SPHY: Spatial Processes in Hydrology

Case-studies for training

October 2015

Streamflow (m
wu
o
o
o

Author

W. Terink

A.F. Lutz
G.W.H. Simons
W.W. Immerzeel

Report FutureWater: 144

FutureWater
Costerweg 1V

6702 AA Wageningen
The Netherlands

+31 (0)317 460050

info@futurewater.nl

www.futurewater.nl




Acknowledgements

The development and publication of the SPHY model source code, its binaries, GUIs, and case-
studies has been supported through various (research) projects that were partly or completely
funded by the following organizations:

International Centre for Integrated Mountain Development (ICIMODl);
European Space Agency (ESAZ);

Asian Development Bank (ADB?);

World Bank*;

Rijksdienst voor Ondernemend Nedeland (RVO®)

NUFFIC®

= =4 =4 —a —a -

We are very grateful to these organizations that made the development of the SPHY model
possible. We hope to continue to collaborate with these organizations in the future in order to
further develop and improve the SPHY model and its interfaces.

! http://www.icimod.org/

2 http://www.esa.int/ ESA

® http://www.adb.org/

* http:/iww.worldbank.org/
® http://www.rvo.nl/

® https://www.nuffic.nl/en



Acknowledgements

1

2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15

2.16

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

3.14

4.1
4.2
4.3

Introduction

Trisuli River Basin, Nepal
Model and GUI compatibility
Downloads and installation
Introduction

Create new project and set general settings
Climate

Soil

Groundwater

Land use

Glaciers

Snow

Routing

Report options

Run Model

Visualize results

Model calibration

2.15.1 Discharge time-series
2.15.2 Water balance

2.15.3 Sensitivity analysis
Climate Change

Pungwe River Basin, Mozambique
Model and GUI compatibility
Downloads and installation
Introduction

Create new project and set general settings
Climate

Soil

Groundwater

Land use

Routing

Report options

Run model

Visualize results

Model calibration

3.13.1 Discharge time-series
3.13.2 Water balance

3.13.3 Sensitivity analysis
Scenario simulations

Table of contents

3.14.1 Strategic decision support: climate change scenario
3.14.2 Operational decision support: flood prediction using weather forecast

Tuyen Quang sub-basin, Vietham/China
Model and GUI compatibility

Downloads and installation

Introduction

O ~N~N~N~N N

10
11
12
12
12
13
14
15
15
16
16
16
17
18
20

21
21
21
22
23
24
27
27
27
28
29
30
30
31
31
32
33
36
36
36

37
37
37
37




4.4 General settings
4.5 Input data
4.6 Setting reporting options and running the model
4.7 Model calibration
4.7.1 Checking streamflow results
4.7.2 Sensitivity analysis and calibration
4.7.3 Validating evapotranspiration results
4.8 Using the reservoir module
5 References
Copyright
4

38
38
40
40
40
41
42
42

44
45



Tabl es

Table 1: General settings: Catchment SEttNGS. .......cuviiiiiiiiie e 9
Table 2: Meteorological fOrCing MaP-SEIES. ......ccciiiiuriiieeie e e e e e e s srrreer e e e e e s aannes 10
Table 3: LaNd USE CIASSES. ... ...ttt e e e e et e e e e e s e annbeeeeeaaeeseannes 12
LI 1o L= B =T o To o ) o1 T 1 PSSR 15
Table 5: SPHY MOdel QULPUL. ......cooiiiiiiei ettt sb e e sbreeeeaaes 17
Table 6: Description of fit linked to Nash-Sutcliffe model efficiency coefficient (Adapted from
Foglia et al., 2009)........ciiiiiiiiieiitiie ettt e e s 19
Table 7: General settings: Catchment Settings. .......cvvvviriii i 24
Table 8: Meteorological fOrCing MaP-SEIES. .......eiiiiiiiie ittt 25
Table 9: Land USE CIASSES. ......cvuiiiiiiiiie ettt ettt e ettt e e e st e e s snbree e e snbreeeeanes 28
Table 10: REPOI OPLIONS. ....iiiiiiiiiie ittt e et e e st b e e e sbb e e e e abeeeeesbreeeeane 30
Table 11: SPHY model QULPUL. ..., 32
Table 12: SPHY Water DAIANCE. ......ccuiiiiiiiiiiiiiie et e e e e e e enreeee e e e e e s ennnees 33
Table 13: Description of fit linked to Nash-Sutcliffe model efficiency coefficient (Adapted from
Foglia et al., 2009)........ceiiiiiiiiiiiiiie ettt bn e annee s 35
Table 14: Main SPHY input parameters with their sources for the Tuyen Quang area. ............. 39
Table 15: NS coefficient values and corresponding qualification of model performance. .......... 41
Table 16: Reservoir properties of a hypothetical reservoir in the study area.............................. 43
Figur es
Figure 1: The location of the Trisuli DaSIN. ...........oovviiiiiiiiiiieeeeee e 8
FIGUIe 2: THISULN DASIN. ..eeiiiiiiiii ettt e et e et e e e bt e e e abneeeeanes 9
Figure 3: Modifying the modules section of the sphy_config_template.cfg. .......cccccvvvvvvirvivinnnns 22
Figure 4: The location of the PUNGWE DASIN. .........eoiiiiiiiiiii e 22
Figure 5: Opening the SPHY plugin inside QGIS...........oouiiiiiiiiiiiiiiiieiieeieeeeeeeeeeeeeeeee e eeeeeaeaenes 23
Figure 6: Example of changing the layout of a layer in QGIS. ..., 24
Figure 7: CRS was UNdefined MESSAQE. .......cuviiiiiiiiiiiiiiieeiiieeeeteeeeeeeeeeeeeeeeeeeeeseaseesesssesesesesesenerenes 25
Figure 8:Settinga | ay € r.0.5.....C. RS 26
Figure 9: Selecting the CRS fOr @ JaYEr . ......cvveiiiiiiiiiieeeieeeeeeeeeeeeeeeeet ettt aereeasenenerenes 26
Figure 10: Example of visualization for Time-series OULPUL. ..........ccooiiiiiiiiiiiie e, 31
Figure 11: Location of the Tuyen Quang sub-basin within the Red River basin......................... 38




1 Introduction

The Spatial Processes in Hydrology (SPHY) model (Terink et al., 2015, 2015a) is a hydrological
modeling tool suitable for a wide range of water resource management applications. SPHY is a
state-of-the-art, easy to use, robust tool, that can be applied for operational as well as strategic
decision support. The SPHY modeling package is available in the public domain and only uses
open source software. SPHY is developed by FutureWater in cooperation with national and
international clients and partners. Key features of the SPHY model can be summarized as:

1 Robust scientific basis
Combines strength of existing de facto hydrological models
Modular setup in order to switch on/off irrelevant processes for computation efficiency
Wide range of applicability in terms of regions, climates, modeling purposes, spatial and
temporal scales
Performs under data scarcity
Linkable to remote sensing data
Easy adjustment and application
Graphical User Interfaces (GUIs) for QGIS
Open source
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The SPHY model has been applied and tested in various studies ranging from real-time soil
moisture predictions in flat lands, to operational reservoir inflow forecasting applications in
mountainous catchments, irrigation scenarios in the Nile Basin, and detailed climate change
impact studies in the snow- and glacier-melt dominated the Himalayan region. Typical examples
of SPHY applications are listed below:

1 Climate change impact and adaptation
Water and energy
Operational services
Irrigation management
Snow- and glacier fed river basins
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In order to learn to work with the SPHY model we have developed several case-studies which
can be found in this manual. The applications of these case-studies vary from snow- and glacier
fed river basins (Trisuli River Basin, Nepal) in the Himalayas to a large river basin in
Mozambique (Pungwe River Basin) to a trans-boundary sub-basin in Vietham and China (Tuyen
Quang sub-basin). The objective of this manual is to teach people to work with the SPHY model
using these orographically different case-studies.

Please note that each of these case-studies may require different versions of the SPHY model
source code, and may or may not use the SPHY model GUIs. The compatibility and required
software and data are specified in the first 2 sections of each case-study.

The model source code is in the public domain (open access) and can be obtained from the
SPHY model website free of charge (www.sphy-model.org). The peer-reviewed open-access
publication of the SPHY model can be found at http://www.geosci-model-
dev.net/8/2009/2015/gmd-8-2009-2015.pdf (Terink et al., 2015).



http://www.futurewater.nl/
http://www.sphy-model.org/
http://www.geosci-model-dev.net/8/2009/2015/gmd-8-2009-2015.pdf
http://www.geosci-model-dev.net/8/2009/2015/gmd-8-2009-2015.pdf

2 Trisuli River Basin, Nepal

2.1 Model and GUI compatibility

This case-study has been developed using:
1 SPHY model v2.0 (Terink et al. (2015, 2015a)
1 SPHY model GUI (SphyPlugin) v1.0 (Terink et al. (2015c)

Currently, the SPHY model GUI (v1.0) is only compatible with SPHY model v2.0. Therefore, it is
recommended to do this case-study using these versions of the model and the GUI.

This case-study is setup to work with the SPHY model GUI (v1.0). It does NOT use the SPHY
model preprocessor (SphyPreProcess) (Terink et al., 2015c), and therefore it is required to
create model input data manually. This is well described in the following sections. If it is not
clear how to create model input data, then more information can be found in Section 5 from
Terink et al. (2015a). Of course you can redo this case-study using the SphyPreProcess GUI
and analyze the differences in the obtained results.

2.2 Downloads and installation

In order to do the Trisuli River Basin case-study it is required to download and install the
following data and software:

I SPHY model v2.0 source code (see Section 4.2.4 of Terink et al. (2015a))

1 SPHY model GUI (SphyPlugin) v1.0 (see Section 2.3 of Terink et al. (2015c))

9 Trisuli River Basin case-study dataset

Login credentials that are required to download software and data from the SPHY model
website can be obtained using the link below:

http://www.sphy.nl/software/download-sphy/

2.3 Introduction

The model setup and interpretation of model results is illustrated with a case study for the Trisuli
river basin in Nepal. The Trisuli basin covers 144.056 km? ranging from the Tibetan Plateau in
the North to Kathmandu in the South. The average elevation of the basin is 3747 m.a.s.l., but
the elevation ranges from 6955 to 415 m.a.s.l. During this tutorial we will explore the input data
for Trisuli that feeds into SPHY, get the model running, and explore the model output.



ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/SPHY_source_codes/v2.0/SPHY2.0.ZIP
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/GUIs/SphyPlugin/v1.0/SphyPlugin.rar
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/SPHY_source_codes/v2.0/SPHY2.0.ZIP
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/GUIs/SphyPlugin/v1.0/SphyPlugin.rar
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/Case_studies/Trisuli/Trisuli.zip
http://www.sphy.nl/software/download-sphy/

Figure 1: The location of the Trisuli basin.

For the Trisuli basin, we will setup the SPHY model for two years: 2006 and 2007. For this
period we will setup SPHY at a daily time step, and with 200 x 200 m spatial resolution (grid cell
size). All maps used in this tutorial are in the WGS 84 / UTM zone 45N projection. In this
tutorial, each step to setup the model is discussed. For more detailed information on how to use
the SPHY interface to accomplish the steps discussed in this tutorial, please refer to Terink et
al. (2015c).

2.4 Create new project and set general settings

Start by creating the input and output directories in the SPHY2.0 directory. Subsequently copy
the contents of the input directory to the SPHY2.0\input directory.

Subsequently start QGIS. From the other_layers directory, add landsat_winter_2014_c.tif to
the QGIS layer canvas. This is a LandSat satellite image containing the Trisuli basin, and can
be used as a reference background in QGIS.



Figure 2: Trisuli basin.

Now open the SPHY plugin. Click fANewSPHYR() ect
directory. Name the project Trisuli_v1.cfg or another appropriate filename. Then, in the SPHY
interface, gotothetabfi Gener al . Setti ngso

Intheparti Fol der oOseetthe3SPHYRIOd i r e ¢ t SPHY foldesdani select the
input and output directories which you justcreatedasi | nput anid Odepot. f ol ¢

Intheparti Per i od o f,sesthefisIt atr itamddiGEtn el 0 df hé snulation, from 1
January 2006 until 31 December 2007.

Intheparti Coor di n at ywu nesdsotsgeafpthe coordinate system of your area of
interest. The coordinate system has to be specified in EPSG. You can search for the
corresponding EPSG number on this website: http://spatialreference.org/ref/epsa/

For the Trisuli case study model, we use the WGS 84 UTM 45 North projection, which has
EPSG code 32645.

InthepartdA Cat ¢ h me n t, select thetappropriat® maps from the SPHY2.0\input directory,
as indicated in the table below.

Table 1: General settings: Catchment settings.

Catchment settings _

Clone map clone.map
DEM map [MASL] dem.map
Slope map [-] slope.map
Sub-basins map catchment.map
Stations map outlet.map

it 9
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http://spatialreference.org/ref/epsg/

Each layer you add through the interface will automatically be added to the QGIS layer canvas.

Have a | ook at each of these maps in QGI Ss |
legend bydouble-c I i cki ng on t he Uagmwpevndow and adjusd settings undere
the i St yab. Arswer the following questions:

f you w
fi

Q1: Which parts of the basin are highest and which parts are the lowest?
Q2: Which parts of the basin have the steepest slopes, and which parts are more flat?

Note that two point locations are defined, which are coinciding with locations where the actual
discharge is measured in the Trisuli basin. The upstream location is Kyangjin station and the
downstream station is Betrawati station. The sub-basins map shows the catchments of each of
these stations. Save your model setup every once in a while by clicking the i S a \bwgtan in the
top row of the SPHY interface.

2.5 Climate

Have a look at the contents of the SPHY2.0\input\forcing directory. This directory contains
daily input maps (map-series) for precipitation, mean temperature, maximum temperature and
minimum temperature. The filenames have a strict numbering format. For example the mean
temperature maps have the format tavg0000.001 until tavg0000.730.

In the SPHY-interface gotothe i C| i ned.tingthe partfori Met eor ol ogi cal forcing n
s e r | selectthe appropriate map-series from the SPHY2.0\input\forcing directory:

Table 2: Meteorological forcing map-series.

Meteorological forcing map-series

Precipitation [mm/d] prcc
Avg. daily temperature [°C] tavg
Max. daily temperature [°C] tmax
Min. daily temperature [°C] tmin

Intheparti Met eor ol ogi cselectlptidudeanmap troenithe 8PHY2.0\input directory
foriLat i t udleavethevelwedorthefi Sol ar cnchasgedant 0

The map with latitude zones defines the latitude values for all grid cells in the model.

Q3: Why is this map included? You can look it up in the theoretical part of the manual.
From the other_layers directory add TotPrec_2006.map and TotPrec2007.map to the QGIS
canvas. These maps show the annual precipitation sums for 2006 and 2007 as calculated from

the daily precipitation forcing map-series. Now answer the following questions for 2006 and
2007:

Q4: What is the maximum annual precipitation, and in which area does this occur?
Q5: What is the minimum annual precipitation, and in which area does this occur?
Q6: What is the mean precipitation for the entire basin, and for the sub-catchments of the

Kyangjin and Betrawati discharge stations?

. £



2.6 Soil

Gotothe i S o itab ia the SPHY interface. Inthe partsfori Root zone phandi cal

iSubzone phyimpitmaps needdopbs provided for different physical soil parameters
for a topsoil layer and a subsoil layer separately. These parameters are required for model
calculations for evaporation, infiltration and surface runoff generation, as described in detail in
Terink et al. (2015, 2015a).

Usually these data are not readily available. However, maps with soil types are often available,
and pedo-transfer functions (e.g. Nemes et al, 2001; Keshavarzi et al., 2010) are available to
assign physical soil parameters to soil types. For the Trisuli model we use a global soil type
map, the Harmonized World Soil Database (HWSD, FAO/IIASA/ISRIC/ISSCAS/IRC, 2012).

Add soil.map from the SPHY2.0\input directory to the QGIS canvas. This map has the soil
types in the Trisuli basin according to the HWSD. The numerical values correspond to the
categorized soil types legend of the HWSD.

HWSD_soil_data.xIsx in the soil directory contains a table with the values of the soll
parameters coupled to each soil type. We now want to generate a map for each physical soil
parameter using the soil types map and the table with physical soil parameter values. To do this
we can use the PCRaster command line functions.

The file root_field.tbl in the soil directory is a lookup table containing the first column of the
HWSD_soil_data spreadsheet (soil type) and the sixth column (field capacity of the rootzone).
Copy soil.map from the SPHY2.0\input directory to the soil directory. Now open the command
line by clicking the Windows Start button, then type cmd, and press enter. Navigate to the
directory containing the soil type map and the lookup table, using the change directory (cd)
command:

cd c:\...enter_path_to_directory _hereé s o i |
andpressi Ent er o
Now type the following command:

pcrcalc root_field.map = lookupscalar(root_field.tbl, soil.map)

A new file was created (root_field.map) giving the values of the rootzone field capacity for each
grid cell. Copy this file to the SPHY2.0\input directory.

In the SPHY interface, select the new map atthe fieldfori Fi el d @m&hp padfort y 0
iRoot zone phyheiaddedimapmél pesadded to the QGIS canvas.

Now create the lookup tables for the other soil parameters yourself and use them to create
maps of the other soil parameters. Subsequently copy them to the SPHY2.0\input directory and

select them in the SPHY interface.

Q7: Describe for each of these soil parameters how they are defined and how they influence
the behavior of water in the soil.

d:ﬁ 11
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In the SPHY interface, inthe partfori Roand subzone ,mapswitmbe er s 0
approximate rootzone depth and subsoil depth are included. Alternatively a single value can be
set. Leave these settings unchanged as well and do the same for the value for maximum
capillary rise.

2.7 Groundwater

Openthe i Gr o u n dtakairt thee ISBHY interface. The left part contains the groundwater
volume settings. Here you can set values for the groundwater layer thickness, saturated
groundwater content and initial groundwater storage for the first time step. Often, the values of
these groundwater volumes are unknown and values are usually calibrated, using observed
stream flow. The values you choose here will mainly affect the generation and delay of
baseflow. In the right part, three parameters can be set, which are also related to groundwater.
Also these values are usually unknown and need to be calibrated. For now, leave the default
values. Answer the following question using the theoretical part of the manual:

Q8: What would happen to the delay in baseflow when the i a | p h pa@meier is increased?

2.8 Land use
Openthefi L a n d talin hedSPHY interface. Inthe i L a nd u diad selextduse.map
from the SPHY2.0\input directory. This land use map is derived from the LandSat 8 image we

have seen before. Four different land use types have been classified:

Table 3: Land use classes.

2 Forest Kc=1.2
3 Snow and ice Kc=0.5
4 Bare soil Kc=1.0
5 Water Kc=1.0
To each of these | and use types a ficropalcalateef fi ci ent

the potential evapotranspiration from the reference evapotranspiration in the SPHY model. The
Kc values are stored in a lookup table, similar as the data for the physical soil parameters.
Select this lookup table (kc.tbl) from the input directory. Now answer the following question
using the theoretical part of the manual:

Qo: How is the potential evapotranspiration calculated from the reference
evapotranspiration?
Q10: Why is the actual evapotranspiration not equal to the potential evapotranspiration?

2.9 Glaciers

Openthe i G| a ctabenrtre 8PHY interface. The partonfi Gl aci er f r asusedion setti ng
define the glaciated areas and distinguish debris-covered and debris-free glaciers. In the field

withtheil ni t i al g laddgiacrac.nfap feom the $PHB2.0\input directory. The map

is added to the QGIS canvas.

This map was calculated from the ICIMOD glacier inventory (Bajracharya and Shrestha, 2011).
For every grid cell, a fractional glacier cover between 0 and 1 is calculated. You can see this

’ £



when you zoom in to the glaciers in QGIS. For example, when only half of a 200 x 200 m grid
cell is covered by glaciers, that grid cell has value 0.5 assigned.

The glacier fraction is further divided in debris-covered glaciers and debris-free glaciers, to
enable the use of different melt rates in SPHY. Add glacfrac_ci.map from the SPHY2.0\input
directoryinthe fieldfori Cl ean i ce g &ndglackac_db.map antthe feeld forii De b r i
cover ed g/l a.cThedistinction af debris cavaved and debris free glaciers was done
manually using the Landsat 8 scene. Now answer the following questions:

Q11: How large is the area covered by glaciers in the Trisuli basin?

Q12: What percentage of the total basin area is this?

Q13: What percentage of the catchment upstream of Betrawati station is covered with
glaciers?

Q14: What percentage of the catchment upstream of Kyangjin station is covered with
glaciers?

Intheparti G| aci e rdayd e @ it yp& candassign melt factors for the debris covered
glaciers (DDFDG) and debris free glaciers (DDFG). These parameters are usually calibrated.
They are based on the relation between air temperature and melt. For now, leave the default
values. Answer the following questions:

Q15: How does a degree-day melt model work and what inputs does it need?

Q16: Why is the degree-day-factor for debris-free glaciers larger than for debris-covered
glaciers?

Q17: What other factors than air temperature influence the actual melt rate of glacier ice?

2.10 Snow

Openthe i S n otab 1 the SPHY interface. i S n o wid tmeiinitial snow storage at the first time
step. Inthe i S n o wphrhybudcan assign the snow storage (mm water equivalent) at the
beginning of the model run. You can assign a single value, which is the same for all grid cells,
or a spatial map, where you can assign different initial snow storages for each grid cell. For
now, leave this setting at default (0 mm single value). This means that there is no snow storage
at the beginning of the model run. Answer the following questions:

Q18:  Our model run will start at 1 January 2006. Is the initial snow storage realistic?
Q19: What will be the consequences for the simulated discharge during the first year?
Q20: How could you create a more accurate initial show storage?

i Sn o wWa tiStheanitid @mount of water that is refrozen in the snow pack and i S n o wiS C|¢
a parameter that determines how much refrozen water the snow pack can store. Leave these
parameters at their default values for now.

Draw a diagram showing how all snow-related processes in SPHY interact. Use Terink et al.
(2015a) for your reference.

fi D D FiSaddegree-day-factor for snow melt, assigned to determine how fast snow melts. This
is a calibration parameter. You can provide a single value or a spatial map to have spatial
variation in the melt factor. Similarly as for glacier ice, this degree-day model is based on the
relation between air temperature and melt.

+h 13




fi T c is the témperature threshold to define if precipitation falls as snow or rain. Leave it
unchanged for now.

2.11 Routing

Openthe i R o u ttab mghé SPHY interface. Thefi Re c e s s i 0 n isused to fletemmine nt o

how fast water travels from the grid cell where it is generated to the downstream cells. This

parameter is also used to calibrate the model. For now a single value is set as default. The

i F1 ow d imapdscah importadit part of the model, indicating for each grid cell in which

direction it drains. Using this map, the water can be directed from each grid cell towards the

basindéds outflow point. This map is wusually derived

Create a new directory named workdir. Copy dem.map from the SPHY2.0\input directory to
workdir. Open the command prompt and navigate to workdir, using the change directory (cd)
command:

cdc\. . . enter path YWwokddi rectory hereé

First, we fill the sinks in the DEM to avoid that pits are generated in the depression in the DEM,
which hamper the water to flow to the basinds outl e
Iddcreatedem command. Type:

demfil.map = I[ddcreatedem(dem.map,1e31,1e31,1e31,1e31)

To create a flow direction map (or local drain direction (LDD)), you can use the PCRaster
command |lddcreate. Type the following command:

pcrcalc Idd.map = Iddcreate(demfil.map,1e31,1e31,1e31,1e31)

Add the newly created ldd.map to the QGIS canvas. You can see the draining directions of the
grid cells. A good way to test if the LDD map is correct is to calculate for each grid cell how
many cells are upstream, to highlight the stream network. You can do this using the PCRaster
command accuflux. Type:

pcrcalc accuflux.map = accuflux(ldd.map,1)

Add the newly generated accuflux.map to the QGIS canvas. Check if the stream network is
complete, and all branches are connected to the outlet point.

If the generated LDD is not entirely correct and not all streams are connected toward the
downstream outlet point, this happens because during the creation of the LDD map, pits have
been generated where depressions in the landscape are present. More details on the LDD
generation can be found in the PCRASTER online manual. There are multiple ways to
overcome the problem of pit generation:

9  Tryto repair the Idd using the Iddrepair command

1 Test different values for the parameters in the Iddcreate command
1 Remove pits manually by changing the values for those cells.

14 éﬁ


http://pcraster.geo.uu.nl/pcraster/4.0.0/doc/manual/op_lddcreatedem.html
http://pcraster.geo.uu.nl/pcraster/4.0.0/doc/manual/op_lddcreate.html?highlight=lddcreate
http://pcraster.geo.uu.nl/pcraster/4.0.0/doc/manual/op_accuflux.html

f Use a map with the streams present in yo
force the other cells to drain in into them.

When you have a correct LDD map, copy Idd.map from workdir to the SPHY2.0\input
directory.

2.12 Report options

Openthetabfi Re p or t irotlpetSPHY mnterace. In this tab you can set for each flux and
variable calculated in SPHY if and how often it is reported during a model run. Map-series can
be written at daily, monthly and annual time step or a combination of these. Time-series at point
locations can be written at a daily time-step.

Set the following settings in this tab in the interface:

Table 4: Report options.

Baseflow runoff Annual, Monthly

ETa Annual

Glacier melt Annual, Time-series output: Daily
Glacier runoff Annual, Monthly

Rain runoff Annual, Monthly

Precipitation Annual, Time-series output: Daily
Rainfall Annual

Rootzone drainage Annual, Monthly

Routed base-flow runoff Time-series output: Daily
Routed glacier runoff Time-series output: Daily
Routed rain runoff Time-series output: Daily
Routed snow runoff Time-series output: Daily
Routed total runoff Time-series output: Daily

Snow Annual,

Snow runoff Annual, Monthly

Surface runoff Annual, Monthly

Total runoff Annual

Also check the optionA Report mm fl uxes.for basin averag

2.13 Run Model

Now it is time to do the first model run. Open the Run Model tab in the SPHY interface. Select
the paths to the PCRaster bin directory (most probably: C:/Program Files
(x86)/PCRASTERA4/bin) and Python 2.7 executable (most probably: C:/Python27/python.exe).
Thenclickthe A Ru n  miautdos, lar@ the model run is started.

When the run is finished browse to the SPHY?2.0\output directory, where all output files are

written. Note that there are different types of output files. There are maps with the year and
month indicated in the file name, and there are timeseries, stored as .csv files.
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2.14 Visualize results

In the SPHY interface, openthelasttab: A Vi s u al i zlretherfirstealumn yowsee all time-
series output. In the other three columns you see the map-series output, categorized for daily
maps, monthly maps, and annual maps.

In QGIS, place the outlet point layer on top of the other layers, and make sure the layer is
selectedinthe i L a y windsvd Inthei Vi s ual i zabin theSPHY intesface, click
iRout ed t pandaHendick it 8 i 6 & -steir m&hen &lick on the point location of the
Betrawati station in the QGIS canvas. An image pops up with the simulated routed total runoff
for each time step at Betrawati station.

Close the graphs and add the annual map with the total runoff in 2007 by selecting it in the
SPHY interface and clickingi S h o w a n muf gdu wisihaapljust the legend in QGIS. You
can add other maps in the same way.

2.15 Model calibration

2.15.1 Discharge time-series

Usingthe A Vi s ual i zab, looketsallidifferesnboutputs to get an idea of what data you
have available. As already mentioned in the previous sections, many of the tabs we visited
during model setup contain parameters that require values, but these values are not always
known in advance. Some of the parameters can be measured in the field, others can be
approximated with values found in scientific literature, or they can be calibrated.

Revisit the Groundwater, Glaciers, Snow and Routing tabs.
Q21: How could each of these parameters be calibrated, and what data would you need to
do that?

For this tutorial, we will use discharge measurements at Betrawati Station and Kyangjin station
to calibrate the model.

Open runoff_Trisuli.xIsx from the runoff directory in Excel or another spreadsheet program.
This file contains the daily measured discharge records at Betrawati and Kyangjin stations, each
on a separate sheet. The first column shows the dates from 1 January 2006 until 31 December
2007. The second column shows the observed discharge in m¥s.

For both stations, derive the catchment areas and fill this number in field B2 in the
spreadsheets. Note that, once you filled in the catchment area, the third column will be also
filled with the values of the observed discharge converted from m®/s to mm.

From the SPHY2.0\output directory, copy the data in QGLACSubBasinTSS.csv, to the column
for QGLAC in runoff_Trisuli.xIsx. In the .csv file, the first column is the date, the second
column is the simulated runoff (mm) at Betrawati, and the third column is the simulated runoff
(mm) at Kyangjin. In the same way, copy the data for discharge from snow melt, baseflow and
rainfall-runoff from the corresponding .csv files to runoff_Trisuli.xIsx. When you have filled the
columns, you will notice that the data is plotted in the graphs that are included in the
spreadsheet file. You are able to see the difference between the observed and simulated
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discharge, and the contribution of glacier melt, snow melt, rainfall-runoff and baseflow to the
total flow.

Using this model output, fill the following table:
Table 5: SPHY model output.

Observed discharge (mm/yr)

Simulated discharge (mm/yr)

Glacier melt contribution (%)

Snow melt contribution (%)

Rainfall contribution (%)

Baseflow contribution (%)

Q22: Why is the contribution of glacier melt larger at Kyangjin station than at Betrawati
station?

Q23: During which months peaks the glacier melt? Why?

Q24: During which months peaks the snow melt? Why?

Q25: During which months peaks the rainfall-runoff? Why?

Q26: How would you rate the correlation of the observed and simulated flow?

2.15.2 Water balance

In runoff_Trisuli.xIsx, now also fill the columns for precipitation (PREC) and evapotranspiration
(ET), using the outputfiles PrecSubBasinTSS.csv and ETaSubBasinTSS.csv. Then fill the
table below using the output from this model run:

Precipitation P (mm/yr)

Discharge Q (mm/yr)

Actual evapotranspiration ET (mm/yr)

Difference P Q1 ET (mm/yr)

Q27: Whyis Q + ET not equal to P?

In SPHY, glaciers are static entities generating melt water, but they are not mass conserving,
e.g.: the precipitation falling on their surface is excluded from the water balance. In fact, the
precipitation calculated for the subbasins in the outputfiles is calculated for the non-glaciated
fraction only. This mean that the glacier melt can be considered as an input to the water
balance. Recalculate the water balance using the glacier melt as an additional input to the water
balance:

Precipitation P (mm/yr)

Glacier Melt M (mm/yr)

Discharge Q (mm/yr)

Actual evapotranspiration ET (mm/yr)

Difference P+ Mi Qi ET (mm/yr)

Q28: Why is the difference between P+M and Q+ET still not equal to 0?
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2.15.3 Sensitivity analysis

To improve the model performance, we need to tune some of the model parameters. Before we
start changing parameters, we will do a simple sensitivity analysis for the most important model
parameters to see how changes in each of the model parameters will affect the model results.
In the table below, most important parameters are listed, for which we will test their sensitivity
for the discharge at Betrawati station. First, fill the column for initial discharge in 2007. We will
analyse the discharge changes for 4 different months in 2007, equally distributed over the year,
to be able to see also which parameter has effect on the flows in which part of the year. The
filled column will serve as a Obaselined to
change when adjusting paramters.

Q29: Before you start the analysis, try to reason which parameters will be most sensitive and
how this could be different for different parts of the year. Write down your expectations.

Now do a series of model runs, each time changing one parameter and leaving the others the
same as the baseline. First change the parameter by setting the parameter at 50% of its initial
value. Then for the next run set the parameter at 150% of its initial value. After each model run,
write in the table how the average discharge during each of the four months in 2007 changes.
Also write down how the hydrograph has changed after each model run. Did the distribution of
flow over the year change, did low flows increase or decrease? Is the hydrograph getting
smoothened or does it show more spikey patterns?

Parameter Initial Value Initial Q 2007 gQ (%) for | qRQ (%) for
(mm/day) parameter parameter
value 50% | value 150%
Soil
Rootlayer 300 Jan:
thickness (mm) Apr:
Jul:
Oct:
Sublayer 700 Jan:
thickness (mm) Apr:
Jul:
Oct:
Groundwater
deltaGW 3 Jan;
Apr:
Jul:
Oct:
alphaGW 0.05 Jan:
Apr:
Jul:
Oct:
Glaciers and Snow
DDFDG 2 Jan:
Apr:
Jul:
Oct:
DDFG 6 Jan:
Apr:
Jul:
Oct:
DDFS 5 Jan:
Apr:
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Jul:
Oct:
Routing
Recession 0.50 Jan:
coefficient Apr:
Jul:
Oct:

When finished, plot your results. Make a plot with gqQ on the y-axis and the change in parameter
value (%) on the y-axis, and plot for all parameters in the same plot.

Q30: Which parameters have most influence on change in discharge during January?
Q31: Answer the same question for the three other months.

Q32:  Which parameters have most influence on the total discharge?

Q33:  Are the findings in line with your expectations?

Now think carefully how you would change the parameter values to improve your model results,
and then do another model run with the parameter values you suggest.

A commonly accepted criterion to indicate how well a model is able to simulate observations is
the Nash-Sutcliffe model efficiency coefficient (NSE, Nash and Sutcliffe, 1970). The NSE is
defined as:

CcA CR
CcA CR

B
0 YO p 5

where 0 is the mean of observed discharges, and Q,, is modeled discharge. Q,' is observed
discharge at time t.

Assess the performance of your last model run, by calculating the Nash-Sutcliffe model
efficiency for the daily values in 2007. The table below provides an indication of how the model
performance can be characterized by the Nash-Sutcliffe efficiency.

Table 6: Description of fit linked to Nash-Sutcliffe model efficiency coefficient (Adapted
from Foglia et al., 2009).

Fit Nash-Sutcliffe
_ efficiency ‘

Observed mean is a better predictor than the model <0
Insufficient 0-0.2
Sufficient 0.2-0.4

Good 0.4-0.6

Very good 0.6-0.8
Excellent >0.8

Adjust your model parameters and do additional model runs until you are satisfied with the

model 6s performance.
During this tutorial, we are not going to do a complete validation of the calibrated model.

Q34: How could you validate the performance of your calibrated model?
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2.16 Climate Change

Hydrological models are very useful to assess the impacts of climate change for water
resources. We are now going to use the calibrated model to assess the hydrological changes in
the Trisuli basin for a hypothetical climate change scenario assuming that the daily air
temperature increases by 3 °C and daily precipitation increases by 20%.

To do this, first save the project under a new name: Click the fi S a v ebutfos in the top row of
the SPHY interface. Give the new project for example the name: Trisuli_CC_vl.cfg.

We will leave all parameters unchanged, except for the climate input and glaciers map. Open
thefi Cl i rnedp in €he user interface and select other meteorological forcing map-series. These
are located in the SPHY2.0/input/forcing_cc directory.

Create new output directory named output_cc in the SPHY2.0 directory. Inthei Ge ner al
s et t tab, geted thisfolderasfi Ou t p u t. Createladexvrglacier map, assuming that all
glaciers in the basin have retreated by 50%. You can do this by changing glacfrac.map. Open
the command line window and browse to the SPHY2.0\input directory. Type

pcrcalc glacfrac_cc.map = glacfrac.map * 0.5

Then underthe i G| a ctabeénrS®HY interface, selectthe newmapasii | ni t i al gol.aci er fr
Think carefully which maps and time-series you want to report, also keeping in mind the
questions stated below. Save the project and run the model.

When the run is finished analyse the output and investigate how the hydrology has changed, by
looking at time-series of discharge and discharge contribution at Betrawati and Kyangjin
stations and compare spatial maps of the baseline run and climate change run. Answer the
following questions:

Q35: How does the total amount of runoff generated in the entire basin change between the
baseline and the climate change run?

Q36: How do the contributions of glacier melt, snow melt, rainfall-runoff and baseflow change
for the entire basin, the catchment of Betrawati station, and the catchment of Kyangyin
station?

Q37: Does the amount of glacier melt generated in the Trisuli basin increase or decrease?

Q38: Can you see shifts in the peak of snow melt when comparing snow melt maps of
different months for the baseline and climate change run?

Q39: Do the areas where snow melt is generated change?

Q40: Can you see shifts in snow melt when comparing the hydrographs at Betrawati station
for the baseline and climate change run?

Q41: How much does the amount of rainfall- runoff change in the basin?
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3 Pungwe River Basin, Mozambique

3.1 Model and GUI compatibility

This case-study has been developed using:
1 SPHY model v2.0 (Terink et al., 2015, 2015a)
1 SPHY model GUI (SphyPlugin) v1.0 (Terink et al. (2015c)

Currently, the SPHY model GUI (v1.0) is only compatible with SPHY model v2.0. Therefore, it is
recommended to do this case-study using these versions of the model and the GUI.

This case-study is setup to work with the SPHY model GUI (v1.0). It does NOT use the SPHY
model preprocessor (SphyPreProcess) (Terink et al., 2015c), and therefore it is required to
create model input data manually. This is well described in the following sections. If it is not
clear how to create model input data, then more information can be found in Section 5 from
Terink et al. (2015a). Of course you can redo this case-study using the SphyPreProcess GUI
and analyze the differences in the obtained results.

3.2 Downloads and installation

In order to do the Pungwe River Basin case-study it is required to download and install the
following data and software:

1 SPHY model v2.0 source code (see Section 4.2.4 of Terink et al. (2015a))

1  SPHY model GUI (SphyPlugin) v1.0 (see Section 2.3 of Terink et al. (2015c))

1 Pungwe River Basin case-study dataset

Login credentials that are required to download software and data from the SPHY model
website can be obtained using the link below:

http://www.sphy.nl/software/download-sphy/

NOTE: since the SphyPlugin v1.0 GUI was originally developed to work with glacier-fed river
basins only, a small modification needs to be done in the GUI template file. If you have installed
the SPHY model GUI correctly, then you will find a folder

C:\Users\XXXXX\.qgis2\python\plugins\SphyPlugin\config\
on your hard disk, with XXXXX being the username of the computer. Within this folder you find
the file: sphy_config_template.cfg. Edit this file with a text editor (e.g. notepad, see Figure 3).

Change the values of 1 (red boxes) to 0, and finally save the file. After this step has been
completed you are ready to use the GUI for this case-study.
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ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/SPHY_source_codes/v2.0/SPHY2.0.ZIP
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/GUIs/SphyPlugin/v1.0/SphyPlugin.rar
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/SPHY_source_codes/v2.0/SPHY2.0.ZIP
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/GUIs/SphyPlugin/v1.0/SphyPlugin.rar
ftp://95.97.194.183:22/PUBLIC_SHARED_DATA/SPHY/Case_studies/Pungwe/Pungwe.zip
http://www.sphy.nl/software/download-sphy/

.

ﬁ sphy_config_template - Notepad

File Edit Format View Help

#'\Q’\Q’ﬂ.’\Q’\Q"ﬂ.’\Q’ﬂ."ﬂ'\Q"ﬂ.’\Q’ﬁ"ﬂ'\Q’ﬂ.’\Q’ﬁ"ﬂ'\Q’ﬂ."ﬂ'\Q"ﬂ.’\Q’ﬂ."ﬂ'\Q’ﬂ.’\Q’ﬁ"ﬂ'\Q’ﬂ.’\Q’ﬁ"\ﬁ.’\Q’ﬂ."ﬂ'\Q"ﬂ.’\Q’ﬂ."ﬂ'\Q’ﬂ.’\Q’ﬁ"ﬂ'\Q’ﬂ.’\Q’\Q"\Q.'\Q’ﬂ."ﬂ'\Q"\Q.'\Q’ﬁ"ﬂ'\Q’ﬂ.’\Q’ﬁ"ﬂ'\Q’ﬂ."ﬂ'ﬂ’*ﬁ*ﬁﬂ’*ﬁ*ﬁﬂ’*ﬁ**ﬁ*ﬁﬂ’*ﬁ*ﬁﬂ’

# CONFIGURATION FILE BELONGING TO SPHY. MODEL CHANGES CAN BE DOME IN THIS FILE. THIS FILE
# CAN BE USED TO CHANGE MODEL INPUT, SET PARAMETERS, MODEL OUTPUT, AND TURN ON/OFF MODULES
#

# THE SPATIAL PROCESSES IN HYDROLOGY (SPHY) MODEL IS DEVELOPED AND OWNED BY FUTUREWATER.

# AUTHOR: W. Terink

# DATE LATEST CHANGE: 15-04-2014

# VERSION 2.0

e e e e R R R R e e R R e R e e R e e R R R R R R R R R R R R R R R R R R AR AR R RN R AR AR R R R AR

#ﬁ'\Q’*\Q’\Q"\Q{\Q’*'ﬂ'\Q"\Q{\Q’Wﬁ'\Q’*\Q’Wﬁ'\Q’*ﬁ'\Q"\Q{\Q’*'ﬂ'\Q’*\Q’Wﬁ'\Q’*\Q’\2"\9{\Q’*'ﬂ'\Q"\Q{\Q’*'ﬂ'\Q’*\Q’Wﬁ'\Q’*\Q’\Q"\Q{\Q’*'ﬂ'\Q"\Q{\Q’Wﬁ'\Q’*\Q’Wﬁ'\Q’*'ﬂ'#*ﬁ*ﬁ#*ﬁ#ﬁ#*ﬁ#*ﬁ*ﬁ#*ﬁ*ﬁ#

# SPHY enables the user to turn/off certain modules. The flags below can be used to turn on/off
# these modules (1=on, 0=0ff)

R e e e e e Y e Y e e T Y e T R R R R R R R W R R R R R R R W

[MODULES]

GlacFLAG
# snow module. If e glacier melt processes module is turned on, then this is also turned on
# automatically. If the glacier melt processes module is turned off, then you may turn this on
# if you want toorporate snow melt and accumulation.

1

# Glacier melt psses module. This automatically turns on the snow module as well.
1

SnowFLAG
# Routing module == streamflow routing should be included, then this should be turned on. If
# this is turned on, then the reservoir module should be switched off.

Figure 3: Modifying the modules section of the sphy_config_template.cfg.

3.3 Introduction

The Pungwe basin covers 30.970 km?, stretching out from the Zimbabwean highlands to its
outlet to the Indian Ocean. The average elevation of the basin is 416 m.a.s.l., but the elevation
ranges from 2427 m.a.s.| to sea level. During this tutorial we will explore the input data for
Pungwe that feeds into SPHY, get the model running, and explore the model output.

Zambia

Mozambique

0 6825 125 250 Kilometers

Figure 4: The location of the Pungwe basin.
For the Pungwe basin, we will set up the SPHY model for a five year period from 1 January

2005 to 31 December 2009. For this period we will set up SPHY at a daily time step, and with
1000 x 1000 m spatial resolution (grid cell size). All maps used in this tutorial are in the WGS 84
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/ UTM zone 36S projection (EPSG:32736). In this tutorial, each step to setup the model is
discussed. If you need more technical background information to perform a certain step, please
refer to the general SPHY v2.0 manual (Terink et al., 2015a).

3.4 Create new project and set general settings

Start by creating the input and output directories in the SPHY directory. Move the contents of
the data\input directory into the SPHY\input directory.

Subsequently start QGIS. Now open the SPHY plugin by clicking the SPHY Model button (see
Figure5) i n QGI S. Click ANew Pr oj ec tSPHYadrattorg. Name
the project Pungwe_v1.cfg or another appropriate filename. Then, in the SPHY interface, go to
thetabfi Gener al . Settingso

7 oals281wien | T

Project Edit View Layer Settings Plugins

NEBERLR [F

B
Vo o = 9 @3 &

L2
|
Fe

Figure 5: Opening the SPHY plugin inside QGIS.

L1}

From the data\other_layers directory, add landsat8_july2015.tif to the QGIS layer canvas.
This is a Landsat 8 satellite image containing the Pungwe basin, and can be used as a
reference background in QGIS. Landsat 8 is a satellite that makes high-resolution images (30m)
and passes over the Pungwe Basin every 16 days.

InthepartA Fol der ,sedctehe SPHY o r e c t BAHY foldesoanil select the input
and output directories which you justcreatedasi|l nput anidOdepot. fol der

Inthepart A Per i od o f, sa therfus taa ri tamidiiaEtnedd dfahe eirdulation, from 1
January 2005 until 31 December 2009.

Inthe pat A Coor di nat, gou Bepdsto spetdy the coordinate system of your area of
interest. The coordinate system has to be specified in EPSG. You can search for the
corresponding EPSG number on this website: http://spatialreference.orag/ref/epsa/

For the Pungwe case study model, we use the WGS 84 UTM 36 South projection, which has
EPSG code 32736.
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http://spatialreference.org/ref/epsg/

Inthe partt Ca t c hsneet nt t selegtshé appropriate maps from the SPHY\input directory, as
indicated in the table below. Each layer you add through the interface will automatically be
added to the QGIS | ayer canvas. I f you
double-cl i cking on the
tab (see Figure 6).

Table 7: General settings: Catchment settings.
Catchment settings

Clone map clone.map
DEM map [MASL] dem.map
Slope map [-] slope.map
Stations map locations.map

Layers
o= FE @G

El- (% ﬂﬂ Input
£33 General

W Band rendering

X © locations
=83 slope
0.00086873
0.175483

Render type | Singleband gray >

Multiband color

Paletted -

Singleband gra
2 ==

Load min/max values

|‘ Transparency

Gray band

Cumulative 5 o

B[ idem BB Pyramids Color gradient do * T ® mtent S -[980 (5] %
9.708
Min 0.00086873 i
g 1728.02 |_ Histogram Min [ max
L i clone ) Max 0.175483 Mean +/- o=
nan fi Metadata Contrast standard deviation = = x
Stretch to MinMax hd

enhancement

1
% [ landsats_july2015 Extent Accuracy

& Ful ® Estimate (faster)

Current Actual (slower)

Load

Figure 6: Example of changing the layout of a layer in QGIS.

Have a look at each of these four maps in QGIS. Answer the following questions:

Q1
Q2:

Which parts of the basin are highest and which parts are the lowest?
Which parts of the basin have the steepest slopes, and which parts are more flat?

A number of locations are defined in the file locations.map. As you open it in the SPHY
interface, it is automatically converted to the shapefile locations.shp. Some of these locations
correspond with actual flow measurement stations, while others are the outlet points of sub-
basins. Add the shapefiles flowstations.shp and subbasins_weap.shp from
data\other_layers to the QGIS canvas.

Which IDs in the locations.shp layer are flow measurement stations, and which are
outlet points of sub-basins?

Q3:

Save your model setup every once in a while by clicking the fi S a \bton in the top row of the
SPHY interface.

3.5 Climate

Have a look at the contents of the SPHY\input\forcing directory. This directory contains daily
input maps (map-series) for precipitation, mean temperature, maximum temperature and
minimum temperature. The filenames have a strict numbering format. For example, the mean
temperature maps have the format tair0000.001 until tair0001.826, where the extension of
i.0010 corresponds with the first day of si

e
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In the SPHY-interface go to the A C| i mntabt la ¢the part for i Met eor ol ogi cal
seriesq select the appropriate map-series from the SPHY\input\forcing directory:

Table 8: Meteorological forcing map-series.

Meteorological forcing map-series

Precipitation [mm/d] prec
Avg. daily temperature [°C] tair

Max. daily temperature [°C] tmax
Min. daily temperature [°C] tmin

Inthe parti Met eor ol ogi c select atdude.mep fram tlee SPHY\input directory for
fiLat it udleavethevaledorthefi Sol ar anchasgeda nt o

Q4: The map with latitude zones defines the latitude values for all grid cells in the model.
Why is this map included? You can look it up in the theoretical part of the manual.

From the data\other_layers directory add TotPrec_2006.map and TotPrec2007.map to the
QGIS canvas. These two maps show the annual precipitation sums for 2006 and 2007 as
calculated from the daily precipitation forcing map-series. As you will likely notice a warning
message will be shown in the QGIS canvas (Figure 7). This means that there is no Coordinate
Reference System (CRS) defined for these maps. Remember that the CRS for the Pungwe is
EPSG:32736 (see Section 3.4). Now set the CRS for these two maps by selecting both layers
and press the right mouse button (Figure 8). Then select the correct CRS by typing the EPSG
number in the f il t eigurebOp Xhisapmcddurp has ®© e perdihed eyery
time this message appears.

forci

Click right on these layer s and oprbpertesdoe, fiand vi ew Noweansweethea Ti at a.

following questions for these two years:

Q5: What is the maximum annual precipitation in both years, and in which area does this
occur?

Q6: What is the minimum annual precipitation in both years, and in which area does this
occur?

Q7. What is the mean precipitation in 2006 and 2007 for the entire basin?

w @ @ [ 9 s £ e R W

[ /1, CRSwas undefined: defaulting to CRS EPSG:4325 - WGS 84

Figure 7: CRS was undefined message.
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x| %

TotPrec 2006
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334,27 }:‘ Zoom to Layer
' 1696.85 Show in overview
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0.000369 Zoom to Best Scale (100%)
0.044522 Stretch Using Current Extent
0.088176 [ Remove
0.131829 :
0175483 |-\ Duplicate
=1 & dem Set Layer Scale Visibility
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- 55,2880 W
858.854000 Set Project CRS fritn Layer
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Save As Layer Definition File...
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nan Properties
1 Move to Top-level -
=% (1] Climate 5
0 LR ] Rename
Identify R Group Selected
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Figure8: Setting a | ayerds CRS.

~
¢ Coordinate Reference S_ @u

Define this layer's coordinate reference system:
Thig layer appears te have noe projection specification. By default, this layer will now have its projection set to that of the
project, but you may override this by selecting a different projection below.

Filter | 32736 &

Recently used coordinate reference systems

Coordinate Reference System Authority ID

WGS 84 / UTM zone 365 EPSG:32736

4 [[«]»
Coordinate reference systems of the world Hide deprecated CRSs
|Coordinahe Reference System Autharity ID

- Projected Coordinate Systems
=- LUniversal Transverse Mercator (LITM)
- WGES 84 | UTM zone 365 EPSiG:32736

(41 KDy

Selected CRS: | WGS 84 f UTM zone 365

+proj=utm +zone=36 +south +datum=WGS84 +units=m +no_defs

— ————— W

Figure 9: Selecting the CRS for a layer.
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3.6 Soil

Go to the A S o itdb sndhe SPHY interface. In the parts for A Root zone p hyawdi
iSubzone phyisputenaps neadapbe provided for different physical soil parameters
for a topsoil layer and a subsoil layer separately. These parameters are required for model
calculations for evaporation, infiltration and surface runoff generation, as described in the SPHY
v2.0 manual.

Usually these data are not readily available. However, maps with soil types are often available,
and pedo-transfer functions (Nemes et al., 2001; Keshavarzi et al. 2010) are available to assign
physical soil parameters to soil types. For the Pungwe model we use a new global soil map, the
SoilGrids 1km dataset which is freely available (http://soilgrids.org/, Hengl et al., 2014). Now
click the fiselect mapo buttons to select th

Qs: Describe for each of these soil parameters how they are defined and how you expect
that they will influence the behavior of water in the soil. Hint: have a look at Figure 2 of
Terink et al., (2015a).

In the SPHY interface, in the part for i R o-cahd subzone parametersq maps with the
approximate rootzone depth and subsoil depth can be included, or alternatively a single value
can be set. Leave these settings unchanged as well and do the same for the value for maximum
capillary rise.

Q9: What effect do you expect a larger root zone depth to have on the surface runoff that is
generated in the basin?
Q10: What is capillary rise?

3.7 Groundwater

Open the i Gr o u n d tala in ¢he BPHY interface. The left part contains the groundwater
volume settings. Here you can set values for the groundwater layer thickness, saturated
groundwater content and initial groundwater storage for the first time step. Often, the values of
these groundwater volumes are unknown and values are usually calibrated, using observed
stream flow. The values you choose here will mainly affect the generation and delay of
baseflow. In the right part, three parameters can be set, which are also related to groundwater.
Also these values are usually unknown and need to be calibrated. For now, leave the default
values. Answer the following question using the theoretical part of the manual:

Q11: What would happen to the baseflow recession curve whenthe i a | p h pafameter is
increased?

3.8 Land use

e

Open the ALand tabsie the SPHY interface. In the ALand u s dield mealegto

globcover.map from the SPHY\input directory. This land use map is derived from the
Globcover 2009 dataset (http://due.esrin.esa.int/page globcover.php). The Globcover map has
the following legend:
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Table 9: Land use classes.
Value Class

11 Post-flooding or irrigated croplands (or aquatic)

14 Rainfed croplands

20 Mosaic cropland (50-70%) / vegetation (grassland/shrubland/forest) (20-50%)
30 Mosaic vegetation (grassland/shrubland/forest) (50-70%) / cropland (20-50%)
40 Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5m)
50 Closed (>40%) broadleaved deciduous forest (>5m)

60 Open (15-40%) broadleaved deciduous forest/woodland (>5m)

70 Closed (>40%) needleleaved evergreen forest (>5m)

90 Open (15-40%) needleleaved deciduous or evergreen forest (>5m)

100 Closed to open (>15%) mixed broadleaved and needleleaved forest (>5m)

110 Mosaic forest or shrubland (50-70%) / grassland (20-50%)
120 Mosaic grassland (50-70%) / forest or shrubland (20-50%)

130 Closed to open (>15%) (broadleaved or needleleaved, evergreen or deciduous) shrubland (<5m)

140 Closed to open (>15%) herbaceous vegetation (grassland, savannas or lichens / mosses)

150 Sparse (<15%) vegetation

160 Closed to open (>15%) broadleaved forest regularly flooded (semi-permanently or temporarily) -
Fresh or brackish water

170 Closed (>40%) broadleaved forest or shrubland permanently flooded - Saline or brackish water

180 Grassland or woody vegetation on regularly flooded or waterlogged soil - Fresh, brackish or
saline water

190 Artificial surfaces and associated areas (Urban areas >50%)

200 Bare areas

210 Water bodies

220 Permanent snow and ice

Q12: What are the major land use types in the Pungwe basin according to the Globcover
map?

To each of the | and use types a ficrop coefficiento
the potential evapotranspiration from the reference evapotranspiration in the SPHY model. The

Kc values are stored in a lookup table, similar as the data for the physical soil parameters.

Select this lookup table (kc.tbl) from the input directory. Now answer the following question

using the theoretical part of the manual:

Q13: How can you calculate potential evapotranspiration from reference evapotranspiration?
What happens to the potential evapotranspiration when Kc is increased?

Q14: The actual evapotranspiration can be lower than the potential evapotranspiration. Can
you think of a reason why this can happen?

Q15: Instead of using a Kc lookup table per land use type, how could the Kc input to the
model be improved?

3.9 Routing

Openthe i R o u ttdabinghé SPHY interface. Thedi Re c e s s i o n ixueed fofddtecnmine nt o

how fast water travels from the grid cell where it is generated to the downstream cells. This

parameter is also used to calibrate the model. For now a single value is set as default. The

iFl ow dimamis aniinopor@ant part of the model, indicating for each grid cell in which

direction it drains. Using this map, the water can be directed from each grid cell towards the

basinds outflow point. Such a map is called a Local
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derived from a Digital Elevation Model (DEM). Select Idd.map from the SPHY\input as LDD
input.

A good way to test if an LDD map is correct is to calculate for each cell how many cells are
upstream. You can do this using the PCRaster command accuflux. Go to the command line
window by <clicking the Windodwsi B8t ahtt kBeftr cih
SPHY\input folder in the Command line window and type:

pcrcalc accuflux.map = accuflux(ldd.map,1)

Add the newly generated accuflux.map to the QGIS canvas by selecting the file and dragging it
into the canvas. The outlet point of the Pungwe basin can be found in
other_layers\outlet_pungwe.shp. Select this shapefile and drag it into the QGIS canvas. Now

check if the stream network is complete, and all branches are connected to the outlet point.

Q16: How many grid cells drain to the outflow point according to accuflux.map?
Q17: How much is this in km??

If the LDD map is correct, then again go to the Windows Command line window and enter the
following command to construct a map of the Pungwe catchment:

pcrcalc catchment.map = catchment(ldd.map, outlet. map)

The outlet.map file used in the command above is a gridded version of the
outlet_pungwe.shp. This command creates a catchment for the area upstream of the

outlet.map using the flow direction network (Idd.map) . Now go to the AGe
the interface, and select the catchment.map as t heb afisSunbs map o6 b gelectl
mapd button. Finally check i f towectyPungwe catc

3.10 Report options

Openthetab Re por t imthet SPldYhirsedface. In this tab you can set for each flux and
variable calculated in SPHY if and how often it is reported during a model run. Map-series can
be written at daily, monthly and annual time step or a combination of these. Time-series at point
locations can be written at a daily time-step. The locations.map is used for this.

Set the following settings in this tab in the interface:
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Table 10: Report options.
Variable/flux
Baseflow runoff

Report frequency
Annual, Monthly

ETa Annual

Rain runoff Annual, Monthly

Precipitation Annual, Time-series output; Daily
Rainfall Annual

Root zone drainage

Annual, Monthly

Routed base-flow runoff

Time-series output: Daily

Routed rain runoff

Time-series output: Daily

Routed total runoff

Time-series output: Daily

Surface runoff Annual, Monthly

Total runoff Annual

Also check the optionfi Report mm f | ux e s . Thie optioh a@lews the reperengaf g e s 0
basin average fluxes in mm for the sub-basin areas upstream of each location in
locations.map.

3.11 Run model

Now it is time to do the first model run. Open the Run Model tab in the SPHY interface. Select
the paths to the PCRaster bin directory (most probably: C:/Program Files
(x86)/PCRASTERA4/bin) and Python 2.7 executable (most probably: C:/Python27/python.exe).
Thenclickthe i Ru n  miautdos, lara the model run is started.

When the run is finished browse to the SPHY\output directory, where all output files are written.
Note that there are different types of output files. There are maps with time steps indicated in
the file name, and there are time-series, stored as .csv files.

3.12 Visualize results

In the SPHY interface, open the lasttab: i Vi s ual i zletherfirsstalumb yw see all time-
series output. In the other three columns you see the map-series output, categorized for daily
maps, monthly maps, and annual maps.

In QGIS, place locations.shp on top of the other layers, and make sure the layer is selected in
the iLay eindow. Inthe i Vi sual i ztab inrtree SBHYtirdetface, click i Rout e d
runoff [m3/s]q and then click i S h o w -steir mé&hendclick on the point locations of some of
the stations in the QGIS canvas. An image pops up with the simulated routed total runoff for
each time step (Figure 10).
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Figure 10: Example of visualization for Time-series output.

Close the graphs and oadcd trhue od bys¢lartimg it SRHY O
interface and clickingfi Sh o w a n n.uf godu wishaagjdst the legend in QGIS. You can add
other maps in the same way.

3.13 Model calibration

3.13.1 Discharge time-series

Usingthe A Vi sual i ztab, loolea allldiffesedt outputs to get an idea of what data you
have available. As already mentioned in the previous sections, many of the tabs we visited
during model setup contain parameters that require values, but these values are not always
known in advance. Some of the parameters can be measured in the field, others can be
approximated with values found in scientific literature, or they can be calibrated.

Q18: Revisit the Groundwater and Routing tabs. How could each of these parameters be
calibrated, and what data would you need to do that?

For this tutorial, we will use discharge measurements at stations E65 (Pungue em E.N.102),

E72 (Nhazénia em J.E. da Costa) and E651 (Pungoé em EN1 Ponte Gorongosa) station to
calibrate the model.
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Open SPHY_results.xlsx in Microsoft Excel. The first sheet of this file contains the daily
measured discharge records at the three stations. These data are already plotted in the
respective graphs.

From the SPHY\output directory, copy the data in QAIIDTS.csv to a separate Excel sheet. This
file contains the daily routed total runoff that SPHY has computed for the different points in
locations.shp. Remember from the locations.shp that there are 17 stations defined for the
Pungwe River Basin. The first column in QAIIDTS.csv contains the simulation dates, running
from 01-Jan-2005 through 31-Dec-2009. The next columns represent the routed total runoff
calculated by the SPHY model for each station ID. This means column 2 corresponds with
station ID1, column 3 corresponds with station D2, etc.

Locate the three flow stations in QAIIDTS.csv and paste the simulated streamflow time series
in the spreadsheet.

When you have filled the columns, you will notice that the data is plotted in the graphs that are
included in the spreadsheet file. You are able to see the difference between the observed and
simulated discharge.

As you will notice, there is an unlikely peak in discharge in July 2009, which is in the middle of
the dry season. This does not correspond with the difference between modeled and observed
flow during the rest of the time-series.

Q19: What could cause this problem? How could you solve it?

When the input has been corrected, run the model again. Before running the model make sure
that you have closed all *.csv files (e.g. QAIIDTS.csv) that are open. After the model run has
been completed, fill the following table:

Table 11: SPHY model output.

Average discharge 2005-2009 E65 E72 E651

Observed discharge (m3/s)

Simulated discharge (m3/s)

Q20: How would you rate the correlation of the observed and simulated flow?

3.13.2 Water balance

In SPHY _results.xIsx, now also fill the columns for precipitation and evapotranspiration in the
fivater_balanced0 s heet , UiedPnegSubBasgin¥83csv and ETaSubBasinTSS.csv.
The conversion from SPHY simulated streamflow in m3/s to mm/d is done automatically in the
Excel sheet in the columns F, M, and T. Use these values to fill the table below for the year
2006:
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Table 12: SPHY water balance.

2006 E65 E72 E651

Precipitation P (mm/yr)

Discharge Q (mm/yr)

Actual evapotranspiration ET
(mml/yr)
Difference PT QT ET (mm/yr)

Q21: Whyis Q + ET not equal to P?

3.13.3 Sensitivity analysis

To improve the model performance, we need to tune some of the model parameters. Before we
start changing parameters, we will do a simple sensitivity analysis for the most important model
parameters to see how changes in each of the model parameters will affect the model results.

To do this, h acalibratiand | s & kS _riedqulisexisxi In the table below, most
important parameters are listed, for which we will test their sensitivity for the discharge at E65
station. The initial simulated discharge in mm/d (results from Section 3.13.2) is already shown in
column D (SPHY Q (mm/d) run 1). The observed discharge in mm/d is already shown in column
C.

We will analyze the discharge changes for 4 different months in 2007, equally distributed over
the year, to be able to see also which parameter has effect on the flows in which part of the
year. The filled column will serveasa ¢&ébasel i ned to which we ar
results change when adjusting parameters. Before you start the analysis, try to reason which
parameters will be most sensitive and how this could be different for different parts of the year.
Write down your expectations.

Now do a series of model runs, each time changing one parameter and leaving the others the
same as the baseline. First change the parameter by setting the parameter at 50% of its initial
value. Then for the next run set the parameter at 150% of its initial value. For Kc, only change
the values of the three main | and cuaslé btrshmgetdoo
look at the results by following these steps:

1. Open QTOTSubBasinTSS.csv (contains total routed runoff in mm/d);

2. Copy the values from column B (represents station E65) to the SPHY_results.xIsx file

to the fralibrationosheet in column E;
3. Copy the values from column E to the blue column O.
4. Analyze the results from the tables which are shown next to column O

After each model run, write in the table below how the average discharge during each of the
four months in 2007 changes. Also write down how the hydrograph has changed after each
model run. Did the distribution of flow over the year change, did low flows increase or
decrease? Is the hydrograph getting smoothened or does it show more spikey patterns?
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Parameter Initial Value Initial Q 2007 oQ (%) for gQ (%) for
(mm/day) parameter | parameter

value 50% | value 150%

Soil

Rootlayer 400 Jan;

thickness (mm) Apr:
Jul:
Oct:

Maximum capillary 3 Jan:

rise (mm/d) Apr:
Jul:
Oct:

Land use

Crop factor (-) see kc.tbl Jan;
Apr:
Jul:
Oct:

Groundwater

deltaGW 60 Jan;
Apr:
Jul:
Oct:

Routing

Recession 0.60 Jan:

coefficient Apr:
Jul:
Oct:

Q22: Which parameters have most influence on change in discharge during January?
Answer the same question for the three other months.
Which parameters have most influence on the total discharge?
Are the findings in line with your expectations?

Now think carefully how you would change the parameter values to improve your model results,
and then do another model run with the parameter values you suggest.

A commonly accepted criterion to indicate how well a model is able to simulate observations is
the Nash-Sutcliffe model efficiency coefficient (NSE, Nash and Sutcliffe (1970)). The NSE is
defined as:
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where 0 is the mean of observed discharges, and Q,, is modeled discharge. Q,' is observed
discharge at time t.
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Assess the performance of your last model run, by looking at the Nash-Sutcliffe values at E65 in
t h ealibfationd0 s heet f or t hTke tabie below previdds anyireiaation of how the
model performance can be characterized by the Nash-Sutcliffe efficiency.

Table 13: Description of fit linked to Nash-Sutcliffe model efficiency coefficient (Adapted
from Foglia et al., 2009).

Fit Nash-Sutcliffe efficiency |
Observed mean is a better predictor than the model <0

Insufficient 0-0.2

Sufficient 0.2-0.4

Good 0.4-0.6

Very good 0.6-0.8

Excellent >0.8

Adjust your model parameters and do additional model runs until you are satisfied with the

A

model 6s p e Baveothe mestrmodel.configuration as Pungwe_calibrated.cfg.

Q23: What year has the worst model performance? Can you think of a reason why the model
does not perform well in this year?

Q24: During this tutorial, we are not going to do a complete validation of the calibrated model.
How could you validate the performance of your calibrated model?

If time permits, create a new Excel sheet and use your calibrated model to evaluate the
contribution of rainfall-runoff (RTotDTS.csv) and baseflow (BTotDTS.csv) to streamflow.
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3.14 Scenario simulations

3.14.1 Strategic decision support: climate change scenario

Hydrological models are very useful to assess the impacts of climate change for water
resources. We are now going to use the calibrated model to assess the hydrological changes in
the Pungwe basin for a hypothetical climate change scenario for 2050. We assume that
precipitation during the wet season increases 10%, and during the dry season decreases with
10%. Also, daily temperatures are increased with 2 °C for the entire year.

To do this, first save the project under a new name: Click the i S a v e butfos in the top row of
the SPHY interface. Give the new project for example the name: Pungwe_CC_vl.cfg.

We will leave all parameters unchanged, except for the climate input. Openthe i C| i nedbine 0
the user interface and select other meteorological forcing map-series. These are located in the
SPHY/input/forcing_cc directory.

Create new output directory named output_cc in the SPHY directory. Inthei Gener al settings
tab, select this folderas i Out put. f ol der 0o

When the run is finished, analyze the output and investigate how the hydrology has changed, by
looking at time-series of discharge and discharge contribution at the three discharge stations
and compare spatial maps of the baseline run and climate change run. Answer the following
questions:

Q25: How does the total amount of runoff generated in the entire basin change between the
baseline and the climate change run?
Q26: How do the contributions of rainfall-runoff and base flow change for the entire basin?

3.14.2 Operational decision support: flood prediction using weather forecast

Besides strategic decision support for water resource planning, SPHY can also support short-
term management decisions such as flood mitigation measures. Based on a hypothetical
forecast of temperature and rainfall in the forthcoming week, we are now going to evaluate
whether a flood is likely to happen.

Set the climate forcing in the SPHY interface to the files located in SPHY/input/forcing_fp. If

you locate this folder in Windows Explorer, you will see that there are now only 7 daily maps
available per parameter. Set the starting date of the SPHY model
end date as 7 days from now. Enter flood_location.map as the stations map. This location is

now equal to the E651 flow station, but of course any desired spot could be chosen. Leave all

other model parameters unchanged.

Run your calibrated model and fpedsptedictianhh et ahbh refamfhew
SPHY_Results.xIsx. A rating curve (Q vs. h relation) can be used to compute water levels from
discharges simulated by SPHY. A hypothetical rating curve is provided in the sheet that relates

discharge at point E651 to water level.

Q27: What is the appropriate flood warning level for this location for the coming week?
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