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Abstract. The Dual Temperature Difference (DTD) model, Moderate Resolution Imaging Spectroradiometer (MODIS)
introduced byNorman et al(2000, uses a two source en- on board the Terra and Aqua satellites, generally satisfactory
ergy balance modelling scheme driven by remotely sensedgreement with field measurements is obtained for a number
observations of diurnal changes in land surface temperaturef ecosystems in Denmark and the United States. Finally, re-
(LST) to estimate surface energy fluxes. By using a time-gional maps of energy fluxes are produced for the Danish
differential temperature measurement as input, the approacHydrological ObsErvatory (HOBE) in western Denmark, in-
reduces model sensitivity to errors in absolute temperaturelicating realistic patterns based on land use.
retrieval. The original formulation of the DTD required an
early morning LST observation (approximately 1 h after sun-
rise) when surface fluxes are minimal, limiting application to
data provided by geostationary satellites at sub-hourly tem4 Introduction
poral resolution. The DTD model has been applied primar-
ily during the active growth phase of agricultural crops and Over the past 35yr, a wide variety of approaches have
rangeland vegetation grasses, and has not been rigorousheen developed to model the surface energy balance us-
evaluated during senescence or in forested ecosystems. ing satellite-derived observations of land surface temperature
this paper we present modifications to the DTD model that(LST) (Kalma et al, 2008, with ongoing work in a number
enable applications using thermal observations from polar orof techniques such as the triangle methdd Tonas et al.
biting satellites, such as Terra and Aqua, with day and nigh2012 or one source energy balance modd@suylet et al,
overpass times over the area of interest. This allows the ap2012. One of the more robust modelling approaches is the
plication of the DTD model in high latitude regions where two source energy balance (TSEB) thermal-based modelling
large viewing angles preclude the use of geostationary satelscheme, which explicitly treats the energy fluxes emanating
lites, and also exploits the higher spatial resolution providedfrom the soil and canopy and partitions the observed LST
by polar orbiting satellites. A method for estimating noc- between the two components based on the fractional area
turnal surface fluxes and a scheme for estimating the fracthey each occupy in the LST pixeNfrman et al. 1995.
tion of green vegetation are developed and evaluated. ModThe TSEB scheme has been successfully applied for esti-
ification for green vegetation fraction leads to significantly mating surface latent and sensible heat fluxes at regional
improved estimation of the heat fluxes from the vegetationto continental scales using geostationary satellite surface ra-
canopy during senescence and in forests. When the modifiediometric temperature observations within a regional mod-
DTD model is run with LST measurements acquired with theelling system called the Atmospheric Land-EXchange In-
verse (ALEXI) model Anderson et a).2007). The ALEXI
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modelling system addresses a critical limitation of thermal-uncertainty in flux estimates related to using the MODIS LST

based energy balance models regarding sensitivity to errorproduct. This includes adjusting the model for the different

in absolute measurements of LST, which can be on the ordeYZA associated with the day and night LST observations and

of several degrees when derived from satellites due to atmoeonsidering the impact of the accuracy of the MODIS LST

spheric and surface emissivity effects. ALEXI reduces thisproduct.

sensitivity by using a time-differential measurement — the Section2 outlines the original DTD formulation along

change of LST between two observations during the morn-with the modifications proposed in this paper. In S8atie

ing growth phase of the atmospheric boundary layer — whichdescribe model validation sites, both in Denmark and in the

can be retrieved with better accuracy. An associated spatidUSA, and the MODIS products used as input to the model. In

disaggregation technique, DiSALEXIN6rman et al.2003, Sect.4 we evaluate the impact of the proposed modifications

uses LST data from polar orbiting satellites to improve theon the accuracy of the modelled fluxes in comparison with

spatial resolution of the modelled flux images for use in a va-tower-based flux measurements in a variety of ecosystems,

riety of operational applicationg\Gderson et a}.20123. first running the model using in situ LST measurements and
The Dual-Temperature Difference (DTD) model, intro- then using MODIS LST retrievals. Regional maps of energy

duced byNorman et al.(2000, also addresses the issue fluxes over a hydrological observatory in western Denmark

of sensitivity of thermal-based models to errors in absoluteare also presented. Finally, in SeStwe summarize the re-

measurements of LST. Like ALEXI, the DTD also requires sults and present topics for further research.

two LST observations — one early in the morning and one

later in the morning or in the afternoon. However, a simpler

solution scheme is employed, thereby reducing the numbef Model development

of required inputs and model complexity in comparison with

ALEXI. The original model formulation requires an early

morning LST observation (approximately 1 h after local sun- e DTD model implements the TSEB land-surface mod-
rise) when fluxes are usually minimal. This means that, “keelling scheme Norman et al. 1995 in a time-differential

ALEXI, it is dependent on the high temporal resolution of \q4e The directional radiometric LSTr(6), is partitioned

geostationary satellite measurements, which is unsuitable fof st veen the vegetation canopy and soil temperat@ieeand
applications at higher latitudes, such as in northern EurasiarS respectively, according tdorman et al(1995:
and northern North America, where the view zenith angle ’

(VZA) from gepstationary satellites is large, causing loss 01_‘ Tr(9) ~ [f(@)Té+ [1-— f(,g)]TS“]l/{ (1)
spatial resolution and accuracy due to longer atmospheric

path lengths. These same issues also affect DisALEXI, whicHn Eq. (1), the fraction of view of the radiometer occupied by
relies on the availability of ALEXI-derived fluxes as the nor- vegetation f(9), is calculated by

malization basis for disaggregation. The DTD has been eval-

uated primarily in rangelands and croplands during the grow-£(g) =1 — exp(—O.SQ (9)F> 7 )
ing season but before the onset of senescence. Therefore, its coy

Zcﬁﬁlrgg\llvlg forested ecosystems or other phenological Stage\ﬁheree) is the VZA of the thermal sensor, F is the leaf area in-

In this paper, modifications to the DTD model are pre- dex (LAI) and2(0) is the clumping factor of the vegetation

sented that enable it to be used with LST observationsat view anglef (Kustas and Normaﬂ999 r_;md has ava!ue
) . . of less than 1 for clumped vegetation. Using these estimates
from the Moderate Resolution Imaging Spectroradiometer

(MODIS) sensor aboard the Terra and Aqua polar Orbitingof canopy and soil temperatures, together with measurements

satellites, facilitating regional surface energy flux modelling of air temperaturef, air densityp, and heat capacity of air,

over boreal regions. First, a scheme for estimating the frac<?’ the sensible heat fluxes for the canopy and ga,and

tion of vegetation that is greers,, using MODIS vegeta- Hs respectively, can be derived separately. The total fyx

tion indices is evaluated. The green fraction is an impor-be”ﬁlg the sum of the two components, can be derived by re-

tant parameter within the model, and is used to adjust esti1angiNg Eq. (14) fromnderson et al(1997:

mates of canopy transpiration based on a modified Priestley— (73 — Ta)pcp — f(O) - Hc- R
Taylor approach Norman et al. 2000. Incorporating the H= 1— fO)(R Hc. 3

) o , A+ Rs)
green fraction parameterization improves DTD model accu-
racy in forested ecosystems and during senescence by taka Eq. (3), Ra and Rs are the aerodynamic and diffusive re-
ing into account the phenological development of the veg-sistances to heat transport in air above the canopy and just
etation. Next, a method for modelling the nocturnal energyabove the soil respectively, assuming minimal flux exchange
fluxes is developed, taking advantage of the fact that the Terrbhetween soil and canopy elements (i.e. flux-resistance net-
and Aqua satellites combined provide at least two nightlywork for soil and canopy is in parallel), and are corrected
and two daily acquisitions every 24 h. Finally, we consider for stability using the Richardson number approximation for

2.1 The original DTD model description
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Obukhov length, and Egs. (10) and (11) proposedNor- (2000. In this study, we modet; according to the scheme
man et al.(2000. The sensible heat from the canopgyg, proposed bySantanello and FriedR003, which, in addi-
is constrained by the canopy energy buddédrfnan et al.  tion to the net radiation reaching the soil, takes into account

2000: the diurnal variation in surface radiometric temperature, as-
s sumed to be the difference between the LST observations at
Hc = ARy, —LEc = ARn(l—OlPngm), (4) t; andzg. Finally the total latent heat flux, LE, at timgis

calculated as a residual of the other fluxes,

where the symbok is the slope of the saturation vapour
pressure versus air temperature cunvés the psychromet- LEi = Rn; —G; — H; (7)
ric constantwpt is the Priestley—Taylor coefficient with an
initial value of 1.26 Priestley and TaylQrl972, and fy is
the fraction of vegetation that is green and transpiring (se
Sect.2.2). LEc is the latent heat flux from the canopy (pri-
marily canopy transpiration), and R, is the net radiation
absorbed by the canopy calculated by Eq. (8b) fildor- 5 5 pogifications to the effective Priestley—Taylor
man et al.(2000. The net radiation of the soil and canopy coefficient
system, R, is estimated as the sum of net shortwave and
long-wave radiation above the canopy. Net shortwave radiin combinationgpr fq form an effective Priestley—Taylor co-
ation is calculated from the measured incoming shortwaveefficient that is used to modify canopy transpiration rates
radiation and surface albedo, while net long-wave radiationcomputed, as in Eq4j, from the divergence of net radia-
is estimated from measured air temperature and LST usingjon within the canopy layer. Originally the DTD model was
the Stefan Boltzman equation with atmospheric emissivitytested predominantly in rangelands and croplands during the
calculated as ilBrutsaeri(1975, and the surface emissivity growing season and before the onset of SenescNm‘a‘(an
estimated either from field observations or by MODIS. et al, 2000. Under these conditions the model works quite

In the original DTD model, Eq.3) was applied at two  well with the assumption that the vegetation is fully gregg (
times during the day: the first time approximately 1 h after set to a value of 1) and transpiring at the potential rater (
sunrise, attimey, and the second time later in the morning or jnitially set to the default value of 1.2@riestley and Taylgr
the afternoon, at timg. Subtracting the sensible heat flux at 1972. For canopies that are either stressed and not transpir-
to from that at; gives rise to the main DTD model equation ing at the potential rate or are not fully green, modification to
(Norman et al.2000): the effectivexpt is required to yield reasonable partitioning
between LE and LEs. This can be accomplished by modi-

and the latent heat flux from the soil, EHs also computed
@asa residual:

LEs=LE — LEc. (8)

H; =pc, [(TR” ©) = Tr0®)) = (Ta. TA’O)} fying eitherapt Or fy or both parameters, as appropriate.
(1= FO)(Rai +Rsi) In the TSEB,apr is internally modified from its initial
+ He, [1_ f© Ra.i } value if the model results in negative values in the soil evap-
1-f(®) Rai+Rs, oration rate, Lk, given that condensation on the soil is
Rao0+ Rspo unlikely to occur during the day (Norman et al., 1995). If
+ (Ho— Hc.o) [m} LEs < 0 is encountered, it is assumed that the canopy is
1) ’ Ra 0’ stressed andepr is iteratively reduced until solutions with
+ Hc,o[ : } (5) LEs > O are obtained. This iterative scheme works well in
1—f(®) Ra,i+Rs,

ecosystems where canopy valuesxpf are relatively con-
Since the first observation is taken to be at one hour pas$ervative under unstressed conditioAgdm et al, 2010.

the sunrise, the soil sensible heat fliik o = Ho — Hc.o, is For stressed canopies, the soil surface is usually dry ard LE

minimal and can be omitted. In practidéc o is also very close to zero is a reasonable assumptkusfas and Ander-

small so the last term is also omitted, thus avoiding the needon 2009. Unless additional information about phenologi-

to calculate any of the fluxes or resistances at timand  cal condition is availablefy is typically set to unity.

simplifying Eq. 6) to In this study a number of field validation sites are located
in forested ecosystems. In forests, particularly in coniferous
H: =pe, |:(TR,i(9) —Tro(0)) — (Ta,i — TA,O)i| stands, observational studies find that unstreagg@ssoci-
1—-fO)(RA,i + Rsi) ated with canopy is significantly lower then typical value of
£ Ra.i 1.26 Komatsy 2009. As a result, settingy to unity in the
+ He.i [1_ 1— f(0) Ra; + Rs; } : (6) DTD and downadjustingpr iteratively from an initial value

of 1.26 can lead to overestimation of LE for these ecosys-
In the original DTD model, ground heat flug, at time  tems.

t; was calculated as a fixed fraction (0.3) of the net radia-
tion reaching the soil, according to Eq. (9)Norman et al.
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One approach to addressing this issue in coniferous forestihe net radiation. Therefore the Priestley—Taylor approxima-
is to set the initiabypt based on tree heightic, as proposed tion (Eq.4) is not applicable for estimation of canopy sen-

by Komatsu(2005: sible heat flux. Instead it can be assumed that at night the
temperature of the canop¥, is close to the in-canopy air
apt=—0.371-In(hc) + 1.53 (9)  temperatureTac, estimated by an extrapolation of the dia-

) . . N ) batic temperature profile, as described below. THencan
Equation ) is derived empirically and takes into account pe obtained by rearranging Ed)(and the sensible heat of
a host of physiological influences on the vegetation transpioth the canopy and soilc and Hs respectively, can be

ration, including the fraction of vegetation that is green andca|culated from the basic TSEB equatioMotman et al.
actively transpiring. Therefore adjustment fg= 1 is not 1995:

necessary under this scheme. However this requires an es-

timate of i, which is difficult to measure remotely in the e — ¢, Te—Ta (11)
absence of routine lidar datasets. Ra
Another method might assumet has a constant value Ts—Ta (12)

. . =pCp—/———.
based on an ecosystem type, which is then scaled to reflect > Pep Rs+ Ra
current phenological conditions by adjustifig This method Initially Tc is set to the average dfk and 7 and neu-

could be applicablg not only in forests but algo in grasslangi%ral atmospheric stability conditions are assurnjéd { co).
and croplands during senescence. The fraction of Vegaat'oﬁlhis allows for calculation of resistances as described in

that is green is set equal to the ratio of the fraction of phO'Sect.Z.:L except in this case without the Richardson num-
tosynthetically active radiation (PAR) absorbed by the greeny approximation of.. Once the resistances are knovth
vegetation cover and fraction of PAR intercepted by the totalCan be calculated as the sumigg and Hs. ’
vegetation cover, and can be estimated using vegetation in- Itis not possible to use Eq. (8b) froNorman et al(2000
dices (VIs). Specificallf-isher et al(200§ proposed using to estimateA R, since it assumes solar radiation to be the
the normalized difference vegetation index (NDVI) and the dominant component of the net radiation. Instead, the long-

enhanced vegetation index (EVI) to estimgeas wave radiation divergences in the canopy,c, and the soil,
EVI Ln,s, are calculated according kustas and Norma(l999:

—12— 0<fy<1l 10
fg =Jfo= (10) Lnc = [1—expler )] [Lsky+ Ls—2Lc] (13)

NDVI’ -
In this study,apr for all ecosystems was given the initial LN,s=eXp(—kzF)Lsky+ [1—exp(—k. F)]Lc — Ls, (14)

value of 1.26. Green vegetation fraction was estimated at al| .
. . whereLgky, Ls andLc are the long-wave emissions from the
sites using Eq.10).

sky, soil and vegetation canopy respectivelyis the extinc-
tion coefficient for diffuse radiation in the canopy and is set
to 0.95 for sparse vegetatio (< 1) and to 0.7 for denser
vegetation Campbell and Normarl998. The total net ra-
By exploiting the high temporal resolution of geostationary diation at night,Rn o, is the sum ofL.n,coandLn,so. Lsky iS
satellites, the original DTD model was able to set the firstcalculated as described in Sezfl, while LsandLc are esti-
observation timefo, at one hour past sunrise when fluxes mated using the Stefan Boltzman equation and the modelled
are minimal. This enabled the simplification of E§) {nto  SOil and canopy surface temperatures. At nightannot be
Eq. (6), thus avoiding the calculation of any fluxes or resis- €stimated using the model proposed3antanello and Friedl
tances ato. Polar orbiting satellites do not have the tem- (2003, and instead a linear function of net radiation reaching
poral resolution of geostationary satellites. Terra and Aquahe soil is used with the slope and intercept values of 0.3 and
satellites used in combination provide 4 diurnal observations35 W -2 respectively, chosen to be similar to values found
over most of the Earth’s land surface, with Terra overpassed? other studiesl(iebethal and Foker2007). LE is still cal-
around 10:30 and 22:30 local time (LT) and Aqua overpasse§U|ated as the residual in the surface energy balance equation
around 13:00 and 01:00LT. During the growing season affor the soil and canopy.
high latitudes, 10:30 is well past sunrise and energy fluxes After obtaining the first estimates df, the night-time
are already fully developed. Therefore, tigetime must be ~ Canopy and soil surface temperatures can be recalculated.
associated with one of the night observations. In this studyfirst, the equation for diabatic temperature profile in bound-
the Aqua 01:00 LT overpass time was selected because it id'y layer is usedGampbell and Normari998:
closest to sunrise. H

At night, energy fluxes are small but they are often larger? (do+ zon) = Ta + Ao <In
than the early morning fluxes so they could potentially influ- Pep
ence the daytime flux estimation. During the 01:00 LT, Aquawhere 0.4 is the von Karman'’s constauit,is the friction ve-
overpass time there is no shortwave radiation component ofocity, z7 is the air temperature measurement heightis

2.3 Adapting the DTD model for night-time
LST observations

—d
2 °+wﬂ), (15)

Z0H
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vegetation heightdg is the zero plane displacement length, The MODIS LST V5 products (MOD11A1 for Terra
zoy 1S roughness parameter for heat transfer énpdis the  and MYD11A1 for Aqua satellites) have been validated
Monin—Obukhov stability function for heat, calculated fol- for a number of mostly homogeneous sites using both
lowing chapter 2.5 fronBrutsaer{2005. Sincedg ~ 0.65¢ temperature-based and radiance-based methods, and in most
andzoy ~ 0.02:c (Norman et al.2000, it can be assumed cases RMSE has been within 1 Wén 2008 Wan and Lj
that 2008 Coll et al, 2009. Wan (2008 validated MODIS LST

over two lake sites and found that MODIS generally underes-
Te~Tac ~ T (do+z20m)- (168)  timated the temperature during both day and night observa-

This estimate of ac using Eq. {5) does not consider rough-  tions and had a RMSE of 0.7 Kvan and Li(200§ compared
ness sublayer effects on the temperature profile, as suggest&ODIS LST against radiance-based LST in playa, grass-
by Harman and Finniga(2008, but is considered a reason- land, lake and bare soil sites and found again that in most
able approximation for purposes of this study.andZ can ~ cases MODIS LST underestimates ground-based measure-

also be recalculated using the total latent and sensible he&pents, both during the day and night, and errors were usu-
fluxes, as described Brutsaer(2005. ally below 1 K, except for cases of bare soil where they were
The above process is repeated until b@‘dﬂ]andL con- 1-2K Iarger. FInally,Coll et al(ZOOQ looked at a rice field
verge to stable values. If convergence is not obtained, all thé@nd a coniferous forest and observed an underestimation of
fluxes are set to zero. In cases whegeis less tharfg, the ~ MODIS LST of around-0.3 K with a RMSE of around 0.6 K
fluxes are also set to zero since it is not physically plausibleat the rice field and negligible bias and a RMSE of 0.6K at
to have unstable atmospheric conditions over land surfacete forest site. The main identified causes of the underesti-

at night. Most likely in such cases there are errors infige ~ Mation bias were neglection of above-average atmospheric
retrieval. aerosol optical depths and difficulty in filtering out all cloud-

If Eq. (5) is used with all the fluxes and resistances at affected observations, especially if the cloud cover was not
time 7o calculated as described above, then #gheerms on  Very significant or consisted of cirrus cloud&/gn and Lj
the right-hand side of the equation cancel out and the mode?008. This problem is compounded at night, when it is more
no longer utilizes the time-differential LST observations. To difficult to detect cloudsNeteler 2010. The other identified
avoid this, at least one of the terms with fluxes calculatedsources of error were uncertainty in surface emissivities, es-
at time 7o needs to be assumed to be negligible and re-Pecially at the bare soil and heterogeneous siéan(and
moved from Eq.%). Removing these terms could potentially Li. 2008 and during the periods of high soil surface sur-
increase the model error when significant night fluxes areface moisture, for example after rain evenittulley et al,
present. However, it may also increase the robustness of thé010. No correlation, however, was found between VZA or
model when there is bias in the temperature data, the situahe satellite (Aqua or Terra) and the RMSE, and in general
tion that DTD was designed to addreb¢man etal.2000. larger errors occurred during the day than at nigkag and
In Sect.4.1.2we evaluate the impact of ignoring the night Li, 2008. The prevalent bias (underestimation) in both day

fluxes on the accuracy of the daytime estimates. and night LST retrievals present in the MODIS LST product
would appear to make it highly suitable for application of the
2.4 Additional considerations in using MODIS LST DTD approach.

When the model is driven by geostationary satellite data, the

VZA remains constant between the two observations attimesg  paig

to andry. This is not the case with polar satellites, as differ-

ent overpasses follow different orbital tracks and the VZA 3 1 Danish field sites: HOBE
between the night and day observations changes. Therefore,

Eq (5) has to be modified S||ght|y to take this into account: The Danish Hydr0|ogica| ObsErvatory' HOBE, was estab-
o (Tr.i (6:) — Tr0(00)) — (Ta.i — Ta.0) lished in 20_07 .to proyidg Iong—t.erm datasets Qnd envi_ron—
i =pPCp [ (A1— f(6:)(Ra; + Rs;) } mental monitoring facilities for diverse hydrological studies

! ' " (Jensen and lllangaseka2011). HOBE encompasses the

+ He; [1 __J®) Ra.i ] Skjern River catchment on the western side of the Danish Jut-
’ 1—f(6:) Rai + Rs,i land peninsula and is located in the maritime climatic zone,
1— f(6o) Rao+ Rso with mild winters and cold summers, mean annual precip-
+ (Ho— Hc.o) [1_ F(6) Ra;+ Rs; ] itation of 990 mm and mean annual temperature oPg.2
10 ’ ’ The catchment has an area of 250Fkand is characterized
0) Ra0 N ) O
+ Hco [1_ 7)) Ra i+ R ] a7 by flat terrain, with the two main land uses being irrigated
i) RA Si agriculture (68 % of the area) and forests (16 % of the area).
wheredy is the VZA of the observation at timg, ando; is The two flux tower sites used for validation in this study
the VZA of the observation at time. are located in the Gludsted plantation forest (GLU) and
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Table 1. List of flux towers providing the validation datasets used in this study. Information includes the ID and name of the flux tower, the
vegetation type in the vicinity of the tower, its location and the period of the data series used.

ID Site name Vegetation type Latitude Longitude Study Period
HOBE sites

VOU \oulund Mixed cropland 56.037644 9.159383E 2009-2011 (Jan—-Dec)
GLU Gludsted Coniferous plantation forest 56.0736M1 9.333889 E 2009-2011 (Jan—Dec)
AmeriFlux sites

AG Audubon Ranch  Semi-arid grassland 31.590883 110.510278W  2003-2006 (Jan—Dec)
BH Black Hills Coniferous forest 441580561 103.650000W 2003-2006 (Jan—Dec)
BV Bondville Maize/soybean rotation cropland  40.0061M 88.290000W  2003-2006 (May—Sep)
FP Fort Peck Temperate grassland 48.3078 105.100556W  2002-2006 (Jan—Dec)
WB Walker Branch Deciduous forest 35.958880 84.287500W 2003-2006 (Jan—Dec)

Voulund agricultural site (VOU) (Tabl#). The Gludsted site 3.2 AmeriFlux field sites

is in the centre of a large homogeneous plantation domi-

nated by 20 m tall Norway spruc®icea abiek The eddy In addition to the Danish sites, a number of flux tower
covariance (EC) equipment is mounted at a height of 37.5 nmsites from the AmeriFlux networkhftp://public.ornl.gov/
while the meteorological sensors are mounted 30 m abovameriflux) (Baldocchi et al.2001) were also used to provide
the ground. The flux measurements at GLU were collecteda more robust evaluation of model performance in different
throughout the whole of 2009, 2010 and 2011. ecosystem types and climatic zones, even though these sites

The Voulund site is much more heterogeneous (E)g. are at latitudes that are reasonably accommodated by geo-
The flux tower is surrounded by crop fields, with an averagestationary satellites (TabtB. The Black Hills (BH) tower is
area of a couple of hectares, mostly sown with winter andsituated in coniferous forest, Walker Branch (WB) is in a de-
summer varieties of barley and maize but also with potatoesiduous forest, Audubon Ranch (AG) is in semi-arid grass-
and other crops. The EC system is mounted 6 m above théand, Bondville (BV) is in rain-fed maize/soy bean crop-
ground with the flux tower footprint covering several fields, land and Fort Peck (FP) is in a temperate grassland. Appli-
mostly west of the tower, depending on wind speed and di-cation period depended on archive data availability at each
rection and stability. The MODIS pixel also covers a numbersite. For both local tests of the DTD model (driven by tower-
of crop fields in addition to some adjacent forest groves. Thebased measurements of LST and LAI) and experiments us-
fluxes at VOU were measured from 2009 through 2011. Foring MODIS-measured LST and LAl the data from all the
more detailed description of the sites and the equipment usednonths of 2003 to 2006 (inclusive) have been used at BH,
the reader may refer tRinggaard et al(2011). WB, AG sites, for 2002 to 2006 at FP, while at BV we used

At both sites the fluxes and meteorological measurementslata from May till September for 2003 to 2006. The field
were aggregated to 30min intervals. Since DTD assumesneasured data were 30 min averages, and energy balance clo-
that the incoming radiation is balanced by the outgoing en-sure was enforced using the residual method applied to the
ergy fluxes, this balance was enforced in cases where cloHOBE datasets. Measurements over bare soil or snow cover
sure was not achieved by assigning any residual energyere removed from the analysis based on the same criteria as
(Rn— H — LE — G) to LE, following Prueger et al(2005. for the HOBE dataset. For more details about the AmeriFlux
Observations where LE became negative after being assignegites used in this analysis, sdeuborg et al(2009.
the residual were removed from the analysis. In addition, any
observations taken on days with snow cover or very little veg-3.3 MODIS products
etation (NDVI< 0.25) were also removed.

As a baseline case, the model was also run using preThe modified DTD algorithm is driven mainly by a number
dominantly ground-based measurements, with local LST esef MODIS data products, in addition to some standard mete-
timated from the upwelling long-wave radiation measured byorological forcing (i.e. wind speed, air temperature, air pres-
pyrgeometers. However, due to technical problems, no suckure, relative humidity and solar radiation). Maps of LST,
measurements were taken at GLU and so it is not possible taomputed using the split-window algorithm, are distributed
run the model with local LST observations at this site. Therein the MOD11A1 (Terra satellite) and MYD11A1 (Aqua
are no field-based LAl measurements taken at the HOBEsatellite) productswWan, 2006. There are currently two ver-
sites so MODIS LAI, smoothed using TIMESATdnhsson  sions of the product being distributed, V4 (after January 2007
and Eklundh2004), was used as input into DTD. V4.1) and V5, covering the period from 5 March 2000 un-

til present-day. Among the new refinements in V5 were the
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the ratio of downwelling direct and diffuse shortwave radia-
tion, which under clear skies depends on the solar zenith an-
gle and aerosol optical depthiif, 2003 Lucht et al, 2000.

In this application of the DTD model, an assumption is made
that on clear days around the solar noon, 80 % of reflected
shortwave radiation comes from a direct beam and 20 %
is diffuse, which is within the observed rangd®oflerick
1999.

4 Results and discussion

4.1 Results using in situ data
Fig. 1. Orthophoto showing the heterogeneity of the Voulund

(VOU) field site. The labelled crop types were grown in 2009 and 4.1.1 Adjusting fy to improve modelling of canopy
the green point indicates the location of the flux tower. Figure taken heat fluxes
from Ringgaard et al(2011).

The effectiveness of modifying to improve the accuracy of
modelled fluxes was tested at all the field sites with the DTD

relaxation of the cloudmask confidence threshold to definedriven by field based measurements (includiyg, with the
a pixel as clear-sky and the removal of temporal averagingexception of NDVI and EVI used to compufg, which were
to instead provide an instantaneous LST observations proebtained from MODIS products. Since the LAl at the Amer-
jected on a Sinusoidal gridMan 2008. The second refine- iFlux field sites is estimated as function of NDVMI\{Ison
ment is particularly relevant in this case since it allows for and Meyers2007), it was assumed to quantify just the green
comparison of the energy fluxes with tower based measurepart of the vegetation canopidguborg et al.2009. How-
ments taken simultaneously. Although the nominal resolu-ever, when calculating properties like radiation interception
tion of the product is 1 km by 1 km, the instantaneous fieldor wind profile in the canopy, the whole plant area index
of view of the MODIS thermal-infrared sensor pixel is only (or total LAI) should be used. Therefore the green LAl was
that size when viewed from nadir and increases up to 2 kndivided by fy to obtain plant area index in cases whgn
by 4.8 km at VZA of 60 degreedasuoka et a).1998. This  was was less than unity; this was then used in all the DTD
might be significant when evaluating modelled fluxes at het-model equations. The same procedure was performed with
erogeneous sites. Apart from the LST layer, the M*D11A1 the MODIS-derived LAl used at the VOU site. In the tests
(MYD11A1l and MOD11A1) products contain information presented in this section, the first LST measurement was
about the time of the observation, the VZA, and quality flag, taken one hour past sunrise.
all of which are used in the algorithm, as well as emissiv-  Figure2 shows the effect of adjusting using Eq. {0) on
ity values which are needed to calculate the net long-wavesensible heat flux at a coniferous forest (BH) and a decidu-
radiation (see Sec2.1). ous forest (WB), while Fig3 shows the effect at an agricul-

Another important model input parameter, used in par-tural site (VOU), temperate grassland (FP) and a semi-arid
titioning the radiometric surface temperature and modelledgrassland (AG). At all the sites the fluxes are split into green
fluxes between canopy and soll, is the leaf area index (LAI),growing season and senescence phases, which is assumed to
which comes from the MCD15A3 produd€yazikhi et al, begin when green LAl decreases by 20 % after reaching its
1999. MCD15A3 provides LAl estimates at 4 day tempo- peak. At some sites there is a large variability in the dates
ral resolution utilizing observations from both the Terra and on which the transition from growing season to senescence
Aqua Satellites. The normalized difference vegetation indexhappens in different years due to different crop types being
(NDVI) (Rouse et a).1973 and enhanced vegetation index grown, different climatological conditions and noise present
(EVI) (Gao et al. 2000 contained in the MOD13A2 Terra in the LAI time series. These rough estimates are sufficient
16day 1km data product are used to estimate fraction ofor the scope of this study, in which they are mostly used
vegetation that is green as described in SB@. Finally for presentation and analysis purposes. In all the cases when
MCD43B3, an 8day 1km combined Terra and Aqua data fg was set to unity (top panels), the sensible heat flux was
product, is used to obtain an estimation of shortwave surunderestimated. At the forest sites there is no observable dif-
face albedo, which is required to calculate the net shortwavderence between the bias in the sensible heat fluxes during
radiation. To compute the actual surface albedo, MODIS-growing season and senescent periods. However the differ-
estimated black sky albedo (reflectance of direct beam raence is very apparent at the grassland sites, with the sensible
diation at solar noon) and white sky albedo (reflectance ofheat fluxes during senescence having a strong negative bias.
isotropic diffuse radiation) products were combined based orAt the agricultural site the senescence bias is less evident.
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- - sidered a first order approximation. During the beginning of
§ 400 é 400 o the growing seasonfy i shows only about 70 % of vege-
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© . @ Table2 demonstrates the impact on bias, root mean square
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error (RMSE) and the coefficient of variation of RMSE (de-

fined as RMSE divided by the mean of the observed values,
Fig. 2. Instantaneous modelled sensible heat flux during the grow-CV) as a result of modifyingfy at all the validation sites.
ing season (crosses) and senescence (circles) with DTD driven bodifying fy produces, in most cases, substantial improve-
field measured LST witly at one hour past sunrise at coniferous ment in the agreement between measured and mod&lled
forest (BH,a andc) and deciduous forest (Wi andd). The top  Since the total latent heat flux is calculated as a residual, sim-
Foar:er')z ;e‘:‘gthf a/;hjl‘ a;;ﬁthez llalssee]:;)roi”&g;l)eltgtl\c;r Zgﬁz;sgg;ce ilar improvement in LE is observed, disregarding errors in-
at BH starts betwegn day of year (DOY) 142 and 359 and at WB.trOduced .by the CaICU|atlon. @. The (.mly exc_eptlon IS the_
between DOY 240 and 306. increase in error a'F the agricultural sites during the growing
season, wheryy v, is less than one even though the crops
are fully green. However, the combined RMSE at BV is still
significantly reduced since the magnitude @fduring the
However after the VI-basef; adjustment, the fluxes align senescence is much larger than during the growing season
along the 1-1 line, which is especially evident at the conif- and the reduction in error during senescence is also large. At
erous forest site. Aftefy is adjusted, the bias i/ at both ~ VOU the error reduces marginally during senescence but not
the coniferous and deciduous forest sites (BH and WB re-enough to compensate for the increase during the growing
spectively) becomes negligible. The growing-season bias aseason, and the overall RMSE increases slightly.
the grassland sites (FP and AG) is minimal and the bias dur- To represent optimal model performance using only re-
ing senescence is reduced but still significant afterfthad- mote sensing inputs, all model runs presented in the fol-
justment (Table2). This could be due to a scale mismatch lowing sections usedyv,. The only exception was at the
between the local LAI observations and the 1km scgle agricultural sites (BV and VOU) during the growing season,
estimates, or the simple nature of tfigestimation scheme. where fy was kept at unity to better reflect the actual state of
The only site where the error in the modelled sensible heathe crops.
flux increases after thg; adjustment is the agricultural site,
VOU, where the bias becomes positive but with a larger mag4.1.2  Adjusting the model for night-time LST
nitude then wheryy was kept at unity (Tablg). observations
To further explore the uncertainty introduced by the es-
timation of fy from MODIS EVI and NDVI (fgwvi), VI- In this section, we investigate the impact of using a first
based retrievals were compared wigp derived from field ~ LST observation timezo, in the DTD that occurs at night
observations of LAl (5 on9 at the BV agricultural site (01:30LT), as in the case of MODIS applications. In these
(Fig. 4). To computefy, obs it was assumed that at the begin- tests, nocturnal fluxes were either estimated with the model
ning of the growing season, the vegetation was fully greendescribed in Sec.3 or were assumed negligible as is the
After LAI reached its peak, total LAl was assumed con- case in the original form of the DTD using an hour after
served and the difference between the average peak LA$unrise. When the nocturnal fluxes are modelled and explic-
and observed LAl was converted to dead leaf afgashs= itly represented in the DTD equations, the RMSE between
LAI /LAl peak(Houborg et al.2009. Although itis not likely ~ the estimated and observed 01:30LT sensible heat fluxes is
that LAl is conserved after reaching a peak value, sincereduced by around 30% for most sites (by 4-8 WPnat
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Table 2.Bias (modelled- observed) and RMSE in Wt and CV (unitless) of instantaneous modelled sensible heat flux at noon for fluxes
during the growing season, senescence and the combined period, andfgisirig(fy 1), or fg adjusted based on VIfg v), or based

on observationsfg obg- Model runs usedy at one hour after sunrise and were driven primarily by ground-based observations. MODIS
products were used to estimafgy, at all sites and LAl at VOU.

BH WB AG FP BV VOU
Coniferous Deciduous Semi-arid Temperate Maize/soybean Heterogeneous
forest forest grassland grassland cropland cropland
fg,l fg,VI fg,l fg,VI fg,l fg,VI fg,l fg,VI fg,l fg,VI fg,obs fg.l fg,VI
green growth —127 6 -71 4 -40 11 -66 -19 -14 16 -14 -5 20
Bias senescence —86 24 —68 10 -101 -60 -107 -—-67 -—-122 77 -17 -9 12
combined -118 10 -70 5 -79 -34 -87 44 47 -12 -15 -7 16
green growth 159 80 102 68 59 55 120 96 55 62 54 36 42
RMSE senescence 117 79 99 58 111 76 134 97 145 98 57 51 50
combined 151 80 101 66 96 69 127 96 92 75 55 44 46
green growth 062 032 056 0.38 0.42 0.39 0.65 0.52 0.50 0.59 0.50 0.56 0.65
Ccv senescence 0.65 046 057 0.33 0.59 0.40 0.72 0.53 0.78 0.53 0.31 0.83 0.80
combined 063 034 056 0.37 0.56 0.40 0.69 0.52 0.69 0.58 0.42 0.69 0.73
600
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Fig. 3. Instantaneous modelled sensible heat flux during the growing season (crosses) and senescence (circles) with DTD driven by field

Observed Fluxes (W/mz)

Observed Fluxes (W/mz)

Observed Fluxes (W/mz)

measured LST witly at one hour past sunrise at agricultural site (V@@ndd), temperate grassland (FiPande) and semi-arid grassland
(AG, c andf). The top panels — witlfy = 1; bottom panels — wittfy adjusted based on MODIS VI. Senescence at VOU starts between day
of year (DOY) 175 and 215, at FP between DOY 176 and 241 and at AG between DOY 239 and 261.

AG, FP and VOU) and by over 50 % in the case of BH (by heat fluxes are predominantly negative and taking them into
23Wm2). There is, however, negligible effect on RMSE at account in Eq. %) reduces the estimated daytime sensible

BV and an increase of almost 40 % at WB (by 10 W4y

heat fluxH;. SinceH; is already frequently underestimated,

compared to the case when the nocturnal fluxes are assumedpecially during senescence, taking the nocturnal fluxes into
account actually increases the negative bias (underestimate)
However, using the nocturnal-flux estimates in the mod-of the daytimeH (Table3). The above is primarily a conse-
elling of the day-time fluxes more often increases the dis-quence of the model, and its input data, limitations and not
crepancies with the measurements. The 01:30LT sensibla reflection of any underlying physical principle. However,

negligible.
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Table 3.Bias (modelled- observed) and RMSE in wnt and CV (unitless) of instantaneous modelled sensible heat flux at noon with the
night-time sensible heat flux modelleHd mog) Or assumed to be zerdl = 0). Model runs usedy = 01:30 LT and were driven primarily
by ground-based observations. MODIS products were used to estfgiateat all sites and LAl at VOU fy v = 1 during green growth at

BV and VOU.
BH WB AG FP BV vou
Coniferous Deciduous Semi-arid Temperate Maize/soybean Heterogeneous
forest forest grassland grassland cropland cropland
Homod Ho=0 Homod Ho=0 Homod Ho=0 Homod Ho=0 Homod Ho=0 Homod Ho=0
green growth 1 7 4 7 -2 3 -29 -21 -16 2 3 9
Bias senescence 14 18 2 9 -54 —46 —66 —59 —77 —56 11 19
combined 4 9 4 8 36 -29 —48 —41 —-34 -16 7 14
green growth 80 84 69 69 49 48 88 86 53 50 36 38
RMSE  senescence 80 73 63 62 80 75 100 97 96 79 47 52
combined 80 82 67 67 70 67 95 91 69 60 42 45
green growth 0.32 0.32 0.37 0.39 0.34 0.34 0.46 0.45 0.50 0.49 0.56 0.58
cv senescence 0.40 0.41 0.37 0.36 0.43 0.40 0.56 0.54 0.52 0.43 0.77 0.82
combined 0.33 0.33 0.37 0.37 0.41 0.39 0.51 0.50 0.53 0.47 0.67 0.70
- ] ] ] technique was developed to address with its use of time-
1 B —] | —JT differential LST inputs. The model was run at the VOU site
: | | : | | : | [ ! with both night-time and daytime LST offset by eithet °C
s 0.9r ' : ' : I . or £5°C to reflect moderate and extreme bias conditions,
2 osl el I I I and with a night offset of~1°C and day offset of-2°C
o T | Pl L I R | to approximate the expected bias conditions of MODIS LST
§ 0.7t F! | 1 Il | “l il | ll | (see Sect2.4). Several versions of Egs)f were used: (i) full
= | I R S S IR Eqg. ®); (i) Eq. (5) with Hc o or Hs o omitted depending on
2 06l ”- | | l | !I L which one has a smaller magnitude; and (iii) bétgo and
% R | | Hc,o omitted (EQ.6). In all cases, night-time fluxesHc o
2 o5} and Hso) were modelled as described in Sez3. Table4
> I I I DR .
5 shows that when no bias is introduced, the full form equation
s 04f ' ' ' is the most accurate since it makes no assumption about night
B | | | fluxes being insignificant; the other two versions of the equa-
£ 03¢ ‘\ I I I tion show a small increase in the model error. When positive
I I I bias is introduced, all the versions perform very similarly and
0.2y | | | revert to Eq. §) in case of extreme positive bias sinfeo
0 . . . \t . . . . becomes larger thaf o and the night-time fluxes are set to
1 2003 2004 2005 2006 zero (see SecR.3). The biggest difference is when a neg-
Year ative LST offset is introduced, although the RMSE remains

relatively constant for the different model versions when run

Fig. 4. Fraction of vegetation canopy that is green during the grow-with moderate LST offset. The full form of Eg5) experi-

ing season at an agricultural site, BV. Solid line from field observa- ences the largest change in bias, as expected, since the mod-
tions of LAI; broken line estimated using the VI method.

Table 3 also shows that even when nocturnal fluxes are ne-

elled night fluxes are also biased and their inclusion in the
model balances the reduction in error due to the use of time-
differential LST. This is especially evident in the case of ex-
treme negative LST offset. EquatioB) (with Hc o or Hso

glected Ho = Hc o = 0), the resulting accuracy is compara- omitted performs slightly better since it neglects at least one
ble to that achieved when the first DTD observation is in the©f the biased night fluxes, while the accuracy of the model
early morning. This is the case for both latent and sensibld€Mains constant when using E®) @s the day and night

heat fluxes. Therefore, application of DTD using LST data LST offsets cancel each other out. Similar results are ob-

collected from the night-time MODIS overpass fgrdoes
not appear to cause significant errors in the computed dayM

time H;.

tained with the LST offset approximating the conditions of
ODIS LST, with Eqg. ) being the least sensitive to the in-
troduced offset and producing the smallest error. Therefore, it

We have also tested the robustness of the model when bid®2y be preferable to use this form of the model with MODIS
is introduced into the LST observations — a situation the DTDLST data.

Hydrol. Earth Syst. Sci., 17, 28092825 2013

www.hydrol-earth-syst-sci.net/17/2809/2013/



R. Guzinski et al.: Using two source energy balance model with day—night MODIS observations

2819

Table 4.RMSE and bias (modelled observed) of instantaneous modelled energy fluxes (V%’)rfor different model configurations. Driven
by field data from Voulund, with and without bias introduced to both day (D) and night (N) LST measurements.

LST LST +1N/+1D LST +5N/+5D LST-1N/-1D LST-5N/-5D LST-1N/-2D
RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias RMSE Bias
Eq.6) 41 5 44 12 45 14 45 -8 81  -38 51 25
Eq. 6), Hc,o Of Hs g omitted 42 7 a4 45 14 45 -1 74 32 48  -18
Eq. ), Hc,0 and Hs g omitted 45 14 45 45 14 45 14 14 42 -4
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BV BV oy BV
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Fig. 5. Instantaneous modelled sensible heat flux during green growing season (crosses) and senescence (circles) with DTD driven by field
measured LST witlg at one hour past sunrise at the agricultural site (BV) wih= 1 (a), fg adjusted based on \(b) and fg from field
observations of LA[c). Senescence at BV starts between day of year 216 and 249.

In summary, using LST observationsratoccurring dur-  negligible bias during the night but strong positive bias dur-
ing the night rather than in the early morning causes mini-ing the day. Applying Eq.X8) in those cases compounds the
mal degradation in the accuracy of DTD results, with somebiases, and may increase model errors.
sites even showing improvement under this adjustment. This However, comparing MODIS derived LST to a single
is true even when the night fluxes are assumed to be negaoint-based measurement of LST is problematic for many
ligible, and indicates that DTD can utilize night—day obser- landscapes due to the mismatch in the scale of the ground-
vations. Therefore when using MODIS LST, the night-time based LST measurement and the MODIS LST pixel resolu-
fluxes can be ignored and Ed.74 simplifies to: tion (Coll et al, 2009. This is especially evident during the

day and could be the main cause of the observed bias mis-

H: = pe |:(TR,i(9i) — Tr,0(00)) — (TA,i — TA,O)j| match between the night and day measurements. Since LST
! P (1— fG))(Rai + Rs;i) is a key input for the DTD model, this can lead to a large dis-
£6) Ra crepancy between the measured and modelled energy fluxes.
+ Hc.i [1_ 1— 7(6;) Ra, +’Rsl'] : (18) This is further complicated by an order of magnitude differ-

ence between the source area contributing to the flux tower
measurementsy{ 10?7 x 10° m) and the area represented by
the MODIS pixel & 10° x 163 m).

The DTD model, modified as described in S&cand us-
Previous studies have shown that MODIS LST estimates argng Eq. (L8), was run at the 7 validation sites using MODIS
often negatively biased with respect to ground-based obserST, LA, f,, albedo and emissivities along with field mea-
vations, for both night and day retrieval/gn 2008 Wan  surements of meteorological conditions (air temperature, rel-
and Li, 2008 Coll et al, 2009. In this case, the use of atime- ative humidity, wind speed, pressure and incoming solar radi-
differential LST in the first term of Eq.1@) will reduce the  ation) and vegetation height. Fluxes were modelled for a par-
impact of this bias on model estimates. However, this con+icular day only if the night Aqua LST observation was of
dition is not always met at the validation sites used in thishighest quality, as indicated by the quality flag, and at least
study. Specifically, when comparing the LST measured usone of the day Terra/Aqua LST observations was of highest
ing ground instruments at the HOBE and AmeriFlux sites quality as well. A statistical analysis comparing the instan-
with the MODIS LST, the night-time MODIS LST is fre- taneous modelled fluxes at timgewith tower measurements
quently underestimated while daytime MODIS LST is fre- is presented in TablB, with scatter plots shown in Fig3.
quently overestimated as shown in FigThe biases are par- (forested sites)8 (agricultural sites) anél (grassland sites).
ticularly large at VOU and WB, with FP and AG showing

4.2 Results using MODIS data
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Fig. 6. Comparison of ground measured LST with night-time Aqua LST (circles), daytime Aqua LST (diamonds) and daytime Terra LST
(crosses) at mixed cropland (VOW), coniferous forest (BHb), deciduous forest (WBg), semi-arid grassland (AGJ), maize/soybean
cropland (BV,e) and temperate grassland (FP,Bias (MODIS LST — ground LST) is noted fC.
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Fig. 7. Instantaneous modelled net radiation (points), latent heat (diamonds), sensible heat (crosses) and ground heat (x-es) fluxes at foreste
sites: coniferous (GLUg), coniferous (BHp) and deciduous (WB;). DTD was run using predominantly MODIS inputs, wifg estimated
using VI and night-time fluxes ignored.

The simpleR,, estimation scheme in the DTD performs AG and FP (Fig.9), where strong positive bias in LE was
well at most sites, with the exception of semi-arid grasslandobserved, which may partly be caused by the relatively short
(AG) where a large positive bias is present (TableThis period of vegetation activity, leading to low measured values
is mostly caused by the underestimation in MODIS emissiv-of LE throughout most of the observation period. In addi-
ity at the predominantly bare soil site (results not shown) andtion, the overestimation aky,, particularly at AG, resulted in
may be improved in the upcoming V6 of the M*D11A1 prod- overestimation of LE due to its calculation as residual. The
ucts Wan 2006. Further improvements can be expected by presence of irrigated crops and a river within the FP MODIS
implementing the two-stream approach for estimating net rapixel likely contributed to the overestimation of LE relative
diation for soil and canopyKustas and Normar2000. Er- to the flux tower measurements.
rors in G were also acceptable (Talb#, especially within Two different crops were grown at BV during the four
the context of the overall energy budget. years: maize in 2003 and 2005, and soy bean in 2004 and

At most sites, the DTD performed well in partitioning the 2006. A portion of the error present in flux partitioning at
remaining available energyrRg — G) between sensible and this site can be attributed to inaccurate estimatiopigofith
latent heat fluxes (Tablg) — particularly at the forested sites the use of MODIS ViIs. If the DTD is run with all the same
(Fig. 7). Partitioning was less accurate at the grassland sitesnputs, with the exception ofy v being replaced withfg ons
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Fig. 8.Instantaneous modelled net radiation (points), latent heat (diamonds), sensible heat (crosses) and ground heat (x-es) fluxes at croplan
sites: mixed crops (VOUa), maize/soybean rotation (BM), maize/soybean witlfy taken from ground observations of LAl (BY).

DTD was run using predominantly MODIS inputs, with night-time fluxes ignored gith panels(a) and (b) estimated using VI during
senescence and kept at unity during the growing season.

Table 5.Comparison of modelled instantaneous daytime energy fluxes with flux tower measurements. RMSE and bias (muoloketieedd)
showed in W nT2, CV unitless. DTD was run using predominantly MODIS inputs, wigrestimated using VI, except at BV and VOU during
growing season whergy = 1, and night-time fluxes ignored.

H LE Rn G
Number of
Site Ecosystem Observations Bias RMSE CV Bias RMSE CV Bias RMSE CV Bias RMSE CV
GLU  coniferous forest 34 51 97 034 -81 116 039 -34 37 0.06 -5 12 097
BH  coniferous forest 121 -13 78 024 12 78 029 -22 28 0.05 -2 20 091
WB  deciduous forest 72 15 82 036 -34 93 023 -17 33 0.05 10 14 203
VOU heterogeneous cropland 37 93 122 1.43 -85 125 0.44 3 18 0.04 -12 19 047
BV maize/soybean cropland 105 —45 102 0.57 9 101 0.28 44 63 0.11 —23 49 0.80
AG semi-arid grassland 281 -53 76 0.37 105 120 0.79 72 75 0.19 21 35 0.65
FP temperate grassland 162 —45 89 041 106 128 0.89 37 49 0.11 -38 54 0.54
800 — 3 local ground-based measurements, which may contribute to
- i ~ 600 5 overestimation of H and underestimation of LE by residual.
§ 600 - § < 0% 3 The issue of inaccurate parametrizationfgfis most prob-
Py o % g 4001 op o Dk ably present at this site as well, amplified by the different
x x Y . . . .
Z 400 /a 2 & % growing rates of the different ecosystems present within the
3 %++ 8 200 x MODIS pixel. Finally, the issue of sub-pixel heterogeneity is
s . . . . .
g 200 i E most problematic at this site — the tower is unlikely to be sam-
@ op ®) pling fluxes that are representative at the 1 km scale (ig.
% 200 200 600 800 0 200 400 600 We further investigated the impact of using the day and
Observed Fluxes (W/m?) Observed Fluxes (W/m?) night LST observations with different VZA in Eq18) on

the accuracy of the modelled fluxes. The sensible heat fluxes

Fig. 9.Instantaneous modelled net radiation (points), latent heat (di'modelled with MODIS input data were grouped into four

amonds), sensible heat (crosses) and ground heat (x-es) fluxes at . .
grasslan)d sites: semi-ariél (A@) an)d temgerate (FB). IgTD \3vas Categories based ahr = |61 — ol (1) Ouit <10, (2.) 1(.)<

run using predominantly MODIS inputs, witfy estimated using fait < 20, (3) 20< it < 30, and (4Pgit > 30. The distribu-

VI and night-time fluxes ignored. tion of absolute errors in each category was compared and
the results are summarized in FIf). The figure shows that
there is no clear trend in the accuracy of the modedss
increases. At most of the sites there is no statistically signifi-
cant difference at 5 % significance level between the medians
of the absolute errors of the four categories, as indicated by
the overlapping of the notched intervals. At the agricultural
site BV and temperate grassland site FP, where there is sig-
) . o nificant difference between the median of the first category
ing growing season. At the VOU site, it should be noted that(With smalles®gir) and any of the other three categories, the

the MODIS-es_ti_mate_d LST gxhibited strong negative bias atg category has the smallest absolute errors. This indicates
night and positive bias during the day when compared to

the errors are reduced (F&E). In particular, the RMSE off
reduces from 101 W r? to 76 W n 2 and the RMSE of LE
reduces from 100 W rrf to 93 W n1 2. Nevertheless, latent
heat flux is modelled quite accurately during both crop peri-
ods even when using; v during senescence arfg= 1 dur-

www.hydrol-earth-syst-sci.net/17/2809/2013/ Hydrol. Earth Syst. Sci., 17, 280825 2013



2822 R. Guzinski et al.: Using two source energy balance model with day—night MODIS observations

e 6w T o7 200BH 1 + T 2008 400 1vou
s - 4+ + -
< 150 150 | - [ 300 ‘
_ 150 _
5 [ T _ - 200 - T
£ 100 100 100
o 100 8
5 %0 50 50
3 1 I 0
2 o I ol L L 1 1 0 1 1L
1 2 3 4() 1 2 3 4@ 1 2 3 4( 1 2 3 4(@)
VZA diff. group VZA diff. group VZA diff. group VZA diff. group
g 3001BY N AB FP +
S + T sof b7 N
T 200 i - | | | T | 200 T T
5 T N 100 Q T
w T
100 100
o
é 0 1 ol L L 1 0 1 L 1
1 2 3 4f() 1 2 3 4 1 2 3 4(9
VZA diff. group VZA diff. group VZA diff. group

Fig. 10. Box plots of the distribution of absolute errors of the modelled sensible heat fluxes as compared to the flux tower measurements at
coniferous forests (GLUg and BH,b), deciduous forest (WE;), croplands (VOUd and BV,e), semiarid grassland (A®), and temperate
grassland (FRy). The fluxes were grouped into four categories based on the absolute difference between the VZA of the day and night LST
observationgg;is: (1) 6gir < 10, (2) 10< 6gjs < 20, (3) 20< b4ijt < 30, and (4pgir > 30. The boxes extend from the 25th to 75th percentiles

with the central mark indicating the median. The whiskers extend to the farthest data point within 1.5 times the box range of the upper or
lower box edges. Points beyond that are considered outliers and indicated as crosses. The notches on the boxes indicate the comparisc
interval: when the notches overlap there is no statistically significant difference at 5% significance level between the medians(dh panels
and(d) the comparison interval extends beyond the box due to small number of data points.

that while the use of LST observations with similar VZA is irrigated crops, especially in the north and south-west of the
preferred, this does invalidate the model output obtained withcatchment, even though they have higher net radiation due to

largebyit. low albedo. Pixels displaying low values of net radiation are
generally located close to cloud covered pixels, and therefore
4.3 HOBE area flux maps likely caused by undetected clouds.

In 2011 there were 16 days during which it was possible
To illustrate the utility of the modified DTD in modelling [0 éstimate the daytime fluxes using the DTD model over the

surface energy fluxes at regional scales, latent and sensibOU site and 23 days for GLU site. This alone is not frequent
heat flux maps were produced over the Skjern River catch€nough coverage for monitoring seasonal crop/vegetation
ment within the HOBE study area (Fig1). MODIS inputs condition or water use._However, techniques have been c_ie-
into the model were as described in Séc?, using LST ob- veloped to temporally mterpo_lz_ite between _monthly or bi-
servations acquired during a day and night Aqua overpass oHwonthly.snapshots of ET conditions, genergtmg full (_jany ET
the 20 April 2009. Meteorological inputs were interpolated fime series Anderson et a).20128. Alternatively, periodic
between local measuremengtigen et al.2017) and vege-  Maps of the ;pgtlal p.atterns. in Water'use from this method
tation height was estimated from a land cover map, with acould be assimilated into 50|I—vegetatlon—at_m_osphere trans-
areas classified as forest having a constant height of 20 m anf§" (SVAT) and water balance models, providing time con-
other areas having height between 6cm and 60 cm, scalefifuous coverage for operational applicatiodsdw et al,
linearly using LAI. Downwelling shortwave radiation was 2008. Consequently, with a few dozen satellite images and
assumed to be constant throughout the catchment and set foroPust interpolation technique, it may be feasible to deter-
values measured at VOU. The modelled fluxes are instantaMine séasonal water use and vegetation conditions.
neous at the satellite overpass time around noon.

Although individual crop fields cannot be distinguished at
the 1km MODIS LST pixel size, and the images are early5 Conclusions and further research
in the growing season, the maps show clear spatial patterns
consistent with previous field observatiofdriggaard et al.  We have demonstrated the utility of the DTD model modified
2011). During 2009, the HOBE area had experienced a dryto take into account the issues arising from using MODIS
spring and summer with no significant precipitation in the LST data. The replacement of early morning air temperature
10days preceding the 20 April. This is reflected in forestsand LST measurements with the night-time measurements
experiencing lower evapotranspiration rates compared to thas model inputs has been shown to have negligible effect on
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Fig. 11.Land cover classification with the location of the two HOBE flux tower sites marked as Xs (top left) and instantaneous net radiation
(top right), sensible (bottom left), and latent (bottom right) heat fluxes over the Skjern River catchment on 20 April 2009 around noon, in
Wm2,

the accuracy of the modelled daytime fluxes, regardless ofA possible alternative to validating pixel fluxes against tower
whether the night-time fluxes are estimated or ignored. Wemeasurements would be to compare catchment scale fluxes
have therefore concluded that the nocturnal fluxes should benodelled with DTD versus fluxes produced by a prognos-
ignored to reduce model sensitivity to the expected MODIStic water balance model, using independent inputs but at the
LST bias conditions. We have also shown that there is nocsame spatial scale. Additionally, a method for obtaining DTD
significant impact on the accuracy of the model from us-model inputs during cloudy conditions, based for example
ing LST observations with different VZAs. In addition, we on work by Bisht and Brag2010, would allow for oper-
incorporated a scheme for estimating the effective Priestly-ational use of the model in environments having frequent
Taylor apt value by taking into account the variation in the cloud cover, such as Denmark. Finally, the robustness of
fraction of the vegetation that is green and actively transpir-method used to parametrizfg should be improved by em-
ing. This modification was shown to significantly improve ploying a more advanced technique for estimating the phe-
the accuracy of the modelled fluxes at forested sites and dumological state of the vegetatioman et al, 2011J).

ing senescent periods at the grassland and cropland sites,

even when employing a simple, Vi-based paralmetrlzatlon'AcknowledgementsThe work has been carried out under the
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achieving satisfactory agreement between the modelled anghe flux data at both HOBE (Rasmus Ringgaard, Rasmus Jensen

measured fluxes in most cases. and Lars Rasmussen) and the AmeriFlux sites. We would also like
To resolve the issue with LST bias mismatch in the VOU to thank the reviewers for their constructive feedback.

site, more work should be done on validating M*D11A1

products in heterogeneous landscapes, especially croplandsdited by: A. Loew
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