Can satellite land surface temperature data be used similarly to river
discharge measurements for distributed hydrological model calibration?
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1 INTRODUCTION

The reliability of distributed hydrological models
is an important aspect in hydrological modelling
to ensure their ability to estimate energy and
water fluxes at the agricultural district scale as
well as at the basin scale for water resources
management for agricultural water use and flood
forecasting.



Many studies have demonstrated that the initial
and boundary conditions of state variables such as
soil moisture (SM), soil temperature or snow cover-
age at different temporal and spatial scales exercise
strong controls on hydrological processes (Castillo
et al. 2003, Montaldo et al. 2007). Nevertheless, the
application of distributed hydrological models, in
both operational practice and scientific research, is
limited by the difficulties of verifying evaporative
fluxes and soil water content at the basin scale. In
fact, calibration and validation of distributed models
generally depend on comparison between simulated
and observed discharge (Q) at the available river
cross-sections  (Noilhan and Planton 1989,
Famiglietti and Wood 1994, Brath et al. 1998,
Ciarapica and Todini 2002, Caparrini et al. 2004,
Rabuffetti et al. 2008). Soil moisture, which is recog-
nized as the key variable in these hydrological energy
water balance models, is most of the time confined to
an internal numerical model variable, and the link
between internal variables of the processes, e.g. soil
moisture, land surface temperature (LST) and evapo-
transpiration fluxes (ET), and external variables, e.g.
discharge measurements, is not yet resolved.

These problems drove the scientific community
to the use of hydrological modelling in conjunction
with remote sensing data in the thermal infrared
bands (Kalma et al. 2008). In recent years, LST
images have been widely used as input variables to
energy and/or water balance models for evapotran-
spiration estimation, setting up a family of models
which (a) compute evapotranspiration as a residual
term of the energy balance equation using LST as
input data, e.g. the SEBAL model (Bastiaanssen
et al. 1998), the SEBS model (Su 2002), the TSEB
model (Norman et al. 1995), S-SEBI (Roerink et al.
2000), or (b) solve the water and energy balance
using LST but coupled with an assimilation scheme,
e.g. VIC (Liang et al. 1994), or TOPLATS
(Famiglietti and Wood 1994, Lakshmi 2000, Kumar
and Kaleita 2001, Crow et al. 2003).

Some effort has been focused on understanding
whether satellite LST can be used to calibrate and
validate hydrological model parameters; a few exam-
ples are available in the literature. Franks and Beven
(1999) calibrated the TOPUP model using satellite
LSTs for surface flux estimates; and Gutmann and
Small (2010) developed a method for the determina-
tion of the hydraulic properties of soil using satellite
surface temperature in the Noah land surface model.
In particular, Crow et al. (2003) calibrated the VIC
model wusing satellite LST and streamflow

observations to improve evapotranspiration estimates,
highlighting the need for a multi-objective approach
instead of a single-objective one during the calibra-
tion process.

Given this context, in this paper we try to
improve the actual modelling techniques, increasing
the accuracy of hydrological process simulation at the
basin scale using land surface remote sensing data
and a distributed hydrological energy water balance
model. This approach can fill the gap between quan-
titative hydrology and remote sensing information. In
fact, despite the intuitive synergy between remote
sensing data and distributed hydrological models,
both given at pixel scale, a review of the literature
attests to the difficulty of using remote sensing infor-
mation in hydrological models. The use of thermal
infrared data integrated with a hydrological model
offers the opportunity to solve the limitations of
microwave remote sensors in determining surface
soil moisture.

In recent years a large number of satellites has
been launched for the retrieval of soil moisture using
passive or active microwave sensors (Wagner and
Scipal 2000, Kerr ef al. 2001, Naeimi et al. 2009).
However, problems can arise if the satellite images
need to be used in conjunction with hydrological
models for operational water management applica-
tions. One of the main problems of passive sensors
is linked with the spatial resolution of the available
products, which ranges between 25 and 50 km and is
too coarse for hydrological model output comparison.
Some efforts are now focused in the direction of soil
moisture pixel disaggregation (Merlin et al. 2005,
2008). Moreover, there are problems linked to the
saturation of soil moisture retrieval algorithms for
active radars (Giacomelli et al. 1995).

Satellite LST information seems to solve many
limitations and difficulties of the previous technol-
ogy based on microwave satellite images, even
though some uncertainties should be addressed, in
particular over heterogeneous areas, and regarding
their spatial resolution, the scan angle of view of the
sensor and surface emissivity (Sobrino et al. 1994,
Jacob et al. 2004, Kustas et al. 2004, Soria and
Sobrino 2007).

This work presents an innovative way to write
the energy and water balance system as a function of
LST, so that remote sensing LST can be directly
compared with modelled values. This approach offers
the possibility of controlling evapotranspiration
fluxes at the pixel scale, opening a new vision to
control the mass balance based not just on the



discharge measurements (generally few at the basin
scale), but for any pixel in which the basin surface is
discretized. A distributed hydrological model, the
Flash-flood Event-based Spatially-distributed rain-
fall-runoff Transformation — Energy Water Balance
(FEST-EWB) model (Mancini 1990, Corbari et al.
2011), was used for these analyses. The model algo-
rithm solves the system of energy and mass balance
equations as a function of the equilibrium pixel tem-
perature or representative equilibrium temperature
(RET) that governs the energy and mass fluxes over
a basin domain. The LST is a critical model state
variable and remote sensing LST can be effectively
used, in combination with energy and mass balance
modelling, to monitor latent and sensible heat fluxes
as well as soil moisture conditions. This equilibrium
surface temperature, which is an internal model vari-
able, is compared to LST as retrieved from the opera-
tional MODIS sensor to calibrate soil hydraulic and
vegetation parameters.

So the main objective of this paper is the inves-
tigation of the potential in using operational remote
sensing surface temperature observations for the cali-
bration of a distributed energy water balance model
as a proxy for surface soil moisture (Crow et al.
2008). In particular, LST from remote sensing will
be used for model internal calibration as a comple-
mentary method to the traditional discharge measure-
ments. Hence, soil hydraulic parameters and
vegetation variables will be calibrated according to
the comparison between observed and simulated
LST, minimizing the errors. A similar procedure
will also be applied to perform the traditional calibra-
tion using only discharge measurements.

The present approach contributes to the
research direction highlighted 30 years ago by Jim
Dooge (Dooge 1986), who encouraged the scientific
modelling community to analyse the behaviour of
the model internal state variable (e.g. soil moisture
and its proxy) in addition to the traditional external
fluxes (e.g. discharge) to obtain better understanding
of hydrological process and model analysis. We
believe that the use of LST and RET concepts
from energy water balance modelling is a contribu-
tion in this direction and is synergistic with the
efforts made in microwave remote sensing of soil
moisture.

This methodology will be applied to the Upper
Yangtze River basin (China), one of the largest rivers
in the world, using MODIS satellite data of LST and
ground measurements of river discharge collected
between 2000 and 2010.

2 CASE STUDY: UPPER YANGTZE RIVER
BASIN

The test area is the Upper Yangtze River basin,
China, gauged at Yichang, where the Three Gorges
Dam is located. The basin is delimited by a contin-
uous line in Fig. 1. The total area is about
1 005 500 km?. The main river length is 2400 km,
with an average discharge of 13 200 m® s and a
mean annual precipitation of about 800 mm, concen-
trated during the monsoon period when flood events
are frequent. The basin drains a region of which 60%
is mountainous and 40% agricultural plains (Jiang
et al. 2007, Xu et al. 2008).

2.1 Meteorological ground stations

Daily meteorological data of rainfall, air temperature,
relative air humidity and horizontal wind velocity are
available from 1 January 2000 to September 2010
from the NDCD database (http://www.ncdc.noaa.
gov/oa/ncde.html). Daily incident short-wave solar
radiation, which is needed for energy balance com-
putation, is computed with the Allen (1997) equation
using maximum and minimum daily air temperature
and the extraterrestrial radiation.

The FEST-EWB hydrological model should be
run at the hourly scale given the basic idea of the
project to calibrate the soil and vegetation parameters
using instantaneous satellite data of LST. The daily
meteorological data are rescaled at the hourly scale.
Specifically, for air temperature estimation, the
method proposed by De Wit et al. (1978) is used,
which is based on a sinusoidal algorithm considering
sunrise and sunset hours. The Baig et al. (1991)
model is used for incoming shortwave radiation com-
putation based on a Gaussian curve. Rainfall, wind
velocity and relative air humidity are assumed con-
stant during the day.
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Fig. 1 DEM of the Upper Yangtze River basin with the
meteorological and hydrological stations.
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Only 71 meteorological stations are available in
this big basin, a very low spatial density compared to
European or US river basins (Fig. 1).

Discharge measurements are available at
Yichang station (30.66°N, 111.23°E) where the
Three Gorges Dam is located, from 1 January 2000
to 31 December 2004 and for the year 2006, before
construction of the dam.

2.2 Soil database and hydraulic properties

Available digital cartographic data include the digital
elevation model (DEM) that has been developed at
the US Geological Survey’s (USGS) EROS Data
Center as a 30 arc-second DEM of the world
(GTOPO30). Flow directions, slope and aspect were
computed starting from the DEM resampled at a
spatial resolution of 5000 m x 5000 m.

The pedological characteristics of the soils
are available from the Harmonized World Soil
Database (HWSD; FAO 2009). For the Yangtze
River basin only three main classes can be
identified: the soil texture is predominantly (for
94.5% of the region) in the sandy clay loam class,
while only 2% has sand soils and 3.5% clay soils.
From this available basic thematic layer, hydraulic
soil parameters required for the application of the

hydrological model were derived using the well-
known database of Rawls and Brakensiek
(1985), quantifying the saturated hydraulic

conductivity, residual and saturated soil moisture,
pore size distribution index, wilting point, field
capacity and the Brooks-Corey index. In Table 1 the
parameters subjected to calibration are reported.

2.3 Vegetation parameters

The land cover map for the Yangtze River basin was
derived from the ESA Globcover Land Cover which
was generated from the 300-m MERIS time series for
the period between 2005 and June 2006 (Arino et al.
2007), with 22 land cover types defined according to
the UN Land Cover Classification System. From this
classification, vegetation height (4,) and minimum

stomatal resistance (rsy,;,) are defined for each type
of vegetation. Twelve maps of /4, have been defined,
one per month.

Leaf area index (LAI) maps were retrieved from
the MODIS LAI products generated over an 8-day
compositing period with a spatial resolution of 1 km
aggregated at 5 km (http://ladsweb.nascom.nasa.gov/
index.html). Images were taken every 16 days.
Albedo (r) maps were retrieved from the MODIS
white-sky product over an 8-day compositing period
at 5 km (Liang 2001).

2.4 MODIS land surface temperature data

Land surface temperature was retrieved from
MODIS LST daily L3 global 1km sin grid v004.
Land surface temperature was retrieved from
MODIS on board the satellites TERRA and AQUA
with a spatial resolution of 1 km in the thermal
infrared bands (Barnes et al. 1998). In total, 528
day-time and nocturnal images of MODIS11 LST
products were selected for the whole simulation
period from January 2000 to December 2010, and
170 images collected during the calibration period
from 2000 to 2004. The images have been
aggregated at the same spatial resolution as the
FEST-EWB model simulations, i.e. 5 km, computing
the mean value of the included pixels at 1 km.

3 MATERIAL AND METHODS
3.1 FEST-EWB hydrological model

The FEST-EWB model is a distributed hydrological
energy water balance model (Corbari et al. 2010,
2011, 2013) and was developed starting from
FEST-WB (Mancini 1990, Rabuffetti et al. 2008).
The FEST-EWB model computes the main processes
of the hydrological cycle: evapotranspiration, infiltra-
tion, surface runoff, flow routing, subsurface flow
(Ravazzani et al. 2011) and snow dynamics
(Corbari et al. 2009). The model is distributed so
that the computation domain is discretized with a
mesh of regular square cells in each of which every
parameter is defined or calculated.

Table 1 Saturated hydraulic conductivity (ks), active soil depth (Depth), minimum stomatal resistance (rs,,;,) and Brooks-
Corey index (BC) for the three considered soil classes (mean values are reported together with the relative standard
deviations in brackets). O-SoVeg: original soil-vegetation parameters.

Calibration procedure kg (m s7)) Depth (m) BC Smin

O-SoVeg configuration 237 x 10 (9.9 x 10%) 0.52 (0.16) 0.36 (0.11) 130.7 (49.6)
Modified parameters (calibration against LST) 1.92 x 10 (4.3 x 107%) 0.75 (0.5) 0.24 (0.19) 85.9 (74.9)
10K, — 2Depth (calibration against Q) 2.37 x 107 (9.9 x 10°) 1.04 (0.16) 0.36 (0.11) 130.7 (49.6)
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The input parameters of the model are: (a)
meteorological variables, such as air temperature,
incoming shortwave radiation, wind velocity, preci-
pitation and air humidity; (b) the soil parameters in
distributed maps, such as the saturated hydraulic
conductivity (ksu), the field capacity (fc), wilting
point (wp), residual (6, and saturated (65) soil water
content, Brooks-Corey index (BC), bubbling pressure
(bp) and soil depth (Depth); (c) the vegetation para-
meters, such as LAI, vegetation height, minimum
stomatal resistance (rs,,) and albedo; and (d) the
digital elevation model (DEM) and land-use/land-
cover map.

The core of the model is the system between
the water and energy balance equations which are
linked through evapotranspiration. In the energy
balance between the soil surface, vegetation and
near-surface atmosphere, all the terms are computed
and the equation is solved looking for a representa-
tive equilibrium temperature that is the LST that
closes the energy balance equation. This equilibrium
surface temperature, which is an internal model
variable, is comparable to LST as retrieved from
operational remote sensing data at different spatial
and temporal resolutions.

Soil moisture (SM) evolution for a generic cell at
position i,j is described by the system between the
energy and water balance equations:

oSM;;
{ o =, (P~ Ry —PRiy —ETy)

Rn;; — Gy — Hij— LE;; =57,
where P is the precipitation rate (mm h™'); R is the
runoff flux (mm h™'); PE is the drainage flux (mm
h™); ET is the evapotranspiration rate (mm h™); z
is the soil depth (m); Rn (W m™) is the net radia-
tion; G (W m™) is the soil heat flux; H (W m™)
and LE (W m™) are, respectively, the sensible heat
and latent heat fluxes; and AW/Ar (W m™) encloses
the energy storage terms which cannot be com-
puted for this large basin. All these terms of the
system are functions of the input soil and vegeta-
tion parameters.

Evaoptranspiration (ET) is linked to the latent
heat flux (LE) through the latent heat of vaporization
(4) and the water density (py,):

LE = Jp ET 2)

The latent heat flux (LE), as reported in Corbari ef al.
(2011), is then computed as:

1 - v
LE :@(6* — €a) fv + f
Y (ra+rc) (rabs+rs)

3)

where p, is the air density; y is the psychometric
constant (Pa °C™"); f, is the vegetation fraction; Cp 18
the specific heat of humid air (MJ kg K™); the
saturation vapour pressure, e* is computed as function
of RET (Brutsaert 2005) and vapour pressure, e,, as a
function of air temperature; 7. is the canopy resistance,
expressed following Jarvis (1976); r is the soil resis-
tance according to Sun (1982); and the aerodynamic
resistance (r, for vegetation and 7, for bare soil) is
computed using the model from Thom (1975).
The sensible heat flux is computed as:

H = pacy(RET — T) [—(1 —£) +J3} @

Fabs ra

where T, is the air temperature (°C).

The net radiation is computed as the algebraic
sum of the incoming and outgoing shortwave and
longwave radiation:

Rn = Ry(1 — r) + &&.0(T2) — &a(RETY)  (5)

where R; is the incoming shortwave radiation
W m'z); r is albedo; & is the atmosphere emissivity;
& 1s surface emissivity; and o is the Stefan-
Boltzmann constant (W m? K™®). Shortwave net
radiation is calculated considering the effect of topo-
graphy (Corbari et al. 2011).

The soil heat flux is the heat exchanged by con-
duction with the subsurface soil and is evaluated as:

G = (gterm/dz) (RET — Tsoil) (6)

where g 18 soil thermal conductivity (W m!' K
and T, is soil temperature (°C) at 10 cm depth.

Thus, all the terms of the energy balance depend
on RET and the energy balance equation can be
solved looking for the thermodynamic equilibrium
temperature that closes the equation with the
Newton-Raphson method:

f+(RET,_1)

RET, = RET,_; + 20— 210
" f/(RET, )

(7

where RET,, is the actual value, RET,,_; is the value
at the previous iteration, f{(RET, ) is the energy
balance function and f;'(RET,.;) is its derivative.
The solution is acceptable when:



K,(R—ET) < tolerance and f,(RET) < tolerance
/(RET)
with tolerance equal to 0.001.

The runoff routing throughout the hillslope and
the river network is performed via a diffusion wave
scheme based on the Muskingum-Cunge method in
its nonlinear form with time variable celerity; details
are given by Montaldo et al. (2007). Runoff is com-
puted according to a modified SCS-CN method
extended for continuous simulation (Ravazzani
et al. 2007), where the potential maximum retention
is updated cell by cell at the beginning of rainfall as a
linear function of the degree of saturation.

The subsurface flow routing is computed with a
linear reservoir routing scheme governed by the con-
stant value ks which is a function of the ratio
between cell dimension and inclination multiplied
by the hydraulic conductivity for deep soil. The sub-
surface flow is computed only in sloping cells where
the influence of the inclination of the mountainside is
relevant, while in the plain this subsurface flow is not
computed.

The FEST-EWB model was proved to make
accurate predictions of actual evapotranspiration by
comparisons against energy and mass exchange mea-
surements acquired by an eddy covariance station
(Corbari et al. 2011), and also at the agricultural
district scale by comparisons with ground and remote
sensing information (Corbari ef al. 2010).

3.2 Calibration and validation methodology

3.2.1 Calibration strategies At the basin scale,
satellite images of LST provide the opportunity to
calibrate distributed hydrological models in each
pixel of the domain as a complementary method to
traditional calibration with discharge measurements
at the few available control cross-sections.

So the innovative contribution of this article is
the possibility to calibrate model internal state vari-
ables (e.g. land surface temperature) in addition to
the traditional external fluxes (e.g. discharge) to
obtain better understanding of hydrological processes
and model analysis at the pixel scale (Dooge 1986,
Refsgaard 1997). The traditional calibration based
only on river discharge data in a few rivers sections
lumps all the hydrological processes together, so that
the correct spatial determination of mass and energy
fluxes becomes more difficult. When a pixel-by-pixel
calibration is performed, a better spatial distribution
should be achieved. The proposed methodology is

based on a pixel-by-pixel scale modification of soil
and/or vegetation parameters through comparison of
the model internal state variable RET and the remo-
tely observed LST. This procedure for the calibration
of soil hydraulic parameters, and so of LST and soil
water content, is based on a trial-and-error approach.
Different percentages of change for the different
ranges of differences between LST and RET are
tested in different simulations based on random
choice.
The procedure can be divided into four steps:

(a) the FEST-EWB model is run in the configura-
tion with the original soil-vegetation parameters
(O-SoVeg);

(b) RET is compared with LST from MODIS in
each pixel of the domain, and statistical para-
meters, histograms and spatial autocorrelation
functions are computed;

(c) soil and/or vegetation parameters are modified
differently in each pixel of the domain in order
to minimize errors between observed and mod-
elled LST; and

(d) FEST-EWB is run with the new configuration.

The procedure is then repeated from (b).

The parameters subjected to calibration are: soil
hydraulic conductivity, Brooks-Corey index, soil
depth and minimum stomatal resistance, which were
selected from the sensitivity analysis (see Section
3.3). These are modified ensuring that their values
remain within the physical ranges (Rawls and
Brakensiek 1985).

The traditional calibration procedure based on
comparison against ground observed flow data is
also performed. In this calibration against discharge,
each soil parameter is multiplied or divided by a
factor which is constant for the entire basin, whereas
in the LST calibration procedure, every single pixel is
multiplied by a different factor according to the rela-
tive difference in terms of temperature.

Moreover, LST is a driving factor of the surface
processes, especially during dry conditions, while
discharges are a function of both the surface and
subsurface processes that the LST cannot control
alone. Given this context, to compare the two cali-
bration strategies, a comparison of only surface flows
is performed. The measured flow is divided into
surface and basal flow using the methodology
described in Lim er al. (2005). Only cumulated
volumes of surface flow are considered, because in
this analysis only water quantity is needed and not
the timing of the flow hydrograph.



For the Upper Yangtze River basin, FEST-EWB
was run at the hourly time step and with a spatial
resolution of 5 km. Within the calibration period
from 2000 to 2004, the period from 1 January to 31
July 2000 is considered as a warm-up period, due to
the fact that the initial snow cover condition in the
mountains is equal to zero. So the comparison
between observed and simulated LST images and
cumulated volumes starts from August 2000. The
validation period is defined from January 2005 to
September 2010.

3.2.2 Evaluation criteria The goodness of the
model estimates is evaluated through different statis-
tical indexes which are computed for RET images as
well as for cumulated volume of discharge. For the
evaluation of simulated estimates, the mean bias error
(MBE), the absolute mean bias error (AMBE), the
root mean square error (RMSE) and the relative error
(RE) are computed as follows:

Z (Xsimi - Xobsi)

MBE = =L (8)
n
n . .
Z ‘Xsiml — Xobs'
AMBE = = )
n
n . 2 0.5
Z (Xsiml - Xobsl)
RMSE = |2 (10)
n
n . .
Z ()(siml - Xobsl)
RE = 100 - =! (11)
obs

where Xy, is the ith simulated variable by FEST-
EWB, X, is the ith measured variable, n the sample
size, and X,ps the average observed variable.
Moreover the Nash-Sutcliffe index, #, is also
computed according to (Nash and Sutcliffe 1970):

n=1-"1 (12)

The Nash-Sutcliffe efficiency is commonly used to
assess the predictive power of hydrological models. It
can range from —oo to 1. Essentially, the closer the
model efficiency is to 1, the more accurate the
model is.

3.3 Sensitivity analysis of RET and energy fluxes
at local scale

A field-scale analysis was at first performed to
understand the effects of the changes of soil and
vegetation parameters on mass and energy fluxes
(e.g. soil moisture and evapotranspiration). Data
for the year 2006 from a micrometeorological sta-
tion located in a corn field in northern Italy were
used to calibrate the FEST-EWB model parameters.
The station is equipped with sensors to measure air
temperature and the three components of wind
speed, net radiation, latent heat flux, sensible heat
flux, ground heat flux, air humidity and soil water
content every 30 min (Masseroni et al. 2012).
Albedo is computed from the observed outgoing
shortwave radiation. Soil texture was also analysed
through ground measurement in the field and was
categorized as sandy clay loam class. Using the
database of Rawls and Brakensiek (1985), the fol-
lowing values were assigned to each soil hydraulic
parameter: 0.972 x 10° m s™' for saturated hydraulic
conductivity; 0.2808 mm for bubbling pressure;
0.398 and 0.068 for saturated and residual soil
water content, respectively; 0.319 for the Brooks-
Corey index; and 0.148 and 0.255 for wilting point
and field capacity, respectively. The minimum sto-
matal resistance for maize was fixed at a constant
value of 100 s m™'. Soil depth was set at 70 cm,
which corresponds to the maximum length reached
by maize roots. This configuration is referred to
herein as the original soil-vegetation parameters
for local simulation (O-SoVeg-local).

The other input vegetation parameters required
for the FEST-EWB model are the vegetation height,
LAI and vegetation fraction, which were measured in
the field throughout the season.

A set of simulations was created by varying
single soil or vegetation parameters and also combi-
nations of these parameters. Table 2 lists 13 of the
more significant simulations, and the absolute and
relative errors for net radiation, latent and sensible
heat fluxes, ground heat flux, soil moisture and LST
are computed for each simulation with respect to the
simulation performed with the O-SoVeg-local



Table 2 Absolute and relative errors with respect to the O-SoVeg configuration of simulations at the local scale and changes

in the soil and vegetation parameters.

Modified parameters

Absolute error % (relative error %)

Rt LE H G SM RET
k10 24 14.6 772 64.0 19.4 6.3
(0.01)  (10.2) (-89.3) (-8.6) (14.5) (-0.7)
ke/100 32 16.8 101.8 89.2 39.4 7.4
(-0.1) (16.2) (-4.3) (-10.7) (30.04) (-1.3)
ke % 10 22 13.9 63.0 53.0 17.4 6.8
(-0.01)  (~10.2) (75.2) 9.2) (-10.1) (0.9)
BC x 0.637 2.2 14.6 65.1 55.8 94 6.5
(-16.0) Q.1 (-5.1) (7.9) (6.9) (-0.5)
Depth x 2 33 17.6 102.8 87.1 21.1 7.6
(1.1)  (284) (2.3) (-640.8) (11.6) (1.2)
Sy = 50 1.9 13.3 63.1 15.7 0.6 5.0
(-0.3) (0.2) (-96.6) (3.7) (-1.3) (-0.2)
Sy = 200 3.0 20.7 90.3 30.5 1.8 6.6
(1.6) (1.7) (-6.2) (6.9) Q.1 (-0.4)
(ksa/10) — (BC x 0.637) 2.7 15.2 85.0 83.5 25.7 7.0
(-0.9) (20.4) (-5.3) (-72.4) (18.8) (-1.0)
(kea/10) — (Depth x 2) 4.4 24.7 141.3 89.3 02 8.4
(-04)  (-10.3) (-613.1) (-7.5) (33.3) (-1.6)
(kea/10) — (BC % 0.637) — rSpmin = 50 3.0 19.3 103.2 86.0 21.6 7.1
(-0.9) (15.8) (11.1) (-64.0) (16.4) (-1.4)
(kea/10) — (BC % 0. 637) — 1Smin = 50 — depth x 2 5.0 20.1 80.1 84.0 39.4 8.8
(-0.5) (18.8) (-90.3) (-9.6) (18.5) 1.7)

configuration. From these analyses, it seems that the 4 RESULTS

net radiation is the variable least affected by
changes in soil and vegetation parameters, with
variations ranging between 1% and 4.7%. In con-
trast, the ground and the sensible heat fluxes
undergo large changes of between 15% and
141.3%. Latent heat flux, LST and soil moisture
show a similar degree of wvariability of 10% to
20%. A decrease of saturated hydraulic conductivity
(simulations 1 and 2) leads to an increase in latent
heat flux and, of course, a decrease in sensible heat
flux, which causes a negative change of LST. The
opposite variations in the same variables are found
when kg, is multiplied by a factor of 10. The
Brooks-Corey index (Simulation 4), which affects
percolation, produces a change in latent heat flux
similar to Simulation 1, with a change in &, but the
soil moisture has a slightly smaller increase. This is
also true if the minimum stomatal resistance is con-
sidered. The parameters that affect the representa-
tive equilibrium temperature more are the saturated
hydraulic conductivity and the soil depth. If more
parameters are modified simultaneously, the varia-
tions of energy and mass flux estimates increase.
For example, in Simulation 13, which takes into
account all the changed parameters, greater changes
in LST and latent heat flux are reported.

4.1 Calibration through comparison between
RET and LST from MODIS

The calibration of soil hydraulic and vegetation para-
meters for the Yangtze River basin is reported here,
showing the comparison between RET estimates
from the FEST-EWB model and MODIS satellite
data of LST that were chosen as the benchmark in
this study.

In Fig. 2, as an example, the RET image for 11
May 2001 at 12:00 is reported for the O-SoVeg
configuration, as well as the LST image from
MODIS. The hydrological model seems to be able
to reproduce the different thermodynamic behaviours
differentiating between mountains with lower tem-
perature, and plains with higher temperature, and it
is clear from the legend that the values are different.
If histograms are computed (Fig. 3), a discordant
distribution of pixel numbers is found between RET
and MODIS LST in each temperature class. The
classes are composed of temperature ranges of 2°C.
Table 3 reports the evaluation parameters computed
for the Upper Yangtze River basin for RET from the
FEST-EWB model in the original O-SoVeg config-
uration. Values of MBE and AMBE indicate a mean
overestimation, respectively, of 0.4 and 4.5°C for the
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2001 at 12:00.

entire dataset of 170 images; RMSE = 5.3°C; the
relative error is 18.4%; and the Nash-Sutcliffe index
is equal to 0.15.

An initial deeper analysis can be performed
con-sidering errors computed only for night-time
images and for day-time maps. In fact, the
thermodynamic variability that is clearly evident
during the day is softened at night. So higher
errors are present during the day, with AMBE of
5.2°C and RMSE of 6.8°C, while an AMBE of
3.6°C is reached at night with RMSE of 4.9°C
(Table 3). A substantial difference in terms of
temperature is, of course, also present between
summer and winter. This variability is accentuated
by the large wvariations in altitude in the Upper
Yangtze River basin, from about 6200 m a.s.l. to 500 m
a.s.l. The images database was divided into two
homogeneous groups, according to the mean LST
of the basin between May and September and
between October and March, for the four years of
analysis. From the comparison between RET and
MODIS LST, an AMBE of 4°C is found for
summer periods and an overestimation of 4.8°C for
winter images (Table 3).

Summarizing all the analyses performed,
FEST-EWB in the O-SoVeg configuration generally

overestimates LST from MODIS. So according to the
methodology described in Section 3.2, the soil
hydraulic and vegetation parameters are now modi-
fied differently in each pixel of the domain to mini-
mize RMSE, MBE and AMBE and maximize the
Nash-Sutcliffe index. The parameters subjected to
calibration are: soil hydraulic conductivity, Brooks-
Corey index, soil depth and minimum stomatal resis-
tance. Each parameter is modified differently in each
pixel, increasing or decreasing it by a different per-
centage based on the difference between the simulated
and observed LST. More than 60 combinations of
parameters and percentage of change have been
tested. Table 4 lists some of the most interesting
simulations, reporting which parameters are modified.
In Fig. 2, RET images for 11 May 2001 at 12:00 are
also reported for some significant simulations
showing how LST is affected by the changes in
soil hydraulic and/or vegetation parameters. The dif-
ferences between simulations are apparent in Fig. 3,
in which histograms are shown for the same signifi-
cant simulations as selected in Fig. 2. In fact the
number of pixels in the different classes changes
between the different simulations. The RET
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Table 3 Mean bias error (MBE), absolute mean bias error
(AMBE), root mean square error (RMSE), relative error
(RE) and Nash-Sutcliffe index () computed for 170
images of the Yangtze River basin for the calibration
period—O-SoVeg configuration.

O-SoVeg MBE AMBE RMSE RE g
configuration (°C) (°C) (°C) (%)
Complete database 04 44 5.9 184 0.15
Day-time images 0.1 52 6.8 189 0.11
Night-time images 0.7 3.6 4.9 18.1 0.18
Summer images -0.5 4.0 5.5 172 0.14
Winter images 1.1 4.8 6.3 18.9 0.17

frequency distribution that denotes a more similar
shape to that of LST from MODIS is related to
simulation with the modified parameters of kg,
Depth, BC and rs,;,, where there is almost the
same number of pixels in the different classes. The
errors that confirm this finding are given in Table 5
for the different FEST-EWB model configurations
and for MODIS. A strong decrease in AMBE is
shown from the simulation in the O-SoVeg config-
uration, with AMBE = 5.4°C, to the simulation with
the modified parameters of kg, Depth, BC and rsyn,
with AMBE = 1.8°C, as well as for the other



Table 4 Mean bias error (MBE), absolute mean bias error
(AMBE), root mean square error (RMSE), relative error
(RE) and Nash-Sutcliffe index (1) computed for 170
images of the Yangtze River basin for the calibration
period—other simulations performed. (O-SoVeg included
for comparison.)

Modified parameters MBE AMBE RMSE RE n
O O O ()

O-SoVeg 0.4 44 59 184 0.15
Modified kg, 0.63 42 5.1 179 0.19
Modified Depth 0.5 4.0 52 16.5 0.24

Modified Depth and &;,, 0.48 3.3 4.8 104 0.31

Modified kg, and BC 0.6 4.0 5.1 162 0.22

Modified kg, Depth 043 3.1 43 10.6 0.34
and BC

Modified kg, Depth 0.3 2.9 3.7 9.1 049
and rSpin

Modified kg, Depth, 0.15 19 2.9 6.2 0.65
BC and rs,;,

Table 5 Mean bias error (MBE), absolute mean bias error
(AMBE), root mean square error (RMSE), relative error
(RE) and Nash-Sutcliffe index () computed for 11 May
2001 at 12:00 h.

Modified parameters MBE AMBE RMSE RE n
O O O ()

O-SoVeg 281 54 6.9 -19.1 -0.02

Modified Depth 2.0 4.1 6.1 -16.3  0.10

Modified Depth and —-1.94 3.9 52 -14.6  0.22
ksat

Modified kg, Depth —0.8 2.8 3.1 -12.1  0.49
and BC

Modified kg, Depth, 0.6 1.8 24 -43 071
BC and 15,

statistical parameters. The parameter values for the
entire basin reported in Table 1 show an increase in
the spread of the parameters with respect to the
original values. In fact higher standard deviations of
the parameters are linked to the methodology of
calibration based on the LST difference in each pixel.

In Fig. 4 the mean absolute differences between
RET from FEST-EWB and LST from MODIS are
reported for the 4-year calibration period. From these
analyses performed on histograms and statistical
indices, the parameters that minimize AMBE
(1.9°C), MBE (0.15°C), RMSE (2.9°C), RE (6.2%)
and that maximize the Nash-Sutcliffe index (0.65) are
linked to the modification of kg, Depth, BC and
I'Smin- The statistical results for some simulations are
reported for the 170 dates in Table 4.

The statistical parameters are also computed
separating between day-time and night-time
images, and between summer and winter periods,
and a good ability of the model in reproducing
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Fig. 4 Absolute mean differences between LST from the
FEST-EWB model and LST from MODIS satellite data for
the 4-year of simulation period.

Table 6 Mean bias error (MBE), absolute mean bias error
(AMBE), root mean square error (RMSE), relative error
(RE) and Nash-Sutcliffe index () computed for 170
images for the calibration phase for the selected simulation
with the modification of kg,, Depth, BC and rs ;.

Modified kg, depth, MBE AMBE RMSE RE g
BC and sy, O O 0 (%)
Complete database 0.15 1.9 2.9 62  0.65
Day-time images 0.31 24 3.1 7.1 0.6
Night-time images 0.1 1.6 2.6 6.1 0.68
Summer images 0.28 23 3.1 7.0  0.62
Winter images 0.21 2.0 32 7.1 0.66

satellite data is observed for each situation
(Table 6).

The evaluation parameters are confirmed by fre-
quency distributions graphs. Exampes of RET maps
from the selected simulation are shown in Fig. 5,
accompanied by the corresponding histogram for
some dates showing a good similarity between simu-
lated and observed LST for night-time as well as day-
time images. A good performance is also reported for
summer time, when greater thermodynamic variabil-

ity is present.

4.2 Calibration through the comparison between
observed and simulated discharge volume

The FEST-EWB model was also calibrated following
the traditional methodology, based on comparison
between observed and simulated discharge cumulated
volume in river cross-sections, which has been well
assessed by the scientific community (Beven and
Binley 1992, Brath et al. 2004, Rabuffetti et al.
2008). For the Yangtze River basin the Yichang
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Fig. 5 Examples of RET and LST MODIS maps from the selected simulation, with the corresponding histograms.

station was selected due to availability of observed
data in only that cross-section.

In this calibration against discharge procedure,
each soil parameter is multiplied or divided by a
factor which is constant for the entire basin. This
procedure differs from the proposed methodology
based on LST, in which each pixel is multiplied by
a different factor according to the relative difference
in terms of temperature.

The calibration on discharge is based on a trial-
and-error approach. The comparison is primarily
focused on flood volumes, which are strongly depen-
dent on the infiltration process, and not linked with the
timing of propagation. The parameters subjected to
calibration are the soil hydraulic conductivity, Depth,
Smin and BC. These parameters have been modified
taking into account that an increase in deep soil con-
ductivity implies an increase in subsurface flow, and a
decrease in kg, leads to an increase in the drainage
process. The CN map and parameters required for sur-
face flow routing (roughness coefficient and section
width) were not modified in the calibration process.

Each simulation was then compared with the
observed cumulated volume, and the quality
indices calculated to classify the model reliability.

In this framework, negative relative errors for dis-
charge volumes show that the model tends to
underestimate observed data. In Table 7, relative
errors between observed volume and simulated
volumes from FEST-EWB runs in the O-SoVeg
configuration, and after the calibration process
against discharge, are reported. Before calibration,
it seems that the FEST-EWB model tends to under-
estimate cumulated volume over 4 years, while
model improvement can be seen with the calibra-
tion process. In fact, the calibration activity pro-
duced a general improvement in the model
performance in terms of flood volume errors ran-
ging from —77.9% to —8.7%. The simulation which
minimizes the error on cumulated volume is char-
acterized by the modified soil parameters: kg, mul-
tiplied by 10 and Depth by 2. The parameter values
for the entire basin along with their standard devia-
tions after calibration against Q are also reported in
Table 1. The spatial variation of the parameters
does not change; in fact the standard deviation
remains the same as for the original values.

In Table 7, errors in cumulated volume are
also reported for the selected simulation after the
pixel-to-pixel calibration process against LST from



Table 7 Relative errors in surface volume between observed and simulated using FEST-EWB for the simulations with the

original parameters, and calibrated against LST and Q.

Calibration (September 2000-2004)

Validation (2006)

RE (%) on discharge n
volumes

RE (%) on n

O-SoVeg configuration
modified kg, Depth, BC and rs,,;, (calibration against LST)
Ko x 10 — Depth x 2 (calibration against Q)

discharge volumes
-279 0.54 —25.5 0.58
3.0 0.81 2.9 0.79
—6.3 0.62 -7.6 0.63

MODIS where kg, BC, rs,;» and Depth have been
modified.

In Fig. 6 the observed cumulated volume is
shown together with the selected FEST-EWB simula-
tions after the calibrations performed against river
discharge and against satellite LST images. The
simulation period from 1 January to 31 July 2000 is
considered to be a start-up period, due to the fact that
the initial snow cover condition is zero; thus the
statistical parameters are computed starting from 1
August 2000.

4.3 Validation

For the validation period (January 2005—September
2010), 358 MODIS LST images were selected. The
RET from the FEST-EWB model with the calibrated
parameters (modified kg, BC, rs,;, and Depth) were
then compared with MODIS data and the statistical
indices computed, as follows: AMBE = 2.3°C, MBE
= 0.32°C, RMSE = 3.6°C and RE = 9.2%. These
results confirm the goodness of the performed cali-
bration. The results are also analysed in terms of
surface cumulated volume for the year 2006, for

3E+11

modified ksat, depth, BC and rsmin
3E+11 ksat * 10 - depth * 2

——observed

2E+11

2E+11

1E+11

5E+10

Cumulated superficial volume (m®)

dates

Fig. 6 Observed cumulated surface volume, together with
selected FEST-EWB simulations from both the internal
and external validation processes.

which observed data are available. In Table 7, the
relative errors (RE) show that the simulation cali-
brated against LST slightly outperforms the observed
cumulated volume (2.9%), while the simulation cali-
brated against O underestimates it (—7.6%). It is also
interesting to note the difference in # index, which
indicates that the surface volume obtained from the
FEST-EWB model calibrated against LST has a shape
more similar to the observed one than the volume
computed from FEST-EWB calibrated against Q.

5 DISCUSSION

The advantage of performing an internal validation
of the FEST-EWB model using satellite LST has
been shown. Following the direction highlighted by
Dooge (1986), we  have  tried to analyse
the beha-viour of the model internal state variable
(e.g. soil moisture and its proxy) in addition to
the tradi-tional external fluxes (e.g. discharge)
to better understand the hydrological processes
in each pixel of the domain.

The FEST-EWB model calibrated using LST
retrieved from MODIS satellite sensor data per-
formed quite well. These results should be seen in
the context of hydrological simulations, where the
ultimate goal is estimates of distributed evapotran-
spiration, water content and local discharge. As
reported in Section 3.3, if the uncertainty in the
RET estimate is analysed in terms of relative errors,
a variation of about 1% in RET can lead to a differ-
ence in the LE estimate of between 10% and 20%. In
terms of values, Corbari et al. (2011) showed that a
bias of 2.5°C in LST estimates leads to an error of
only about 20 W m™ in LE computation in FEST-
EWB. Similar results are reported in the literature
where, for example, Brutsaert et al. (1993) report
that a variation of 0.5 K in LST can lead to an error
of 10% in sensible heat flux estimation.



Furthermore, the MODIS images uncertainty
linked to the retrieval algorithm should also be
taken into account. The definition of satellite LST
over a heterogeneous area should be analysed con-
sidering the spatial resolution, angle of view of
the sensor and emissivity (Sobrino et al. 1994,
Jacob et al. 2004, Kustas et al. 2004, Soria and
Sobrino 2007). Sobrino et al. (2007) analysed the
accuracy of MODIS LST products, showing that the
mean bias with ground data is equal to 2 K. Wang
et al. (2008) report an extensive validation of differ-
ent MODIS LST products with biases between 0.8
and 3°C, and RMSE around 2°C.

In the present research, thermal infrared data
were selected instead of a direct estimate of surface
soil moisture inferred from microwave data, because,
despite its potential (mainly overcoming cloud cover
problems contaminating thermal infrared images),
many limitations are present due to the complex
geometry of the readings, low sensitivity to soil
water content above a threshold significant for flood
generation (Mancini et al. 1999), and low spatial
resolution (Wagner and Scipal 2000). Moreover
other limitations are linked to the signal penetration
into the soil, so that SM values from microwave
information are related to the upper centimetres
only (Wagner et al. 1999) and also to the noise signal
due to vegetation (Jackson et al. 1982).

Another problem linked to the application to
the Yangtze River basin is related to the selected
spatial resolution of 5 km. This means that a pro-
blem of spatial representativeness appears due to the
process of aggregation from the nominal resolution
of LST MODIS images of 1 km to 5 km. The
aggregation was performed using the mean value
of the 1 km x 1 km pixels enclosed in the 5 km x
5 km pixel.

A big part of the uncertainty is also due to the
available ground meteorological data. Two problems
can be highlighted: (a) the small number of stations
which do not cover the entire basin, and (b) the
downscaling procedure applied to daily data to com-
pute hourly data. A source of error can also be found
in the definition of the pedological characteristics of
the basin soils from the Harmonized World Soil
Database, due to the fact that only three types of
soil are identified and more 94.5% of the basin is
included in only one class.

Problems also arise from the calibration per-
formed using discharge measurements. It is well
known from the literature that ground data of
river flow are affected by high uncertainty (Beven

2006, Di Baldassarre and Montanari 2009).
Pelletier (1988), after reviewing 140 publications
on river discharge errors, found that the uncertainty
ranges between 8% and 20%. Baldassarre and
Montanari (2009) highlighted that errors along the
Po River are between 6.2% and 42.8%. We did not
find errors for Yangtze River discharge reported in
the literature, but some error should be taken into
account.

6 CONCLUSIONS

In this study, the FEST-EWB model was calibrated
for the Upper Yangtze River basin using satellite
imagery of land surface temperature (LST), as well
as river discharge measurements.

A procedure for the internal calibration of the
hydrological processes is presented so that soil
hydraulic parameters and vegetation variables are
calibrated differently in each pixel according to the
comparison between observed LST and simulated
RET, minimizing the errors. The calibration proce-
dure based on LST seems to outperform the calibra-
tion based on discharge, with lower relative error and
a higher Nash-Sutcliffe index on cumulated volume.
Using this methodology, a different spatial distribu-
tion of soil and vegetation parameters can be
obtained.

This methodology will be of particular interest
in ungauged basins where satellite LST can now
be used to calibrate the evaporative processes in
each pixel of the domain without river discharge
being known. It also raises the possibility of using
LST from remote sensing for driving irrigation
management differentiating between the different
plots.
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