Evapotranspiration mapping across an
aridity gradient in conterminous US by
combining thermal remote sensing with
Penman-Monteith and Shuttleworth-
Wallace model
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Summary

- Challenges in thermal remote
sensing of ET.

- Why Penman-Monteith (PM) and
Shuttleworth-Wallace (SW)?

- Proposed modeling scheme and
characteristics

- Study region and data
- Results

- Conclusion
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Explicit surface energy balance representation



State-of-the-art
uncertainties / challenges

Inequality between aerodynamic
temperature (T,) and Ty (T, #TR)

Non-unigue relationship between
Toand T,

universally agreed T, model:
unavailable

Aerodynamic conductance (g,):
Semi-empirical

Canopy conductance (g):
oversighting the role of LST on g..

(. SOA1: Emphasis
on sensible heat
flux, Extra

resistance, kB-1

Ul: T, versus
Trinequality.

U3:
Unavailability
of a
physically-
based g,
model.

—

* SOA3:
Different g,
formulations.

U2: no
consensus on
T, model.

U4: Missing
g, and g.
feedback

*SOAZ2: soil canopy
flux partitioning,
bottom-up scaling
of conductance,

empiricism

)

SOA4: No
LST driven g,
model.




Why PM and SW?

Penman-Monteith (Monteith,

1965, 1981)s¢p + pcpg 4D,

pM =
s+ y(1+ g"')

dc

Shuttleworth-Wallace (Shuttleworth
and Wallace, 1985)

s + pepgiDo
9a

s+y (1 + )
gs

s ss + pepgaDy

9
S+ y(1+ )
gs

{s¢ - (s + )AEpn)g,
PCp

AESW —

D0: DA+

g, = aerodynamic conductance
g = canopy (surface) conductance




Integrating LST into PM-SW

STIC (Surface Temperagature Initiated Clgsure)
ST PlpYyalia
AEpy =

s + y(1+ %)

sv1 = f{cq, €3, C3, V1, V2, V3, Vy, SV3, SUs}
SV, = f{v3, V4, SV, SVs, SVg}

SV3 = f{C3, V3, V4, SVy, SUs5}

svy = f{c3, V3,5V, SV,, SV, SVg}

SVg = f{Cl, Cy,C3,V1,V2,V3,Vy,SVq, SV, AEPM}
SVg = f{Cl, C2,C3,V3,Vy4, SV, SV, )'EPM}

SV; = f{Cq, C2,C3, V3, Vs, SV1, SVs, SV3, SV, SV}
SVg = [f{V3, V4, V5,5V, AEpy }

Soil-vegetation-atmosphere system

Ty, ey Dy (7, rH)
(ao, I &0 Rs Reference height (2) TR

1-D Surface energy balance representation
Bhattarai et al., 2018; Mallick et al., 2016, 2018




Characteristics

Functional
- Fully analytical

- LST, aerodynamic
conductance and

vapor pressure
feedback

- Simultaneous ET
partitioning

- Application potential:

both LEO and GEO

Structural

Physical integration of LST: combining PM and
SW to solve D,

No land surface parameterization for the
conductances

Direct estimation of ET and H

Numerical estimation: Conductances, Priestley-
Taylor a (as a time varying quantity, instead of
a fixed value), canopy-air stream properties.

Inputs: Ry, G, T,, R, or e,, and LST (or TR).



Evaluation: across an aridity gradient
(Bhattarai, Mallick et al., 2018)

US-Me2 (Evergreen Needle Forest)
US-Ton (Woody Savanna)

US-SRM (Woody Savanna)
US-SRG (Semi Desert Grassland)
US-Wkg (Semi Desert Grassland)
US-NR1 (Evergreen Needie Forest)
US-Kon (Grassland)

US-KFS (Grassland)

9 US-ARM (Cropiand)

10 US-Net (Cropland)

11 US-MMS (Decidious Broadleaf Forest
12 US-NC1 (Evergreen Needle Forest)
13 US-NC2 (Evergreen Needle Forest)
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Evaluation and model intercomparison STIC12 SEBS MOD16
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STIC1.2 Annual ET (mm)

Annual ET distribution and evaluation

East coast US

500 1000 1500

500 1000 1500

3

v o . ©

™y B
Dry year

ol ol
6 500 1000 1500 6 560 1000 1500
8 8 .
£ 72| r=082 2] r=02
E o .
5 8 g 1§
o~ |8
o g =
g8 I
” - 4
oi ol
0 500 1000 1500
.§. .§- r=034 Z| i
g g w“ |
- - [
e E
> =3
8 8 2
T T T T T i
W T8W TT°W  76°W W T8W TTW 76°W 6 500 1000 1500 O 5060 1000 1500
EENE T - mesarl Wiing
400 600 800 1000 1200 1400
Annual ET (mm)
g 2 _ 32 2_ S 2 _
3 |R =032 B 1R =011 ~ B 1R =051
- RMSE = 175 mm T T RMSE =239 mm E - RMSE =261 mm
MAE = 134 mm £ MAE = 188 mm = MAE = 228 mm
S | PBIAS = 6% E g |PBIAS=23% T g |PBIAS=-30%
g ° o e - 5 ¢ ’
I El > 3 o us-TON
Y E | 2e £ Ay L R
8 oot 8] v : s e il
2 ‘... * @ 3 - 2 387 © USKON
m fa) © USKFS
: 3 2 vl
= USHNS
. US-NC1
o —. o - o - US-NC2
T T T T T T T T T T T T
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500

Observed Annual ET (mm)

Observed Annual ET (mm)

Observed Annual ET (mm)

42°N

40°N

38°N

44N

42N

123°W

120°W

Annual ET (mm)

123°'W

200 400 600 800 1000 1200

STIC1.2 ET (mm)

1000 1500

500

500 1000 1500

(o]

1000 1500

500

o]

West coast US

3
r=056 21 r=07
ol
0 500 1000 1500 O 500 1000 1500
3
r=059 s
(=]
[«]
©
3
0
L7 o4/
0 500 1000 1500 0 500 1000 1500
[«
o
r=054 2 r=0m
o
g
(o]
(=]
0
’,/ ) ) o ‘,. I )
0 500 1000 1500 O 500 1000 1500
SEBS ET (mm) MOD16 ET (mm)

Dry year

Wet year

Normal year



Model differences: Forcings versus parameterizations
(Bhattarai, Mallick et al., 2018)
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Interpretation

- STIC1.2 explained significant variability in the observed 8-day cumulative ET,
RMSE<1 mm/d

- Smallest errors in forests, followed by grassland, cropland, and woody savannas.

- Underestimation of ET in croplands: spatial-scale mismatch between a MODIS
pixel and the flux tower footprint

- Overestimation of ET in woody savannas: large uncertainties in the MODIS LST
product, SEB closure correction of EC ET observations, single-source
approximations.

- Difference between STIC1.2 and SEBS: Differences in g, estimation between the
two models.

- Empirical characterization of z,,, and kB! in SEBS: major factors creating
uncertainties in aerodynamic conductance and ET estimations.



Thank you!!
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Abstract Here we demonstrate a novel method to physically integrate radiometric surface temperature
(T4) into the Penman-Monteith (PM) formulation for estimating the terrestrial sensible and latent heat fluxes
(Hand J£) in the framework of a modified Surface Temperature Initiated Closure (STIC). it combines T data
with standard energy balance closure models for deriving a hybrid scheme that does not require parameter-
ization of the surface (or stomatal) and aerodynamic conductances (gs and gs). STIC is formed by the simul-
taneous soluticn of four q and it uses Ty as an additional data source for retrieving the ‘near
surface” moisture availability (M) and the Priestley-Taylor coefficient (x). The performance of STIC is tested
using high-temporal resolution T, observations collected from different intemational surface energy flux
‘experiments in conjunction with corresponding net radiation (Ry), ground heat flux (G), air temperature (),
and relative humidity (Rx) measurements. A comparison of the STIC outputs with the eddy covariance meas-
urements of £ and H revealed RMSDs of 7-16% and 40-74% in half-hourly ZE and H estimates. These statis-
tics were 5-13% and 10-44% in daily 7€ and H. The errors and uncertainties in both surface fluxes are
comparable to the models that typically use land surface parameterizaticns for detemining the unobserved
components (gs and gs) of the surface energy balance models However, the scheme is simpler, has the
capabilities for generating spatially explicit surface energy fluxes and independent of submodels for bound-
ary layer developments.




