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Remote sensing in hydrology

Regional hydrological modeling

Potential evapotranspiration: Penman-Monteith approach
Land surface properties in hydrological model

a) standard

b) remote sensing (MODIS) data

Study area: White Volta basin

a) Albedo comparison

b) LAl comparison

Impact of MODIS albedo and LAI on water balance estimations
a) time series

b) spatial distribution

Summary
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Remote sensing in hydrology ﬂ("

Remote sensing produces

« areal measurements in place of point measurements
 all information is collected & stored at one place

it offers high resolution in space & time

« data are available in digital form

Remote sensing in hydrology
« Dbetter define soils and land covers over a watershed
—> required for the determination of infiltration, evapotranspiration, runoff
« correct errors in input data based on point measurements
« estimate evapotranpiration (ET) & soil moisture fields

Schultz, G. A. 1998. Remote sensing in hydrology. Journal of Hydrology, 124, 1071-1107.
Singh, V. P. (ed). 1995. Computer Models of Watershed Hydrology. Water Resources Publications.
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Remote sensing in this study ﬂ("

For hydrological modeling in poorly gauged basins &
regions with a weak infrastructure (White Volta basin)

 Remote sensing (RS) is valuable data source
- RS satisfies several data requirements
- RS provides data near real time!!
-> no delay due to data collection, digitalization,...

In this study

« RS products are used for a better description of land
surface parameters in hydrological modeling

« Land surface properties albedo & LAI (Leaf Area
Index) from the space-borne remote sensing system
MODIS are employed

Integration of MODIS derived land surface
properties into a water balance simulation model
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I Regional hydrological modeling ﬂ("

Terrestrial Water Balance & Runoff components
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Potential evapotranspiration

 Definition: maximum quantity of water capable of being evaporated from
the soil to the atmosphere by evaporation and plant
transpiration of a specified region (climate)

* Penman-Monteith:

with

and
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Potential evapotranspiration

« List of symbols

A [kJ/Eg] latent vaporization heat: A = 2500.8 — 2.372 - T'[°C]
E [mm/m?  latent heat flux: [mm/m?| = [kg/m?]
A [hPa/K] tangent of saturated vapour pressure curve A = i;;
Ry [Wh/m?] net radiation
G [Wh/m?] soil heat flux, here: 0.1 - Ry
p [kg/m? density of dry air
¢, [kJ/(kg- K)|specific heat capacity of dry air at
constant pressure: ¢, = 1.005
es [hPad] saturation vapour pressure at temperature T
e [hPd] actual vapour pressure (observed)
t,  [—] number of seconds within a time step
vy |hPa/K »svchometric constant
bulk-surface resistance
bulk-aerodynamic resistance
Ry  [Wh/m?] net radiation
Q [—] surface albedo
RG  [Wh/m?] global radiation: RG = R.., + R, with
shortwave direct R, and diffuse K, radiation
Ry [Wh/m?] longwave radiation: Ry = R, — R,
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Potential evapotranspiration ﬂ("‘

aerodynamic resistance
bulk surface resistance

I ___reference
r level
a
aerodynamic
resistance
evaporating
surface
I
S
(bulk) surface
resistance
http://www.fao.org/docrep/x4090/x4090e06.htm
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Potential evapotranspiration ,;\‘("
Surface albedo [ ]
 Definition: reflectance of incident energy by the surface;

determined by surface reflectance properties, which vary for
different forms of surface materials and wetness

36 SR — )+ P e
* Penman-Monteith: 36 (RN —G)+ —=(es—¢) -ty
/\E — P P (4}
N
—+ 1+ —
h*P Tq
with Ry=(l—a) -RG-R,
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* increase of O values = decrease of 7\
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Potential evapotranspiration ﬂ("
LAI: Leaf area index [ ]

* Definition: total one-sided leaf area per unit ground surface [y~ o5 qay
——r_SS day
 Penman-Monteith: & 1/r_s day
| - 1/r_s night
9 A Y P Cp 0.020
3.6 —(Rny—G) + (es —e) - 1;
\NE = Iy Tp - Ta
AT, 0.015
—+ 14+ —
T Iq
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KIT — die Kooperation von lﬁ l- Forschungszentrum Karlsruhe
E h t Karlsruhe GmbH HELMHOLTZ i = .
ur(:;sa ntijysrsSiztz? Izl;r:sr :r: esr(l_JI_ H9) m | GEMEINSCHAET r in der Helmholtz-Gemeinschaft



Regional hydrological modeling ;“("'

Terrestrial Water Balance & Runoff components

Precipitation P

Gro f
v;i'-~-iiff“’ Exfiltration
; “"‘fr'h‘tf“" 4 atiog

Infiltration

f

|

Redistribution

Evapotranspiration ET,

Pl mnt -

Llpl take

_Water  V/ C 1|J|H |1\, rise
‘table T o '

Recharge

KIT — die Kooperation von # Forschungszentrum Karlsruhe
Forschungszentrum Karlsruhe GmbH HELMHOLTZ r in der Helmholtz-Gemeinschaft
und Universitét Karlsruhe (TH) | GEMEINSCHAFY r



Regional hydrological modeling ﬂ("

meteorological input - digital elevation model

1. observation data « soil & land use grid

2. meteorological model « soil & land surface properties
3. satellite data :

A~

hydrological
model

Information about spatial
and temporal changes of
x water balance variables

600+
400+
2001
mar apr may jun jul aug sep oct 50 0 50 Kilometers
Surface Runoff [m3/s] Evapotranspiration [mm/a]
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Regional hydrological modeling AT

warlsruhe Instriute of Technc!m;-l.
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DEM

Regional hydrological modeling

®artsruhe Instiute of Technology

Soil grid Land Use grid

: i £
POy s ol 4 Fal -1
S R
Ly - AT
555 S
e SR

[ ] crop woodland mosaic

[ ] shrubland
B savannah
B vater

[ ] bare soil, sparse vegetation

+ Tables with Soil and Land Use properties

Example: Land Use Table
surface veg. veg. root
Code Name resistance DOY's height | covering | depth
[monthly] 1...4 1..4 1..4 1...4 1..4
shrubland
19 bar.sparse.veg.
Cosonssemmtanre onos (F vewnourz it e
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Land surface properties in hydrological modelﬂ("

- Standard - WHITE VOLTA basin

Albedo
surface
Code Name Albedo | resistance | DOY's LAI
[monthly] 1...4 1..4
8 shrubland 0.22
10 savanna 0.20
19 bar.sparse.veg. 0.25

; 0.4
I035
03

r 1025
- 102

P 1015

0.1

0.05

DOY=1
DOY=Day Of the Year
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I Land surface properties in hydrological modelﬂ("

- Standard - WHITE VOLTA basin

LAI
surface

Code Name Albedo resistance DOY's LAI

[monthly] 1...4 1..4
8 shrubland 0.22 120, 180, 240, 304 15,25,25,2.5
10 savanna 0.20 120, 180, 240, 304 1.5,2.0,20,20
19 bar.sparse.veg. 0.25 120, 180, 240, 304 0.5,15,15,15
LAl / \\

DOY=1
DOY=Day Of the Year

DOY=365 time
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I Land surface properties in hydrological modelﬁ("

« Standard > WHITE VOLTA basin: two seasons — dry season
— rainy season

LAI
Code Name DOY's LAI
1..4 1..4
8 shrubland 120, 180, 240, 304 | 1.5,2.5,2.5,2.5
10 savanna 120, 180, 240, 304 | 1.5, 2.0, 2.0, 2.0
19 bar.sparse.veg. | 120, 180, 240, 304 | 0.5, 1.5, 1.5, 1.5

LAI

DOY=1 DOY=365 time

DOY’'s 1 ...4
DOY=Day Of the Year
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Land surface properties in hydrological modelﬁ("

o Satellite derived: MODIS

« Satellites provide worldwide spatially
information on land surface properties

(e.g. MODIS entire earth every 2 days)
« ADVANTAGES:

- more detailed spatial and temporal
description of land surface variables

- one data source

- allows inter-annual investigations

|
400 0 400 800 Kilometers ' A
— |
KIT — die Kooperation von ﬁ Forschungszentrum Karlsruhe
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MODIS

http://modis.gsfc.nasa.gov/index.php

NATIONAL AERONAUTICS

DATA

The MODIS Data section contains
everything from ATBDs to Product
Deszcriptions to tutorials on

+ MASA Homepane

_ . = -“‘.*

3 £ . e e a
+ IMAGES + SCIENCE TEAM + RELATED SITES + SEARCH + MODARCH

IMAGES DISCIPLINES

Hurricane Fausta

ardering MODIS data from the Atmosphere
various DAACs. Peruze the Data
section today.
T
: Land
NEWS
The MODIS news section details al Ocean
the developing newvws surrounding
the MODIS project. Fausto, which started out as a tropical storm way off
Full Reprocessing of MODIS 5 the Pacific coagi of Mexico, gained strength to become a
category 2 hurricane. The storm probably...
Land Data Complete Caiibralion
ETM o015 107D RES Feed
Wisit the Mews Section ==
. ) . Curatar: Brandon Maccherone
F IRSTGOV Privacy Policy and Important hotices NASA, Official: Shannell Carchvel
Voeur First Coick bs t8e 1.5, Govirnmest ’
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MODIS

« http://modis.gsfc.nasa.gov/index.php A

« Moderate Resolution Imaging Spectroradiometer
 Terra (EOS AM) & Aqua (EOS PM) satellites

[ scomwons v [ oomn [ omoes [ osoocerom [ o rasmoses ] sonon s wooon |

» global coverage within 1 to 2 days
e 36 spectral bands: 0.4 — 14 ym ._,
« goal: improve understanding of global dynamics T
& processes on land, oceans, lower atmosphere
» 44 data products (250 — 1000 m)
Forsonungssamam konaruhe Gmo (P WELMHOLTZ i dor Holnhott-Gemeinaonaf
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MODIS - 44 data products .\3‘("

Calibration

{see also:

http://www.ncst.ssai.biz/mestweb/index . html)

Cryosphere
(see also: http://nsidc.org/daac/modis/index.htnl)

# MOD 81 - Level-1A Radiance Counts

* MOD 02 - Level-1B Calibrated Geolocated Radiances * MOD 18 -
* MOD 83 - Geolocation Data Set * 0D 29 -
Atmosphere
(see also: http://modis-atmos.gsfc.nasa.gov/) Ocean
(Detaills about
# MOD B4 - Aerosol Product
= HOD B85 - Total Precipitable Water (Water Uapor) £ HOD 18
# MOD 86 - Cloud Product
# MOD 87 - Atmospheric Profiles * MOD 19
* MOD 88 - Gridded Atmospheric Product * 0D 28
* Mﬂﬂ 35 - Elﬂud MHSH ¥ MHD 21
Land * MHD 22
{see also: http://edcdaac.usgs.gov/dataproducts.asp and hti * MOD 23
£ H0D 24
* MOD B9 - Surface Reflectance  HOD 95
* MOD 11 - Land Surface Temperature & Emissivity
% MOD 12 - Land Cover/fLand Cover Change % MOD 26
* MUD 13 - Grldded Uegetatlun IndlEES (HMax HDUI & Inte: * MOD 27
* es & Biomass Burning * HOD 28
= HOD 36
= H0D 37
= H0D 39

KIT — die Kooperation von

Forschungszentrum Karlsruhe GmbH

und Universitat Karlsruhe (TH)

Snow Cover
Sea Ice Cover

ocean products are best obtained by gqoing

Normalized Water-leaving Radiance
Pigment Concentration

Chlorophyll Fluorescence
Chlorophyll a Pigment Concentration
Photosynthetically Available Radiation (P
Suspended-So0lids Concentration
Organic Matter Concentration
Coccolith Concentration

Ocean Water Attenuation Coefficient
Ocean Primary Productivity

sea Surface Temperature

Total Absorption Coefficient

Ocean ferosol Properties

Clear Water Epsilon

Forschungszentrum Karlsruhe
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MODIS LAND:

NATIONAL AERONAUTICS

MOD 43: Surface Reflectance BRDF/Albedo "7
Parameter §

- spatial resolution: 1km
- temporal resolution: 16 days

MOD 15: Leaf Area Index (LAl) and Fractional .
Photosynthetically Active Radiation (FPAR) e —

- spatial resolution: 1km
- temporal resolution: 8 days

detailed description: MODIS albedo_43.pdf &
MODIS_LAI _43.pdf

KIT — die Kooperation von g Forschungszentrum Karlsruhe
Forschungszentrum Karlsruhe GmbH HELMHOLTZ in der Helmholtz-Gemeinschaft
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MODIS-data, HDF Expl

tile

= HDF Explorer - [MOD15AZ.AZ001001.h1 7+ 07.004.2003078035421.hdf:Lai_1km: MOD15A1 MODIS Gridded 1KM Leaf Area Index LAI{8-day composite)]

orer

IT

risruhe Instiute

7 File Edit View Options ‘Window Help

O| || 2| &{®] 2[~|2]3] ]

B0 601 B0z | 603 | 604
El@ MOD15A2, AZ001001 .01 707,004, 2003075035421 . hdf 500 |3 5 5 P 5 ]
-2 MOD_Grid_MoD1Saz -
Elf:] Diata Fields 601 |3 L ! ! 4 ;
w-F8 Fpar_tkm: MOD1541 MODIS Gridded 1KM FPAR (8-day composite) 02 |3 1 1 2 E :
=-FA Lai_1km: MOD15A1 MODIS Gridded 1KM Leaf Area Index LAI(8-da 603 |1 1 1 1 1 L
----- scale_Fackar g04 |1 1 1 1 1 :
----- . srale_fackor_err gos |1 1 1 2 2 :
----- B add_offset EOS |2 2 2 2 2 :
..... = adlqb_nifscnlat_terr — 5 5 5 5 .
----- ca |. rated_n 208 | 2 2 2 5 3 :
----- . walid_range .
_____ B Filvale E09 | 2 2 2 2 2 :
B B Bt B2 B0 B4 Bi05 Bl :
----- ong_name
_____ " BO0 |97 a7 2 i a7 2 2 :
b BOM |97 1 ] 1 a7 a7 a7
----- B mMoD15AZ_FILLYALLE_DOC — i e . ; B : :
=-fd FparLai_QC: QC for daily FPAR and LAI > 603 |0 0 0 0 o 0 o :
----- walid_range 04 |0 0 0 0 0 2 0 :
----- B _Fivalue 605 |1 1 1 0 0 0 2 i
..... . |Dng_name EOE |1 1 1 1 1 1 1 .
----- units 607 |1 1 1 1 1 1 1 .
----- B FparLai_qc_Doc 608 |1 L L L ! ! L .
. goa |1 1 1 1 1 1 1 ;
#-BH FparExtra_QC: Daily MOD_PR15SA1 pass-through QC for FPAR and LAI — : : : ; ; ; :
----- () arid attributes —F ) ; 5 : : : ‘
B HoFECSYersion TN r2 z z z :
KIT — die K i
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MODIS-data example: LAI (Jan. 2003) QAT

®artsruhe Instiute of Technology

—

ai_modis

I T
(063 N N

1
—
o

9 = MOD15A2.A2001001.h17%07.004.2003078035421 hdFMOD15AZ
0 [MOD15A1 FILL VALUE LEGEND
255 : _Fillvalue: not-computed or outside projection...
1 254 : water [ocean or inland]
253 : barren, very sparsely vegetated
) ry sp Y vEq
3
4
)

252 . perennial snow.ice on pixel
251 : permanant wetlands,marshes
250 : urban,built-up

249 : unclassifiedl

MNMNMNNNNNEN=2=00 &

g =D

400 ] 400 800 Kilometers
e

. WA 1] [

. + wnwdiUNgszentrum Karlsruhe
Forschungszentrum Karlsruhe GmbH " HELMHOLTZ ! in der Helmholtz-Gemeinschaft
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Integration of MODIS products in a g‘("
hydrological model

» MODIS time series generation (TiSeG)
- done by C. Conrad & R. R. Colditz (University Wuerzburg)
—> topic tomorrow

- analysis of Quality Assurance Science Data Set (QA-SDS)
- number of invalid pixels & maximum gap length
- invalid pixels are either masked or spatial/temporal interpolated

» Composites of Albedo (16 days) and LAI (8 days) grids
- analysed (quality checked)
- aggregated to monthly means
- monthly grids are imported into hydrological model
- imported MODIS grids replace the internally generated standard grids

KIT — die Kooperation von Forschungszentrum Karlsruhe

Forschungszentrum Karlsruhe GmbH 'ﬁ HEBIE:::;;:&FI r in der Helmholtz-Gemeinschaft
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TiSeG results (2004) .L\KIT

)
[yl

Maximum gap length [%]

16 100
e 80 y
A __ 145 — B0 1 n Jfll
N I
T % B T
- .
nin'n'n'nl 8 TE 'Tgau
AL 1g é ;;40- w
- §3EI-
TN I S
= 10 4
|”‘|'_'||_|||_|| |||T|||||||H||_||r||'_'|'_'||| 0 = e e
3 5 7 9 11 13 18 17 19 2 23 2% 1 41 g1 121 161t 200 241 281 3211 361
Composites Day of year

Omaximum gap length @ number of invalid pixels
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TiSeG results (2004) AN{]]

Karlsruhe Instiaute of Technology

a) Number of invalid LAI values 2004

- >=20

- ; [ ] Mask of MOD15
<=

Collection 4 LAl Products

b) Maximum gap length

o

- . [ | Mask of MOD15

Collection 4 LAI Products

KIT — die Kooperation von ‘ rr-
Forsch trum Karlsruhe GmbH HELHHOLTZ i Forschungszentium Karletuhe
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TiSeG results (2004)

B shiubs
I Bioadleaf crops

B savanna

[ ] Mask of MOD15

[ | Grasses/cereal crops [l Broadieaf forest

I Needieleaf forest
[ ] Unvegetated

I urban

Collection 4 LAl Products

IT

Karlsruhe Instriute ¢f Technology

90
80
70
60
50
40
30
20
10
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- - - savanna, original
---a -~ broadleaf crops, original
grasses, cereal crops, original

KIT — die Kooperation von
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5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45

—e— savanna, interpolated
—a— broadleaf crops, interpolated
grasses, cereal cops, interpolated
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250

M
=
=

150

monthly precipitation [mm)]
o
=

n
=

MODIS albedo & LAI, rain
seasonal cycle for the White Volta basin

Jan

Feb

Mar

Apr

May

Jun

Jul Aug Sep
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Albedo AT

standard literature versus MODIS 2004 Fartsroe i o Tochroiog

standard literature MODIS 3 month-mean
albedo depending on LU type . Oct Dec

0.4
0.4
0.35
100} 0.35
03
200+ 03
0.25
300 ¢
02 0.25
400 0.15
0.2
. 0.1
S500F
0.05 015
600 -
0
0.1
0.05
0
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Albedo AT

standard literature versus MODIS 2004

MODIS 3 month-mean
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Albedo AT

Inter-annual variability: MODIS 2004 & 2005
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Leaf Area Index- LA ﬁ("
standard literature versus MODIS 2004 -

standard literature
LAI depending on LU type

dry season: __ Nov-Apr
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Leaf Area Index- LA ﬁ("
standard literature versus MODIS 2004 .

MODIS 3 month-mean

MQODIS: Jan-Mar Oct-Dec

Latitudinal profile of monthly means
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Leaf Area Index- LA ﬁ("‘
Inter-annual variability: MODIS 2004 & 2005
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Impact of MODIS albedo and LAI
on water balance estimations

a) time series of spatially
aggregated variables

b) spatial distribution of annual
sums
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results: hydrological simulations ﬁ("'
Impact of MODIS albedo and LAI : time series

CTR

MODIS ALB
MODIS Lal
MODIS ALB +LAI

4 .
ET,[mm] MMW"”W

2004: - Et [mm]

14 Voo Lar Jan  Mar  Mai Jul Sep  Nov
1 2 MODIS ALE +I_.AI
1g- ) Summe der Differenzen [mm]
GWVMWWWWWWMMNwW“wMM e
4_ 4
2 I I ! I I I | 20 |
Jan Mar Mai Jul Sep Nov a 10+

Summe der Differenzen [mm] 0 —

Jan Mar Mai Jul Sep Nov

~——— Qo (MM =
2- T T T T T MODIS ALB
0, ~ e fo

1.5+

Jan  Mar Mai  Jul  Sep Nov | |
05 ]
: n Mar Mai Jul Sép Nov

legend: "
Control-Run

MODIS Albedo |
MODIS LA N “‘/&

MODIS Albedo & LAI Jan  Mar  Mai  Jul  Sep  Nov

KIT — die Kooperation von Forschungszentrum Karlsruhe

) . ) ) Forschungszentrum Karlsruhe GmbH ﬁ HELMHOLTZ _ i
37 |'S. Wagner | Institut fiir Meteorologie und Klimaforschung (IMK-IFU) | 25.07.08 e Universitat Karlsruhe (TH) | GEMEINSCHAFT [~ " derHeimholz-Gemeinschatt

Summe der Differenzen [mm]




I results: hydrological simulations ﬁ("'
Impact of MODIS albedo and LAI : time series

inter-annual variability
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results: hydrological simulations ﬁ("'
Impact of MODIS albedo and LAI : time series

inter-annual variability
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results: hydrological simulations ﬁ("'
Impact of MODIS albedo and LAI : time series

inter-annual variability
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I results: hydrological simulations ﬁ(IT
Impact of MODIS albedo and LAI : spatial distribution
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results: hydrological simulations ;“(IT
Impact of MODIS albedo and LAI : spatial distribution

Differences of annual sums of potential ET 200
with respect to simulations using static tabulated values
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results: hydrological simulations &(IT
Impact of MODIS albedo and LAI : spatial distribution

Differences of annual sums — MODIS Albedo & LAI
with respect to simulations using static tabulated values
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I results: hydrological simulations ﬁ(".
Impact of MODIS albedo and LAI : spatial distribution

Differences of annual sums — MODIS Albedo & LAI
with respect to simulations using static tabulated values
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results: hydrological simulations ﬁ(IT
Impact of MODIS albedo and LAI : spatial distribution

inter-annual variability:
Annual sums — MODIS Albedo & LAl
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I results: hydrological simulations ﬂ(“'
Impact of MODIS albedo and LAI : spatial distribution

inter-annual variability:
Differences of annual sums — MODIS Albedo & LAl
with respect to simulations using static tabulated values
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results: hydrological simulations

Impact of MODIS albedo and LAI : spatial distribution

inter-annual variability:
Differences of annual sums — MODIS Albedo & LAl
with respect to simulations using static tabulated values
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results: hydrological simulations ﬂ("'
Impact of MODIS albedo and LAI : spatial distribution

inter-annual variability:
Differences of annual sums — MODIS Albedo & LAl
with respect to simulations using static tabulated values
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results: hydrological simulations
Impact of MODIS albedo and LAI : spatial distribution

ST

2004 Tables 2005

annual sums:

ETp ET, Qiotal ETp ET, Qiotal
Tabulated 1879 | 770 81 Tabulated 1966 | 734 85
MODIS ALB 1961 | 785 79 MODIS ALB 2035 | 741 83
MODIS LAl 1851 | 763 81 MODIS LAl 1926 | 739 83
MODIS ALB & LAl | 1916 | 779 80 MODIS ALB & LAl | 1962 | 744 81
Standard deviation within subcatchments:

ET, |ET. | Qi ET, |ET, |Qa
Tabulated 214 83 66 Tabulated 234 87 60
MODIS ALB & LAl | 173 80 62 MODIS ALB & LAl | 193 82 o7
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Summary T

Integration of MODIS albedo & LAI into a hydrological model

Comparison MODIS albedo & LAl versus standard literature values
- albedo: increased level of detail in spatial dimension
- LAI: additional better representation of temporal development

MODIS application allows inter-annual comparisons
- further advantage: all data are based on same data source & time

Impact of MODIS albedo & LAI on hydrological simulation results
- minor on daily time series of spatially aggregated variables,
occurring differences agree well with theoretical impact (Penman-
Monteith) & the differences in albedo & LAI grids

- clear on spatial distribution of water balance variables

Further readings:

Wagner, S., Kunstmann, H. Bardossy, A., Conrad, C., Colditz, R., Water balance estimation of a poorly
gauged catchment in West Africa using dynamical downscaling of meteorological fields and remote sensing
information J. Phys.Chem. Earth (2008), doi:10.1016/j.pce.2008.04.002

Wagner, S. Water Balance in a Poorly Gauged Basin in West Africa Using Atmospheric Modelling and
Remote Sensing Information, Dissertation
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