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Abstract: A Distributed Time—-Variant Gain Hydrological Model (DTVGM) based on remote sensing (RS) is
proposed. The model contains several sub-models, such as snowmelt model, runoff model. It produces
outputs including snow cover, evaporation, runoff, etc. All inputs for the model are derived from remote
sensing data. Data from the Lhasa River basin is used in this study, including USGS-SRTM DEM, TRMM
precipitation and Modis—-LST. More than eight years (2001-2008) of daily hydrological data set was
selected to calibrate the model. Based on the comparison of the observed and estimated runoff, the
model's averaged efficiency of daily runoff simulation is over 0.6. The error of water balance was less
than 5%. Distributed modeling results are quite satisfactory. This study provided a promising approach to
resolve hydrology and water resources problems in ungauged or sparsely gauged basins.
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1 Introduction

Remote sensing (RS) data has been used widely in hydro-
logic modeling studies. Most of the applications involve
the use of vegetative covers, land use patterns, digital ter-
rain derived from RS data. Cermak (1979) studied how to
estimate hydrological parameters by using Landsat-de-
rived land use data. In similar studies, Wei et al. (1992)
and Liu et al. (2005) utilized RS based land use and soil
type data to run SCS (Soil Conservation Services) model
and obtained improved hydrologic simulation results.
There were numerous applications using RS data to get
better simulations of snow cover and snow depth, and
consequently improve snowmelt- induced runoff (Mar-
tinec 1986; Seidel 2004; Kaya 1999; Ferguson 1999;
Wang 2001; Tekelia 2005).

Tropical Rainfall Measuring Mission (TRMM) data be-
came available since 1998. The spatial resolution of
TRMM data is 0.25° by 0.25°, and the temporal resolu-
tion is 3 hours. The data has been applied in many basins
in the world, including Huaihe River Basin (Yang et al.
2009), and Amazon basin (Collischonn 2008). These re-
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sults indicated that the precision of TRMM data is similar
to the observed raingauge data.

How to use RS data to compute evaporation has always
been a hot topic in hydrologic modeling. Immerzeel
(2008) found that the simulation of spatial distribution of
hydrologic cycle by SWAT model was more creditable by
using RS derived evaporation.

Much progress has been made by using RS data to
study various hydrologic phenomena. However, few pre-
vious studies depend exclusively on RS data as the only
source of data to conduct hydrologic modeling. This
study shows how to make exclusive use of RS data for
the Distributed Time-Variant Gain Hydrological Model
(DTVGM). The RS data used include USGS-SRTM
DEM, TRMM precipitation and Modis-LST. DTVGHM
simulates the entire hydrologic process and generates run-
off, soil moisture, and snow depth outputs. The Lhasa ba-
sin in Tibet is used as a case study.

The paper is organized as follows. Section 2 describes
DTVGM. Section 3 discusses the RS data sets used and
the preprocessing methods. In Section 4, we present the
simulation results. Section 5 provides summary and con-
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clusions.

2 A brief description of the Distributed
Time-variant Gain Hydrological Model
(DTVGM)

Time-Variant Gain Hydrological Model (TVGM) is a rain-
fall-runoff modeling system developed based on nonlin-
ear Volterra functional series and a conceptual hydrologi-
cal modeling approach (Xia 1989; 1995). With the adop-
tion of GIS technology, TVGM is extended to include a
distributed hydrologic modeling capability (DTVGM).
DTVGM was applied to two cases: the Heihe River Basin
located in the arid and semiarid region of northwestern
China and the Chaobai River basin located in the semi-hu-
mid region of northern China (Xia et al. 2002). DTVGM,
combining the advantages of both nonlinear and distribut-
ed hydrologic models, can simulate various hydrologic
processes under different environmental conditions. Prom-
ising results were obtained in forecasting the time-space
variations of hydrologic processes and the relationships
between land use/land cover change and surface runoff
variation.

In this study, snowmelt and RS driver modules were in-
corporated to DTVGM. The new model structure is
shown in Fig. 1.

2.1 Snow cover and snowmelt module
The main object of snowmelt module is to simulate
amount of water from snowmelt. The module can output
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Fig.2 Flow chart of precipitation and snow melt module.

areal coverage of snow, snow depth and snow melt. It is
based on dynamical balance of snow accumulation and
snowmelt.

Model sub-steps are presented as follows (Fig. 2):

(1) Initialize the snowmelt module to obtain initial
snow cover area and snow depth for each sub-basin

In a basin, air temperature and precipitation determine
the areal coverage of snow and snow depth. Under the
same amount of precipitation, lower temperature will lead
to thicker snow cover. Therefore, initial snow depth can
be written as a function of temperature:
H,=H,-exp(-T/T,) )
where H,, is initial snow depth (mm), T is air temperature
(°C), Ho, T, are parameters.

From E,. 1, assuming Ho=1 and T,=8, the H.-T relation-
ship is shown in Fig. 3:
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Fig.1 Framework of distributed hydrological model based on RS.
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Fig.3 The relationship between initial snow depth and air
temperature.

Snow depth is calculated as snow water equivalent.
When air temperature is less than 0 °C, precipitation is re-
garded as snow, and adds to snow depth.

(2) Snowmelt

Snowmelt is computed according to day degree factor
(DDF) method (Li 2008; Liu 2006). The melted water can
be calculated according to the following equation:

a(,~-T,) T,>T, ad a(T,-T,)<H,
§=1H, >T, ad o (T,~T,)>H, 2)
0 I <T
P,

- 3)
where S is melted water (mm), o is DDF (mm °C* d*),
Tav is average air temperature (°C), T is the critical tem-
perature of snowmelt, p; is snow density, p. is water densi-
ty, H, is snow cover depth.

Strictly speaking, DDF varies with snow density. Snow
density varies in time. In order to simplify the calculation,
snow density is pre-specified for different months (Table
1; Li et al. 2008).

(3) Snow cover and depth change

In the distributed model, the basin is divided into sever-
al sub-basins. Snowmelt calculation is done for each
sub-basin. The snow depth is likely to change because of
precipitation and snowmelt in each sub-basin in each time
period.

o =

2.2 Potential evaporation method
Potential evaporation is computed based on the method of
Hargreaves & Samani (1985):

Table 1 Snow density (Li et al. 2008).

E.l” ix aQD ('T+ 1?'8)(?:"1‘ "T:nin )b (4)
where a, b are parameters, a ranges between 0.0023 and
0.0032, b varies between 0.5 and 0.6, Q, is solar radiation
(mm day™). T, Twx, Tmn are daily average, maximum and
minimum temperature (°C).

2.3 Runoff method

Runoff is calculated for each hydrologic unit (i.e., sub-ba-
sin or grid). There are three layers in the model: vegeta-
tion layer, surface soil layer and deep soil layer (Fig. 4).
There are three runoff components: surface runoff on land
surface, sub-surface runoff from the surface soil layer,
and base flow from the deep soil layer.

DTVGM is basically a water balance model. Evapora-
tion, soil moisture and runoff are computed iteratively.
Water balance equation is:
B+, =MW, +Rs,+E+Rss, +Rg, )
where P is precipitation, W is soil moisture, E is evapora-
tion, Rs is surface runoff, Rss is sub-surface runoff, Rg is
ground water runoff, i is period of time.
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Fig. 4 The runoff model.

Inserting current evaporation, surface runoff, sub-sur-
face runoff and base flow in Eq. 5, we obtain:

B+ AW, = AW + g (s P
ln ©)
AW, K, +Ep,-K,+ AW, K,

u

where AW is soil moisture (mm), AW, is the upper soil
moisture at sub-basin (mm), AW, is the lower soil mois-

Month 1 2 3 4 5

6 7 8 9 10 11 12

Snow density (gcm?®) 0.136 0.1 0.1 0.155  0.15

0.167 0.2 0.2 0.133 0.1 0.134 0.173




b

YE Aizhong, et al.: A Distributed Time-Variant Gain Hydrological Model Based on Remote Sensing 225

ture at sub-basin (mm), WM, is the upper saturated soil
moisture (mm), u is “upper”, it mean upper soil, g: and g,
are parameters (0<g:.<1, 0<g,), g. is runoff coefficient
when soil is saturated, g. is the parameter about soil wa-
ter, C is land cover parameter, K, is the sub-surface runoff
coefficient, K, is the groundwater runoff coefficient, K. is
the evaporation coefficient.

2.4 Routing model

The routing model used is the kinematic wave model. In
order to simplify the model, the friction term in momen-
tum equation is ignored. Assuming that friction slope (Sf)
is equal to slope (SO) and river flow is unsteady open
channel gradual change flow (Ye et al. 2006), the continu-
ity equation is written as:

04 80

o ox ¢ Y

where A is river cross section area (m?), t is time(s), Q is
discharge (m* s™), x is flow path (m), q is lateral inflow
(m®s™).

Flow velocity v (m/s) is calculated based on Manning
formula:

1 2.1
o s ©®)
where n is Manning roughness coefficient (Huggins
1996), S, is slope.
The discharge at the river cross section is:
Q=A4:v )
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Fig. 5 Sketch map of stream network definition.

The river stream network is encoded from the outlet
of basin to upstream (Fig.5) (Ye et al. 2005). The rout-
ing is calculated from upstream to the basin outlet,
namely.

3 The RS data and preprocess method

3.1 TRMM

TRMM is a joint mission between US and Japan. It is the
first satellite Earth observation mission to monitor tropi-
cal rainfall, which exerts significant influences over glob-
al climate and environmental change. The temporal reso-
lution of TRMM is 3 hours. The spatial resolution is 0.25
degree. Daily data is obtained by summing 3-hour data
over a 24-hour period. The hydrologic unit is a sub-basin.
Daily precipitation over a sub-basin can be obtained using
a spatial interpolation method.

3.2 Modis LST and preprocess method

Land surface temperature (LST) is one of the Modis data
products (i.e., MOD11A1) (https://wist.echo.nasa.gov/). It
has a daily temporal resolution and 1 km spatial resolu-
tion. The data preprocessing includes the following steps:
(i) the data was first downloaded from NASA website for
the designated area; (ii) the data is merged and consoli-
date; (iii) the matrix coordinates of the sub-basins are
translated into a Sinusoidal projection coordinate system,
consistent with the Modis data; (iv) convert the Modis 1
km data into areal average for each sub-basin; and (v) fill
in the missing values in the Modis data by interpolation
method. Modis day LST and night LST are used, and the
average LST is the average of day and night LST.

3.3 Modis LST to 2m air temperature

Statistics shows that correlation coefficient of LST and
2m air temperature (T.») is more than 0.95. In order to
simplify calculation and reduce data requirements, T, is
obtained using the relationship between LST and T
through regression analysis. The relationship is different
for different areas. Thus the regression parameter should
be calibrated for each sub-basin:

T,

2m

=a-LST+b (10)

where a and b is regression parameters.

3.4 Modis snow cover data process

Modis snow cover data has a 500m by 500m spatial reso-
lution. The data is available every 8 days. The preprocess
method is as same as LST. Snow cover data is used for
model verification.
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4 Results for Lhasa River Basin

4.1 Lhasa River Basin

Lhasa River is the largest tributary of the Yarlung Zangho
river in Tibet (Huggin et al. 1995). The basin drainage ar-
ea is 32 471 km?, equal to about 13.5 % of Yarlung Zang-
bo basin area. The Lhasa River length is 551 km, eleva-
tion drop is 1620 m, and average gradient is 2.9%. Lhasa
River has many tributaries, including Maiqu, Sangqu,
Laqu, Xuerongzangbu, Mojumaqu, Yunianqu and Du-
ilong (Fig. 6). The largest tributary is Duilong which has
a river length of 137 km and area of 4988 km’. The annu-
al precipitation is about 500mm. The distribution of pre-
cipitation is uneven during the year. About 90% precipita-
tion is concentrated from June to September. The annual
evaporation is about 1300mm. The annual runoff is about
300mm.

4.2 The RS data in Lhasa River Basin
The annual precipitation from TRMM is 558mm in the
Lhasa River in 2001. The spatial distribu-

Table 2 The observed annual precipitation at meteorological
stations in 2001.

Station Lhasa  Dangxiong Mojugongka
Annual precipitation /mm  492.3 655.0 725.5

Since Modis can provide LST with a mean error of less
than 1K°, Modis LST can be used reasonably for hydro-
logic modeling. Potential evaporation calculation needs
T2m, which can be calculated from LST according to Eq.
10. The statistical results between observed LST and T.m
for 19562000 are shown in Table 3 and Figs. 9 and 10:

Fig. 11 displays the annual average temperature for the
entire study area based on data from 2001 to 2008.

Potential evaporation calculated based on T., for 2001—
2008 is shown in Fig. 12:

4.3 The hydrological simulation in Lhasa River Basin
Based on USGS-SRTM 3-second DEM, the Lhasa river

tion of precipitation is consistent with the Table 3 The relation between LST and T. at meteorological stations.

ground based observations (Fig. 7). The er-

ror of total precipitation is less than 20%. Station  Station  Elevation _
. L . ID  No. name (m) Longitude Latitude  Pa Pb R
The spatial resolution is higher than interpo- —
lation data from limited meteorological sta- 96202 Jiali 4488 93283 3066 079 -2.714 0962
55593 Mojugongka 3804 91.733 29.851 0.762 -1.045 0.959

tions (Table 2 and Fig. 8). Because there are
no meteorological stations when the eleva-
tion is higher than 5000m (Fig. 8), the RS

55591
55493

B~ w N

Lhasa 3648 91.033 29.717 0.725 -0.195 0.958
Dangxiong 4200 91.100 30.484 0.809 -2.822 0.962

data is more reasonable.

Note: Pa and Pb: the a and b in equation (10); R : the relation between LST and T.n.
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Meate-Staticn
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Basin boundary
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Fig.6 The Lhasa River Basin.
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Fig. 9 The relation between LST and T2m at Lhasa.

basin is divided to 1279 sub-basins using GIS. The
sub-basin is the minimum hydrologic unit of the model.
The hydrologic calculation is performed on each sub-ba-
sin.

The study time period is from 2001 to 2008. A daily
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]

Legend
L Mete-station

2001 TRMM Preci.
Walue Fig.7 The spatial distribution

High:772 of TRMM precipitation in
2001.

B Lo

Fig.8 The meteorological sta-
tions and their control areas.

k1
20 T2m=0.809xL5T-2.822

R*=0.926
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LST(T)
=
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2m Temperature] )
Fig.10 The relation between LST and T2m at Dangxiong.

time step is used for hydrologic simulation. Observed dis-
charge for 2001-2002 at Lhasa hydrologic station is ob-
tained. Table 4 exhibits comparison results between simu-
lated discharge and observed discharge. Following obser-
vations can be seen from the results: (i) DTVGM is a fea-
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sible model, and simulated discharge matches reasonably
with the observations (Figs. 13 and 14); (ii) simulated
flood peak lags the observed peak. This is due to that fact
that TRMM precipitation occurs later than the observed
precipitation; and (iii) simulated and observed total water
volume are very consistent with a correlation coefficient
value of close to 1, and an error of less than 5%.

E=!1-Z(Q“—_Q_")z]xloo%
Z(Qo _Qo)

Table 4 Results of the simulation.

E R B
2001 0.692 0.850 1.01
2001-2002 0.552 0.778 1.02

Juah

Legend
& Mete-station

LST

Value

- High:9

Fig.11 Annual average LST
(°C) in 2001-2008.
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® Mete-sation

Evap.
Walue

- High:2054
Fig.12 Annual average

. potential  evaporation
LawiEs (mm) in 2001-2008.

>(0.-0.)0,-0,)

©-0rY©-0,

where 0,.0..0.,0, are observed flow, simulated flow
and average observed flow; E is Nash efficiency coeffi-
cient; R is correlation coefficient; B is balance coefficient.

R=

5 Conclusion

Taking advantage of the advancement in remote sensing
technology and theory, this paper proposed a method to
utilize RS data to drive DTVGM. This method is suitable
for distributed hydrologic modeling in cold mountainous
areas or where hydrologic data is scarce. The method is
promising for applications in hydrology and water re-
sources. The advantage is that there is no need for any
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3000

2500

surface observation data. Only currently available RS da-
ta is needed. Therefore, it is an effective tool to for Predic-
tions in Ungauged Basins (PUBS).
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