermal conductivities

k., the dry thermal conductivities
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The data could be freely downloaded from
http://globalchange.bnu.edu.cn

1. The Global Dataset of Soil Hydraulic and Thermal
Parameters for Earth System Modeling

2. The Global Depth to Bedrock Dataset for Earth System

Modeling

3. The Global Soil Dataset for Earth System Modeling

4. The Soil Database of China for Land Surface Modeling

5. The China Dataset of Soil Hydraulic Parameters Using
Pedotransfer Functions for Land Surface Modeling
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A global soil data set for earth system modeling

Wei Shangguan, Yongjiu Dai, Qingyun Duan, Baoyuan Liu, Hua Yuan

Journal of Advances in Modeling Earth Systems | Pages: 249-263 |

First Published: 14 February 2014 TO p 10 MO St Cl ted
® A global soil data set was developed for earth system modeling
* \arious data sources were harmonized using consistent processes

®» Examples of the data set were given show the vertical and horizontal variations

Abstract | Fulltext | PDF | References | Request permissions
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Mapping the global depth to bedrock for land surface modeling
Wei Shangguan, Tomislav Hengl, Jorge Mendes de |esus, Hua Yuan, Yongjiu Dai

Journal of Advances in Modeling Earth Systems | Pages: 65-88 |
First Published: 20 December 2016

* Observations from soil and geological surveys are combined for developing global spatial
prediction models of depth to bedrock

* Machine learning explains 59% of variation in spatial distribution of depth to bedrock for
interpolation but much less for extrapolation
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UF/IFAS

UNIVERSITY of FLORIDA

LSDAINIFA °
Fruit & Vegetable Supply Chains

Climate Adaptation & Mitigation Opportunities

Agriculture &

Food Systems
Institute

Enhancing the productivity, resilience, and sustainability of domestic fruit and vegetable systems

Objectives

¢ |dentify and test climate adaptation and
mitigationinterventionstrategiesthatcan
be applied to enhance sustainability and
resilience of fruit and vegetable supply
chains in the United States.

¢ Provide actionable strategies that
contribute to a nutritious, reliable,
affordable, and environmentally sound
food supply.

Desired Impact

® Supply decision makers, growers, and
other stakeholders in fruit and vegetable
supply chains with science-based
evidence to adapt to climate change
impacts and mitigate greenhouse gas
emissions.

® Sustainably deliver the nutritional value
associated with greater consumption of
fruits and vegetables, which is central to
improving diets and combatting obesity
in the United States.

Approach

Use crop, economic, and environmental
modellngtodeterm\necurrentandfuture
climate and water availability impacts on
selected fruit and vegetable crops.

* Investigate mitigation strategies andland
use change that may result from future
relocation of crops from water-stressed
areas to new regions.

INTERNATIONAL
g FOOD POLICY
RESEARCH
4 INsTITUTE

IFPRI

Crop Prioritization
Year 1

Tomatoes

Potatoes Sweet Corn
Year 2

Spinach

Green Beans Carrots

Year 3

% Oranges

Grapes Strawberries
Year 4

@ Broccoli

Melons Onions

Crop Modeling Counties

The 32 crop modeling counties chosen for the project are located in 9 of the 14 major watersheds of the contiguous

United States.

Skagit, WA Walsh, ND
Grant, WA Otter Tail, MN
Benton, WA Renville, MN
Walla Walla, WA
Marion, OR
Umatilla, OR Montealm, Mi
Caiyen, [0 St. Joseph, Ml
Minidoka, 1D Genesee, NY
Bingham, ID
Arocostook, ME
Yolo, CA
Monterey, CA
Fresno, CA Dakota, MN
Yurna, CA Decatur, GA Freeborn, MN
‘ St. Johns, FL Langlade, WI
Rio Grande, CO Polk, FL Portage, WI
Maricopa, AZ Hidalgo, TX Hendry, FL Fond du Lac, WI

These are the highest target crop acreage counties in the 31 crop reporting districts that collectively include 80% of
the area in the United States where the target crops are planted (St. Johns, FL added to better represent potatoes).

Modeling Workflow

Mitigation Scenarios

Production and Prices
Land Use Change

Crop Vield Domestic
Models Needs: H,O, N, P Economic Model Acres Profitability
N ?@\'\x\! ‘
Hydrology 2 International
Model o Economic Model

Domestic Fruit and Vegetable

Life Cycle
Assessment
Model

C and H,0 Footprints

(for crop production)

www.foodsystems.org/fv
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TaBLE 2. Abridged definitions for local climate zones (see electronic supplement for photographs, surface
property values, and full definitions). LCZs 1-9 correspond to Oke’s (2004) urban climate zones.

Built types

Definition

Land cover types

Definition

|. Compact high-rise

2. Compact midrise

3. Compact low-rise

4. Open high-rise

5. Open midrise
o

.J |

Dense mix of tall buildings to tens of
stories. Few or no trees. Land cover
mostly paved. Concrete, steel, stone,
and glass construction materials.

Dense mix of midrise buildings (3-9
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials.

Dense mix of low-rise buildings (-3
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials.

Open arrangement of tall buildings to
tens of stories. Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of midrise buildings
(3-9 stories). Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

A. Dense trees

B. Scattered trees

D. Low plants

E. Bare rock or paved

Heavily wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Lightly wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Open arrangement of bushes, shrubs,
and short, woody trees. Land cover
mostly pervious (bare soil or sand).
Zone function is natural scrubland or
agriculture.

Featureless landscape of grass or
herbaceous plants/crops. Few or
no trees. Zone function is natural
grassland, agriculture, or urban park.

Featureless landscape of rock or
paved cover. Few or no trees or
plants. Zone function is natural desert
(rock) or urban transportation.
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B To solve the 1-D St. Venant equation for momentum
conservation for flow in natural rivers:

a0 0 [(0O? 9, - an*|0|0
— = | "4—{»'- Fz) 4 —
ol x \ A ox R4/34
local advection pressure and friction slope
acceleration bed gradients

® Qs theriver discharge, A is the flow crosssection area, h is the flow depth,
z is the bed elevation, R is the hydraulic radius, g is acceleration due to
gravity, and n is the Manning’s friction coefficient. The parameters x and t

are the flow distance and time.
® The friction slope is given by the Manning’s coefficient in equation.
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A roadmap for improving the representation of photosynthesis in
Earth system models

aﬁ(ﬁ\\-

N 21 Remotely sensed data
for parameterization
and evaluation

13 Coupled representation 19,20 Use existing data to
constrain paramaterization

of seasonality in leaf
phenology and
photosynthetic capacity
. Y 16 Representation of physiological ‘
acclimation to elevated CO,

¥

N TR | =
pone > 5 2 Light response curves,
~ ‘P, especially at low temperatures

375
%3 % 17 Discontinue use of single
i 7. layer big leaf models

<

[ 18 Radiative transfer '
conductance to temperature

[ 6 Independent response of stomatal ]

18 Vertical gradients of
canopy architecture, leaf  [4
optical properties and
photosynthetic variables

1 Mesophyll conductance ]

8 Use stomatal models
that respond to VPD

" 9 Stomatal slope and intercept]

<

~

[ 4 Archive raw data

7 Inflection point
of CO, response

5 Temperature response functions
of photosynthetic variables

11 Mechanistic linkage
between soil moisture h
and stomatal conductance

10 Use W to represent
soil water availability

D Model development activity

of photoperiod scalars

l 12 Mechanistic understanding

3 Careful, coordinated use of kinetic
constants, temperature response
functions and approaches

11 Response of photosynthesis
and stomatal conductance
to drought

photosynthetic variables

14,15 Thermal acclimation of ]

O Data needed for model parameterization or evaluation O Process knowledge required

A roadmap for improving the representation of photosynthesis in Earth system models, Vol.: 213 (1) ,

22-42, 28 Nov. 2016



Opportunities for Future Land Surface Model Development

Model Development Opportunities

Explicitly represent variably saturated flow using
the mixed form of Richards' equation

Explicitly represent vapor flow through soil

Explicitly represent macropore and fracture flow

Explicitly represent reinfiltration of surface runoff
as water moves across the landscape

Expected Impact

Improve simulations of shallow groundwater
dynamics and soil moisture

Improve simulations of evapotranspiration

Improve simulations of soil moisture,
evapotranspiration, groundwater dynamics, and
runoff

Improve simulations of soil moisture and
partitioning of precipitation into
evapotranspiration and runoff

Explicitly represent hydraulic gradients throughout Improve simulations of root water uptake and

the soil-plant-atmosphere continuum

Explicitly represent “among-grid” groundwater
flow, using 2-D or 3-D models

Explicitly (or implicitly) represent “within-grid”
groundwater flow, using representative hillslopes

Explicitly represent stream-aquifer interactions

evapotranspiration

Improve simulations of groundwater dynamics and
evapotranspiration

Improve simulations of groundwater dynamics and
evapotranspiration

Improve simulations of groundwater dynamics and
streamflow

Improve simulations channel/floodplain routing by Improve simulations of streamflow, especially

implementing 1-D diffusive wave models
Improve data sets on bedrock depth and bedrock
permeability

Improve data sets on physical characteristics of

backwater effects

Improve simulations of soil moisture and
groundwater dynamics

Improve simulations of streamflow and stream-

rivers (e.g., slope, roughness, hydraulic geometry) aquifer interactions
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