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ABSTRACT

HYDROLOGICAL MODELING AND FORECASTING USING HEC-HMS
SOIL MOISTURE ACCOUNTIN'(I?UFF?IEEQSNOW DOMINATED BASIN IN

Bahlakoana Daniel KIKINE

Department of Civil Engineering
Anadolu University, Graduate of School of Sciences, February, 2017

Supervisor: Assoc. Prof. Dr. Aynur SENSOY SORMAN

The ever increasing world population, climate change, floods and droughts make
an effective management of water resources a crucial subject in hydrologic science.
Advancements in hydrologic modeling, snow modeling and streamflow forecasting
technologies are significant to the efficient water resources management, minimizing
flood and drought risk and increased hydropower generation in mountainous regions.

Karasu (Upper Euphrates) Basin (10,275 km?), a headwater of Euphrates River is
selected as the pilot basin in this study. The aim of the study is to perform a forward-
oriented deterministic streamflow forecasting with Numerical Weather Prediction data
for Karasu Basin using Soil Moisture Accounting (SMA) and snow routine. A conceptual
hydrological model HEC-HMS is calibrated and validated for 2002-2008 and 2009-2015,
respectively. Furthermore, streamflow is forecasted for 2015 water year snowmelt period.
Both event and continuous hydrologic modeling approaches are employed to determine
the model parameters. Continuous modeling is done using conventional and start-state
approaches which help to utilize multi method application. Also the satellite products for
Snow Covered Area and Soil Moisture are used to assess the consistency of model results
on Snow Water Equivalent and Soil Moisture. The model produced NSE and RMSE of
0.88 and 29.52 m/s for calibration and 0.82 and 25.65 m®/s for validation, respectively.

The study applies SMA model in a snow dominated basin and draws internal
consistency evaluations of state variables with satellite data. The study sets precedence
with continuous SMA and streamflow forecasting for applied hydrology.

Keywords: Upper Euphrates Basin, Soil Moisture Accounting, HEC-HMS, Hydrologic
Modeling, Runoff Forecasting.



OZET

TURKIYE’DE KAR AGIRLIKLI BiR HAVZADA HEC-HMS TOPRAK NEMi
YONTEMIi KULLANILARAK HiDROLOJIiK MODELLEME VE TAHMIN

Bahlakoana Daniel KIKINE

Insaat Miihendisligi Anabilim Dal
Anadolu Universitesi, Fen Bilimleri Enstitiisii, Subat, 2017

Danmisman: Do¢. Dr. Aynur SENSOY SORMAN

Artan diinya niifusu, iklim degisikligi, taskinlar ve kurakliklar su kaynaklarinin
etkin yonetimini hidroloji biliminde kritik bir konu haline getirmektedir. Hidrolojik
modelleme, kar modellemesi ve akim tahmini teknolojilerindeki gelismeler daglik
bolgelerdeki su kaynaklarinin etkin yonetimi, taskin ve kuraklik riskini azaltmak ve
hidroelektrik enerji Gretimi i¢in énemlidir.

Firat Nehri’nin membasinda bulunan Karasu (Yukari Firat) Havzasi (10,275 km?)
uygulama alani olarak secilmistir. Caligmanin amaci, Sayisal Hava Tahmin verileri ile
toprak nemi ve kar yontemleri kullanilarak Karasu Havzasi igin ileriye yonelik
deterministik akim tahmini yapmaktir. HEC-HMS kavramsal hidrolojik modeli 2002-
2008 ve 2009-2015 yillarinda sirasiyla kalibre edilmis ve dogrulanmistir. Ayrica, 2015
su yilmin erime doneminde akim tahmini yapilmistir. Model parametrelerini belirlemek
icin hem olay bazli hem de siirekli hidrolojik modelleme yaklasimlar1 kullanilmigtir.
Surekli modelleme, geleneksel ve ‘baslangig-durum’ yaklagimlari kullanarak yapilmistir.
Ayni zamanda, modelin kar su esdegeri ve toprak nemi sonuglarmin tutarliligim
degerlendirmek amaciyla karla kapli alan ve toprak nemi uydu iriinleri kullanilmistir.
Model, kalibrasyon déneminde 0.88 NSE ve 29.52 m%/s RMSE ve dogrulama déneminde
0.82 NSE ve 25.65 m®s RMSE performansi saglamistir

Bu ¢alismada kar agirlikli bir havzada toprak nemi modeli uygulanmakta ve durum
degiskenlerinin icsel tutarliliginin degerlendirmesi uydu {riinleri ile yapilmaktadir.
Calisma, siirekli yaklagimla toprak nemi yontemi ve deterministik akim tahmini ile
uygulamali hidroloji alaninda 6nemli bir 6rnek olusturmaktadir.

Anahtar Kelimeler: Yukar1 Firat Havzasi, Yoprak Nemi, HEC-HMS, Hidolojik
Modelleme, Akim Tahmini.
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1. INTRODUCTION

1.1. Importance of the Study

Water as the source of life has influenced the settlements of civilizations for
centuries. However, the ever increasing world population, the effects of climate change
and global warming pose a significant threat to the hydrological cycle and water
resources. Therefore, the development and advancement of technologies in hydrological
sciences and snow modeling are of great importance in the mountainous snow dominated
regions. This will increase the efficiency of water resources management and minimize
the effects of droughts and floods through the use of planning and operation assisted by

the hydrological models based on runoff forecasting.

Despite been enclosed by three seas, the mean elevation of 1130 m shows that
Turkey is a mountainous country. The mountainous Eastern Anatolia region of Turkey
experiences precipitation during the winter seasons in the form of snow and snowmelt is
a major contributor to the streamflows. The Euphrates River with two major tributaries
as Karasu and Murat in the eastern part of Turkey, is one of the important and longest
rivers of Southeast Asia with important large reservoirs located on the river, Keban,
Karakaya, Atatiirk, Birecik and Karkamis reservoirs. The Upper Euphrates Basin as a
headwater of Euphrates River is selected as a pilot site for the study. The Euphrates River
Basin has a runoff potential of 17% and the area of 127 304 km? making it the largest

basin in Turkey.

The Euphrates River Basin’s importance stretches far beyond the Turkish borders
into the riparian countries as it is also their major water source. Hence improving
hydrological modeling and the streamflow forecasting capabilities will result in effective
management of water resources, hydropower and minimize the effects of drought and

flooding in this region.

On the other hand, Turkey has one of the largest populations in Europe, and
therefore higher water demands. Turkey’s water resources management systems are not
only affected by the rapid growth of its major cities but also floods and droughts can be
equally disastrous. Therefore, basin management systems, long-term continuous
hydrologic modeling, operational runoff forecasting and flood control system are

essential. Application of new technologies in hydrologic modeling implemented in this



study, the Soil Moisture Accounting (SMA), satellite data for Snow Covered Area (SCA)
and Numerical Weather Prediction form an important area of research in Turkey. The
MODIS SCA with resolution of 500 m (https://modis.gsfc.nasa.gov/) is applied to assess

the Snow Water Equivalent (SWE) performance and the H-14 root zone soil moisture

index satellite product with 25 km resolution (http://hsaf.meteoam.it/description-sm-das-

2.php) is used to evaluate the HEC-HMS model’s soil moisture consistency.

1.2. Aim of the Study

Reliability of streamflow forecasting is very important for operational hydrology in
regard to reservoir management, hydropower generation and flood control. For the
consistent streamflow forecasting, the accurately calibrated and validated hydrological
models (i.e. rainfall runoff models) are essential. Therefore, in this study a conceptual

hydrological model is applied in the Upper Euphrates Basin.

Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS)
Version 4.1 (USACE, 2015) developed by the US Army Corps of Engineers (USACE) is
selected to be applied in the pilot basin. The model is employed in a lumped and
continuous form with the soil moisture accounting and snow components. SMA approach
is used for the first time in a snow dominated basin in Turkey. Moreover, the satellite data
is used to validate the consistency of the simulated results to check the internal validity
of state variables. The Moderate Resolution Imaging Spectroradiometer (MODIS), Snow
Covered Area (SCA) product is used to inspect the Snow Water Equivalent (SWE)
consistency. On the other hand, the soil moisture product of Satellite Application Facility
on Support to Operational Hydrology and Water Management (H-SAF) established by
the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT), H14 (Root Zone Soil Moisture Profile) is used to check the consistency

of soil moisture.

The other purpose of the study is the deterministic daily streamflow forecasting
using the Numerical Weather Predictions (NWP) as input to the model. The daily
temperature and precipitation data of the Weather Research and Forecasting (WRF) are
used to forecast streamflow. The forecasted results are compared with the observed
discharges and analyzed. The results obtained from the study could be used to support
reservoir operations downstream and also optimize the water resources management and

flood warning systems.


https://modis.gsfc.nasa.gov/
http://hsaf.meteoam.it/description-sm-das-2.php
http://hsaf.meteoam.it/description-sm-das-2.php

1.3. Thesis Guideline
The thesis is divided into 6 chapters. The subject matter of each chapter with the

exception of introduction is as follows:

The literature review is discussed in Chapter 2. First the survey on the previous
studies on the study area are highlighted, then the literature on the Soil Moisture
Accounting (SMA) component of HEC-HMS are discussed briefly. And finally the

literature on the hydrologic modeling and streamflow forecasting are provided.

Study area is discussed with details in Chapter 3, also all the data sources and types

used in the study are explained.

The description and all components of the hydrologic model are given in detail
within Chapter 4.

Chapter 5 includes the model application procedures, outputs and assessment of

results.

Chapter 6 provides the conclusion and recommendations of the thesis. It highlights

the main findings of the study with suggested future studies.



2. LITERATURE REVIEW

The research on literature is briefly summarized under three main topics. First, the
previous research on the study area is reviewed. Then, the applications of HEC-HMS with
Soil Moisture Accounting (SMA) are taken into account. And finally, literature on the

hydrological modeling streamflow forecasting is highlighted.

2.1. Previous Studies in the Pilot Area

The hydrological applications and studies depend on the meteorological data of
the area. The high elevations and remote mountainous locations of the snow-dominated
watersheds make these studies rather difficult. Their remote locations bring about
challenges as the easy access locations such as towns and cities house the majority of the
meteorological stations’ networks in Turkey. The first step to the studies in the
mountainous Eastern Anatolia region was the extension and enhancement of the
meteorological networks. Several research projects were undertaken to upgrade the

networks.

The installation of the Automated Weather Observation Stations (AWOS) and
Snow Telemetry (SNOTEL) was pioneered by NATO SFS and Middle East Technical
University (METU) research projects (Kaya, 1999; Uzunoglu, 1999; Sensoy, 2000;
Tekeli, 2000; Beser, 2002). The stations installations were followed by the hydrological
modeling in the area. Turkish Ministry of Development (TCKB) then issued a financial
support to the subsequent research projects. Two governmental agencies, the Turkish
General Directorate of Meteorology (MGM) and the General Directorate of State
Hydraulic Works (DSI) collaborated while working on these projects. The collaborations
led to further extensions of the network with the improvement of quality through
additional sensors installation.

A few research studies in thesis format on the region include Sensoy (2005),
Sorman (2005) and Tekeli (2005). Their studies covered amongst others the data
collection, data analysis and streamflow forecasting. The isotope samples are analyzed
with the research projects sponsored by Anadolu University. Also in 2012, within a scope
of a Scientific and Technological Research Council of Turkey (TUBITAK) project
(108Y161) one day led time deterministic forecast were made using Meso-scale Version



5 (MM5) data. Yamankurt (2010) and Gozel (2011) includes hydrological modeling
examples with different conceptual models.

Studies on water balance for the Tigris-Euphrates basin for the crucial historic
flood and drought conditions as well as the effects of different water resource uses on the
water balance were investigated (Chen etal., 2011 and Ohara et al., 2011). Further studies
on the pilot basin (Ertas, 2014; Coskun, 2016; Akkol, 2016) used the forecast system
based on deterministic and probabilistic Numerical Weather Predictions to estimate the

average-range flow forecasts with different modeling approaches.

Moreover, there has been a contribution of satellite applications pioneered by the
study area in Turkey. The ground observations are used to validate the satellite snow
products (MODIS, MSG-SEVRI and IMS) (Tekeli et al., 2005 and Tekeli et al., 2006;
Coskun, 2016).

The international project of the Operational Hydrology and Water Management
Satellite Application (HSAF) supported by the European organization for the Exploration
of Meteorological Satellites (EUMESAT) commenced in 2005 and will continue with the
third phase until 2023 in this study area (http://hsaf.meteoam.it/). Montero Alvarado et

al., (2016) applied an adaptational method based on the Moving Horizon Estimation
(MHE) to HBV model. They assimilated the remotely sensed Snow Water Equivalent
(SWE), Snow Covered Area (SCA) and Soil Moisture (SM) though a hydrological model.
Their studies also pioneered the use of H-SAF products through data assimilation (DA)
and verified its added value to hydrological forecasting systems in German and Turkish

test watersheds.

On the other hand, TUBITAK (113Y0Q75) research project aimed at improving the
hydrological forecasting using satellite data in the pilot basin was made a part of COST
Action ES1404. An international Harmosnow Joint Event was organized in the pilot basin
in March 2016 with the focus on harmonization of snow measurements, snow depth and

snow water equivalent (http://www.cost.eu/COST_Actions/essem/ES1404).

2.2. Soil Moisture Accounting Studies

Complex theories describing the hydrologic process become applicable using
computer simulations, and vast quantities of observed data are reduced to summary

statistics for better understanding of the hydrological phenomena (Chow et al., 1988).
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HEC-HMS (USACE, 2015) is one such computer simulation program, it is a free public
software developed to simulate event-based or continuous precipitation-runoff of
dendritic watersheds. It does not only delineate watersheds but also it calculates their
hydrologic properties (Chow et al., 1988; Olivera, 2001; USACE, 2015)

The developments both in quality and quantity of the digital maps from publicly
available databases, provided the derivation of model parameters using Geographic
Information Systems (GIS) and increased their value in hydrological models. The
complex soil moisture accounting parameters can be derived into multi-parameter sets
which then improve the model performance. GIS is also a useful tool for storing,
analyzing and integration of spatial data and attributing information related to slope,
runoff and watershed drainage (Fleming and Neary 2004; Ramakrishnan and Steinman
2009).

Event based hydrological modeling highlights the watershed’s response to an
individual precipitation event. Fine-scale hydrologic models such as event-based hourly
simulation modeling are particularly useful for understanding the detailed hydrologic
processes and identifying the relevant parameter sets that can be later applied in a coarse-
scale continuous modeling and streamflow predictions (Yener, 2006; Chu and Steinman,
2009).

The continuous hydrological modeling synthesizes hydrologic process over both
wet and dry conditions and is suitable for daily, monthly and seasonal streamflow
simulations. HEC-HMS utilizes the Soil Moisture Accounting (SMA) to account for the
watershed’s soil moisture balance over these long periods. This can be used to recreate
the historical streamflows as the model’s algorithm simulates long-term relationship
between precipitation, evapotranspiration, soil losses and the streamflow (Fleming and
Neary, 2004; Chu and Steinman, 2009; Bashar and Zaki, 2010; Gyawali and Watkins,
2013).

Unfortunately, extensive work on the Soil Moisture Accounting (SMA) with
HEC-HMS has not been undertaken yet. Fleming and Neary (2006) used the Geographic
Information Systems (GIS) based HEC-HMS to model and calibrate parameters of Soil
Moisture Accounting (SMA) loss method. Their study showed that the model



performance of the GIS based HEC-HMS calibration and parameterization is

significantly improved and functioned perfectly in the Cumberland River Basins, USA.

Chu and Steinman (2009) applied a combined hydrologic modeling of both the
event-based and continuous approaches to the Mona Lake Watershed in Western
Michigan, USA. The event based model was used for parameter calibration and the
determined parameters are used in the continuous model application. Their studies
concluded that the use of intensive data in event-based modeling provided both well-
calibrated and accurate parameter sets which intern improved the performance of the

continuous model.

Yilmaz et al. (2012) applied continuous model simulation to the snow-dominated
Upper Euphrates Basin, Turkey. To conceptualize the snow-runoff relation with the aim
of computing the snowmelt, the temperature index/ degree day approach was applied. The
application employed the initial and constant loss method and was limited with the

number of meteorological stations of low altitudes.

Gyawali and Watkins (2013) applied the soil moisture accounting and the
temperature index snowmelt components within the HEC-HMS to model the Great Lakes
Watersheds. In their study, they used the geospatial databases to estimate the physically
based parameters. They compared the results with the National Oceanic and Atmospheric
Administration (NOAA) large basin runoff model (LBRM) for historical conditions.

De Silva et al. (2014) made a joint study of event-based and continuous
hydrological modeling in Kelani River Basin in Sri Lanka. In an event-based approach,
extreme rainfall events were used both to calibrate and validate model parameters. It is
shown that the intensive field data supported event-based modeling is effective in

deriving model parameters for continuous modeling.

2.3. Hydrologic Modeling and Streamflow Forecasting

Hydrologic modeling dates back to the ancient Egyptian civilization, but rainfall-
runoff modelling in a broad sense can be attributed to the arising response to urban sewer
design, land drainage systems and the reservoir spillway design with the design discharge
being of major interest in the nineteenth century. The concept of the rational method for
determining flood peak discharge from measurements of rainfall depths owes its origins

to Mulvaney (Mulvaney, 1850).



The Sherman’s concept of simple unit hydrograph in 1932 (Sherman, 1932)
became a major step forward in hydrological analysis, and many breakthroughs followed
then after when hydrologists became aware of system engineering approaches used for
the analysis of complex dynamic systems. The computer revolution towards the end of
the twentieth century saw the increased computerization of hydrologic modelling and the
computer applications in hydrology making it possible for large scale analysis.

Even though runoff forecasting is performed using the HEC-HMS forecast
component in this study, there are a few applications with this model components.
Because of this reason, the literature review will take a broad approach investigating

runoff forecasting with different hydrological models.

Anderson et al. (2002) used the Mesoscale Model (MM5) to transfer the 48 hour
ahead precipitation forecast provided by the operational National Center for
Environmental Prediction Eta model to suitable spatial and time scales for HEC-HMS

streamflow forecasting in the Calaveras River watershed in Northern California.

Zhao et al. (2009) forecasted 24 hour snowmelt runoff with the Distributed
Hydrology Soil Vegetation Model (DHSVM) and the Weather Research and Forecasting
(WRF) modelling system in Juntanghu watershed in Xinjiang China.

Abudu et al. (2011) used the telemetry (SNOTEL) precipitation and Snow Water
Equivalent (SWE) using transfer-function noise (TFN) model to investigate the monthly
runoff forecasting during the spring summer season in the Rio Grande Headwaters Basin
in Colorado.

Johansson et al. (2001) provided the five days temperature and precipitation data
to HBV to forecast streamflow at a mountainous region within the HydAlp in Sweden.
To calibrate the model, they used the runoff and observed snow cover area. It was
discovered that the short-term forecasting resulted in more accurate predictions. In other
HBV model forecasting applications, forecasting data (MM5) was found to be helpful in
planning for water resources by Jonsdoéttir and Pérarinsson (2004). Also in a similar
study, Kunstmann and Stadler (2005) used numerical weather forecasting data as an input

into the HBV model in Germany.

Sorman et al. (2009) applied the multi-purpose calibration aimed at discharge data
and MODIS snow covered area. The study employed the MM5 forecast data for
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streamflow predictions. Sensoy et al. (2016) developed a Decision Support System (DSS)
to reduce the risk of flooding incorporating snowmelt in real-time and applied HEC-HMS

to forecast runoff in Yuvacik Dam Basin, Turkey.

On the other hand, previous applications of continuous hydrologic models in the
pilot basin did not implement the SMA. In this study, the combination of event based and
continuous hydrologic modeling with SMA is employed in the Karasu Basin. Soil
Moisture Accounting and temperature index snowmelt components are utilized together.
Also, since Karasu Basin is snow dominated, satellite products of MODIS Snow Covered
Area and ASCAT root zone are used to validate the consistency of simulated Snow Water
Equivalent and soil moisture. Moreover, deterministic Numerical Weather Prediction

(WRF model data) are correlated and employed to forecast streamflows.



3. STUDY AREA and DATA

3.1. Karasu Basin

Access to fresh water bodies has influenced the population settlements over the
years and Turkey is not an exception. Turkey is geographically divided into seven regions,
Marmara, Black Sea, Aegean, Mediterranean, Central Anatolia, Eastern Anatolia and
Southeastern Anatolia Regions. The harsh winter conditions in the Eastern Anatolia
region have resulted in low population density despite its large surface area. The Eastern
Anatolia is home to some of the important streams in Turkey, Euphrates, Tigris, Aras and

Kura streams.

The Euphrates and Tigris rivers were key to the early settlements in the
Mesopotamia. These two rivers together form the large trans-boundary rivers running
from Turkey, Syria, Iran, and Irag through Saudi Arabia. These rivers are significant to
water supply, irrigation and hydropower generation. Euphrates and Tigris are fed by snow
in the mountainous eastern Anatolia region with most of the precipitation occurring in
winter as snow. The melting snow results in the concentration of high discharges during

spring and early summer.

Euphrates River is the longest in Southern West Asia, it is 2700 km in length, 1236
km within Turkish borders and has a monthly flow potential of 36.5 billion cubic meters
(Aytemiz and Kodaman, 2006). Euphrates River is also home to several large reservoirs,

Keban, Karakaya, Atatlrk, Birecik and Karkamus.

Upper Euphrates (Karasu) Basin, the headwater of Euphrates River Basin is
selected for this study. Karasu Basin is a North to South oriented basin; the basin streams
and its tributaries originate from the northern mountainous parts of the basin and join
together at the outlet South-West of the basin. The snow dominated nature of Karasu
Basin encourages the snow studies and it is one of the reasons to be selected for the study.
However, despite its prominence and a wealth of existing infrastructure, Karasu Basin

can be classified as a data scarce region in terms of hydrometeorological networks.
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Karasu Basin is geographically located between 39° 23’ to 40° 24’ Northern
Latitudes and 38° 58’ to 41° 38" Eastern Longitudes and has the drainage area of 10,275
km? (Figure 3.1). The basin elevation ranges in between 1136 m to 3497 m and has the

hypsometric mean elevation of 1983 m.

The General Directorate of State Hydraulic Works (DSI) operates the streamflow
station (E21A019 — Kemah) that controls the Karasu Basin outlet.

E Karasu Basin
Elevation (m)
- Max : 3497
0 15 30 60 90 120
- O e s Km - Min : 1136

Figure 3.1. Karasu Basin’s location and elevation map.

Karasu Basin is divided into five elevation zones, Zone A (<1500 m) to Zone E
(>2900 m). The Geographic Information System (GIS) is used with ESRI ArcMap
(Version 10.2.2) (http://www.esri.com/arcgis/about-arcqgis) to determine the topographic

properties of the basin from the National Aeronautics and Space Administration (NASA)
Shuttle Radar Topographic Mission (SRTM) 90 Digital Elevation Data
(https://earthexplorer.usgs.gov/). Topographic properties of the basin according to each

elevation zone is represented in Table 3.1 and Figure 3.2.
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Table 3.1. Karasu Basin topographic properties.

Zone Elevation Range (m) Area (km?) Area (%)
A 1136-1500 1093.9 10.6
B 1501-1900 3264.7 31.8
C 1900-2300 3466.3 33.7
D 2301-2900 2277.8 22.2
E 2901-3497 172.3 1.7
Whole Basin 1136-3497 10275 100

E Karasu Basin

[ zoNE A (<1500 m)
I ZONE B (1500-1900 m)
[ zoNE ¢ (1900-2300 m)
0 15 30 60 90 120 I ZoNE D (2300-2900 m)

[T zZoNE E (>2900 m)

Figure 3.2. Karasu Basin elevation zone map.

The watershed’s aspect has a significant effect on snowmelt as it represents the
direction of exposure to the sunlight. So the GIS platform is used to derive the Karasu
Basin aspect map (Table 3.2 and Figure 3.3).
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Table 3.2. Karasu Basin aspect distribution.

Aspect Area (km?) Area (%)
Flat 52.1 0.5
NorthEast 2293.5 22.3
SouthEast 2797.5 27.2
SouthWest 2472.8 24.1
NorthWest 2659.1 25.9
Whole Basin 10275 100

E Karasu Basin

ASPECT
| Flat

| | NorthEast

- SouthEast

0 15 30 60 90 120 I southwest
o - NorthWest

Figure 3.3. Karasu Basin aspect map.

The slope of a watershed has a great impact on the surface runoff velocity as well
as the erosion. The solar radiation on the watershed is affected when the slope and the
aspect (directional orientation) of the watershed are taken into account. This in turn,
influences the distribution of the precipitation and the snowmelt (Singh, 1988). Karasu
Basin has more than half of it’s elevation above 15 percent slope. Both the steep slope
and the elevation ranges of the Karasu Basin are a clear indication that the basin is located
in @ mountainous region. So the GIS platform was used to derive the Karasu Basin slope
map (Table 3.3 and Figure 3.4).
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Table 3.3. Karasu Basin slope distribution.

Slope Area (km?) Area (%)
0-4 2231.9 21.7
4-10 2912.1 28.3
10-15 2097 20.2
15-25 2325 22.6
25-40 692 7.0
>40 17 0.2
Whole Basin 10275 100

|:| Karasu Basin

SLOPE (%)

[ [®

B 2-10
[ ]10-15
Hl 5-2

0 15 30 60 90 120 25-40
N S Eaaaaaa— s Km ->40

Figure 3.4. Karasu Basin slope map.

The land use of a watershed is fundamental to the computation of its infiltration
capacity and runoff potential. The direction of the watershed’s slopes affects the
evapotranspiration and runoff. Dense vegetation creates a barrier shielding the
precipitation from the surface while barelands on the other hand receive all the

precipitation. The European Environment Agency’s Corine land use classification map

(www.eea.euraopa.eu) shows the basin to be mainly agricultural and grasslands covering
more than 60% of the watershed. So the GIS platform was used to derive the Karasu Basin
land use map (Table 3.4 and Figure 3.5).
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Table 3.4. Karasu Basin land use distribution.

Land Use Area (km?) Area (%)
Urban 189.1 1.8
Water Bodies 67.8 0.7
Agriculture 3236.6 315
Forest 359.6 3.5
Grasslands 3596.3 35
Sparse Vegetation 2825.6 27.5
Whole Basin 10275 100

E Karasu Basin
Land Use
.| Urban
l:[ Water Bodies
Agriculture
0 15 30 60 90 120 e
- e seeaessss 0000 Seesssssm KM Grasslands
Sparse Vegetation

Figure 3.5. Karasu Basin land use map.

3.2. Hydro-meteorolgical Data

Hydro meteorological data are fundamental for a study on hydrological science and
its applications. They can be used to estimate the water potential in reservoir management,
flood prevention and water quality control management. Therefore the data acquisition in
terms of both quality and quantity is very important. In Turkey, the General Directorate
of Meteorology (MGM) and the General Directorate of State Hydraulic Works (DSI) are
in charge of the acquisition and storage of the data. Several difficulties can be encountered
while obtaining data especially from mountainous snow dominated watersheds during the

winter seasons.
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Most of the data are collected from a station point and distributed across the
watershed with different methods to utilize the areal averages. Seventeen meteorological
stations in and around the watershed used in this study (Figure 3.6). Two of these stations

measure temperature alone. The remaining fifteen measure both the precipitation and

temperature.
O ISPIR
SARIKAMIS
o TORTUM o
OVACIK
[ GUZELYAYLA
DUMQU
0 HORASAN
RUM
SAKAETUTAN
o PALANDOKEN
ERZINCAN
HINIS
¢
TUNCELI
¢
N O s . Km A Temperature Gages
0 125 25 50 75 100 o ‘l'emperature and Precipitation|

Figure 3.6. Hydro-meteorological stations in and around Karasu Basin.

The meteorological data spanning fourteen years (2002 — 2015) are assessed and
used in the model. Total daily precipitation and average daily temperature values
observed at meteorological stations (Figure 3.6) are distributed over the whole basin using
Detrended Krigging (DK) approach (Garen et al., 1994). Then the overall average values

are used in the analysis and modeling.

The average total monthly and total annual precipitation records for Karasu Basin
are shown in Figure 3.7 and Figure 3.8, respectively. The precipitation analysis are
performed for the fourteen years (2002 — 2015) data set. It can be interpreted from Figure
3.7 that the highest precipitation occurs during the snowmelt period. This results in high
peak discharges as the rain falling on the snowpack accelerates the melting process. The

lowest average precipitation is observed during the summer months as expected.
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Figure 3.7. Average total monthly precipitation for Karasu Basin (2002 — 2015).
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Figure 3.8. Average total annual precipitation for Karasu Basin (2002 — 2015).
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In modeling a snow dominated basin, temperature plays a vital role to determine
whether precipitation is snowfall or rainfall. Also temperature is the dominant variable to
control whether or not the conditions are suitable for snowmelt. The average total monthly
and total annual temperature records for Karasu Basin (at 2098 m) are shown in Figure
3.9 and Figure 3.10, respectively. The snowfall period represented by the negative
temperatures spans from November to March followed by the snowmelt as explained
earlier.
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Figure 3.9. Average monthly temperature records for Karasu Basin (2002 — 2015).
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Figure 3.10. Average annual temperature for Karasu Basin (2002 — 2015).

Figure 3.11 shows the hydrographs of water years with different classifications
from the calibration (2004), validation (2012) and forecasting (2015) periods. As
observed from the figure the snowmelt period, from March to July contributes the highest
amount of flow. It contributes 60 — 70 % of the total annual flow. This makes modeling

and forecasting of the streamflow during the snowmelt period essential for Karasu Basin.
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Figure 3.11. Karasu Basin hydrographs for different water years.

The hydrometeorological data are analyzed to classify the water years as dry, wet
and normal. This classification is only done to interpret the model results accordingly.
The analysis is carried out using the total precipitation, rainfall, snowfall, temperature and

discharge as the main criteria.

To perform the classification the annual total precipitation, rainfall, snowfall,
discharge and average temperatures are calculated as variables (x) by using the Average
(%) and Standard Deviation (o) of each data type for the last 14 years (2002 — 2015) and
threshold values are calculated. A year is defined as wet, dry or normal according to the
following approach. Three or more of the five variables were used to detemine the

condition of a year.

Wet if x > (x + o) (3.1)
Dryifx<(x -o) (3.2)
Normal if (X -o) <x<(x¥ +0) (3.3)
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x =f(Q,P,R,S,T), where;
Q: Total and/or average discharge (m>/s)
P: Total precipitation (mm)
R: Total rainfall (mm) (P when T > 0 °C)
S: Total snow (mm) (P when T <0 °C)
T: Average temperature (°C)

Table 3.5 shows all years classifications for both calibration and validation

periods for Karasu Basin.
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Table 3.5. Karasu Basin water year classification.

Total
Year Precipitation Rainfall (mm) Snow (mm) Total Discharge | Average Yearly | Classification

(mm) (m3/s) Temp (°C)
2002 786.7 wet 485.3 normal 301.4 wet | 28867.5 | normal 3.2 normal
2003 614.8 normal 381.1 normal 233.7 | normal | 30151.8 | normal 3.7 normal
2004 768.9 wet 389.3 normal 379.6 wet | 39344.0 wet 4.0 wet
2005 739.6 normal 528.4 wet 211.2 | normal | 33643.4 | normal 3.5 normal
2006 642.0 normal 379.6 normal 262.4 | normal | 37348.0 | normal 4.6 normal
2007 714.5 normal 486.3 normal 228.2 | normal | 31155.9 | normal 3.2 normal
2008 712.2 normal 504.1 normal 211.7 | normal | 26974.5 | normal 4.3 normal
2009 540.6 normal 388.9 normal 151.7 | normal | 28437.9 | normal 4.4 normal
2010 733.6 normal 5134 wet 220.2 | normal | 38049.4 wet 7.2 wet
2011 547.9 normal 397.7 normal 150.2 | normal | 31838.1 | normal 6.6 normal
2012 403.0 dry 278.2 dry 124.8 | normal | 21242.8 dry 4.2 dry
2013 377.6 dry 232.3 dry 145.3 | normal | 25433.5 | normal 5.6 normal
2014 243.8 dry 167.9 dry 76.0 dry | 14529.8 dry 5.17 dry
2015 516.9 normal 479.9 normal 62.8 dry | 25048.9 | normal 5.33 normal
AVE 595.9 400.9 197.1 29433.3 4.64

STDEV 165.6 110.6 86.2 6758.9 1.20




3.3. Numerical Weather Predictions

While the present conditions can be observed from the measuring stations,
atmospheric models provide Numerical Weather Prediction (NWP) data for the future
conditions. The process by which the current observed conditions of weather is used to
forecast its future conditions of up to a several days referred to as NWP. The General
Directorate of Meteorology (MGM) in Turkey is the governmental institute responsible

to provide the weather forecasts.

Numerical Weather Prediction data can be classified as probabilistic and
deterministic based on the prediction processes. Probabilistic process provides several
possible predictions and the deterministic process provides a single prediction. In this
study, the Weather Research and Forecasting (WRF) model data is selected as
deterministic NWP to be implemented into the model for runoff forecasting.

The WRF model, formally known as the Mesoscale Model 5 (MM5) up until the
end of 2012, is a fully compressible and non-hydrostatic terrain-following sigma-
coordinate model designed to predict mesoscale atmospheric circulation. The model was
developed to generate finer resolution forecast products both spatially and temporally by
Pennsylvania State  University/National Center for Atmospheric Research

(http://www2.mmm.ucar.edu/mmb5/).

In this study, the WRF average daily temperature and the total daily precipitation
are calculated from the hourly data with the spatial resolution of 4 km and 6 — 24 hourly
time projections. The data are used as inputs to HEC-HMS for streamflow forecasting
during the 2015 water years for Karasu Basin. The linear bias correction is applied to
improve the consistency of the WRF data with the ground observation data. This is done
by deriving a linear relation between the WRF data and ground data for the past years.
No correction is applied to the rainfall because of its high inconsistency. WRF
temperature and precipitation data sets are used to forecast Karasu Basin streamflow for
2015 (Figure 3.12 to 3.15).
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Figure 3.12. WRF precipitation data in Turkey for 06 June 2013.

Figure 3.13. WRF temperature data in Turkey for 06 June 2013.
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Figure 3.14. Observed and WRF temperature data for Karasu Basin, 2015.
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Figure 3.15. Observed and WRF precipitation data for Karasu Basin, 2015.
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3.4. Satellite Products

3.4.1. Soil moisture product

Continuous hydrological modeling applications span long time intervals covering
wet and dry periods. The Soil Moisture (SM) conditions as state variables are therefore
significant to continuous modeling. The recent advancements in remote sensing
applications in hydrology, have contributed to the better understanding of SM. There are
various satellite soil moisture products in the literature, in this study, SM product of
Satellite Application Facility on Support to Operational Hydrology and Water
Management (H-SAF) established by the Exploitation of Meteorological Satellites
(EUMETSAT) is used.

The product H14 (http://hsaf.meteoam.it) which contains the root-zone soil

moisture profile index is used to validate the simulated soil moisture results by HEC-
HMS. The surface observation soil moisture assimilation system has the spatial resolution
of 25 km, 36 hour timeliness and spreads down to 2.89 m towards the roots region below
the surface. It provides four layer estimates with thicknesses of 0-7 cm, 7-28 cm, 28-100
cm, 100-289 cm (Figure 3.16 and 3.17.).

Figure 3.16. Global H-14 Soil Moisture data for 23 December 2016

(http://hsaf.meteoam.it/soil-moisture.php).
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Figure 3.17. H-14 Soil Moisture data for Karasu Basin, 2015.

3.4.2. Snow cover product

Moderate Resolution Imaging Spectroradiometer (MODIS) is an imaging
spectroradiometer which uses a cross-track scan mirror collecting optics, and a set of
individual detector elements to provide imagery of the Earth’s surface and clouds in 36
discrete, narrow spectral bands from approximately 0.4 to 14.4um (Barnes et al., 1998).
The 500 m resolution MODIS Snow Covered Area (SCA) product is used to validate the
simulated Snow Water Equivalent in this study. The average Snow Depletion Curve and
SCA are presented in Figure 3.18.

A combination of three filtering processes are employed to filter cloud cover. The
spatial, temporal and elevation filters. In spatial filtering, Terra and Aqua images are
combined to allow for a clearer surface view. Then the combination of imagery is
employed in temporal filtering by going back in time. Finally in elevations filters, it is
assumed that cloudy cells below the land elevation line are land and cells above the snow

elevation line are snow (Sorman and Yamankurt, 2011).
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Figure 3.18. Snow depletion curves for Karasu Basin.
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4. HYDROLOGICAL MODEL

4.1. Hydrological Model Description

The ever increasing world population has mounted pressure on water supply
making both the availability and reliability of fresh water a critical issue. Nature is a
complex phenomenon as it presents both unpredictable and abrupt changes in behavior.
Modeling nature therefore has proven to be complex despite all the recent advancement
in technology. Hydrological modeling refers to the calculation of the watershed’s rainfall-
runoff relationship in accordance with the watershed physical characteristics (ASCE
2000; Kumar et al., 2005).

Hydrological models are built for several reasons amongst which include the
understanding of the watershed’s behavioral analysis to meet water demands, flood
control system and hydropower generation based on both current and future hydrological
trends. Hydrological modeling is a key to understand the hydrological process of any
watershed (Figure 4.1). Due to the limitations presented by the laboratory based
modeling, the computerization of the models has since advanced to become popular

modeling platforms (Xu, 2002).

Watershed
Characteristics

A

Meteorological
Data

» ‘Model Parameter
Simulation Set

Simulated Flow
Hydrograph

Figure 4.1. Computational process of a hydrologic model.
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The Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS)
Version 4.1 (USACE, 2015) developed by the US Army Corps of Engineers (USACE),
is a public software designed for both event-based and continuous rainfall-runoff
simulation of dendritic watersheds (Figure 4.2). After the introduction of the Soil
Moisture Accounting component (SMA) and geospatial capabilities, the model became
widely used as an adaptable modeling tool for complex watersheds (Scharffenberg,
2008).

e Subbasin-1

Subbasin:3

Reachk1
Subbasin-2

infest Branc =g |=g= ~East Branth

I=g=  Qutlet

Figure 4.2. HEC-HMS basin model schematic (USACE, 2015).

The development of the current version of HEC-HMS dates back to the first
version of HEC-1 developed in 1968. HEC-1 provided an all-inclusive hydrological cycle
description integrating surface runoff, infiltration, channel routing, precipitation,
reservoir simulation and baseflow. The Data Storage System (DSS) designed for time-
series storage and retrieval was connected to the HEC-1 in the 1980’s (Scharffenberg and
Pak 2009).
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Despite the impressive success of the HEC-1 it could only model and simulate a
single storm event occurring in a medium size watershed. The desire to model larger
watersheds and the introduction of continuous simulation led to the development of HEC-
HMS. The HEC-HMS version 1.0 was comprised of several HEC-1 features such as the
precipitation, transform, loss rate, baseflow, reservoirs and channel routing. The
agreement with ESRI resulted in the development of HEC-GeoHMS, a component using
Geographic Information Systems (GIS) to extract a watershed model from Digital
Elevation Model (Scharffenberg and Pak 2009).

The development of Soil Moisture Accounting (SMA) a multi-layer loss rate
method, and an average monthly evapotranspiration method resulted in the continuous
simulation capabilities. These developments were incorporated in HEC-HMS version 2.0.
The development of a snowmelt module in the form of ‘Temperature Index’ into the

meteorologic model resulted in HEC-HMS version 3.0 (Scharffenberg and Pak 2009).

Further development works focusing on several capabilities including the
sediment model capabilities, basin model zones and forecasting alternatives were
incorporated in the version 4.0. The forecasting alternative component of the HEC-HMS

version 4.1 is used for streamflow forecasting in this study.

4.2. Hydrological Model Structure

Continuous modeling comprises of a much longer time window covering both the
wet and the dry periods. This time period can range from a few months to several years
depending on the modeling scope. The event-based modeling on the other hand has a
much smaller simulation time beginning just before the storm and ending with the storm.
The simulation period can be a few hours to a few days depending on the watershed area.
The main differences between these modeling approaches are the groundwater
percolation and the potential evapotranspiration. They can be disregarded for event-based
simulation but these are crucial for a continuous simulation as they define the process
through which the soil dries (Scharffenberg, 2008).

Models are classified with respect to several criteria. The two most often used
classification methods are the description of the physical processes and spatial description
of catchment processes. Hydrological models may be stated as conceptual and physically

based according to the first criterion and they may be stated as lumped and distributed in
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regard to the second criterion (Figure 4.3). In this respect, two typical model types are
lumped conceptual and the distributed physically based ones. In lumped models
watersheds are considered to be a homogeneous one unit that can be characterized with a
few variables and parameters. All the parameters impacting the rainfall-runoff process

are spatially averaged across the watershed.

isochrone division sub-basin division

Lumped model Semi—distributed models

Figure 4.3. Spatial characterization on rainfall-runoff models (Jones, 1997).

Lumped model system takes a uniformity assumption over rainfall distribution
across the watershed both temporally and spatially. The uniformity is also assumed for
the land use, vegetation cover and the soil types. However, all this parameters may vary
significantly across the watershed. Parameters are then averaged to create the uniform

conditions across the basin with the lumped model.

The availability of high resolution data and the improved capabilities of the
Geographic Information Systems (GIS) have made distributed modeling an active area of
research. A watershed can be divided into a number of subcatchments where the
hydrologic parameters may vary from one subcatchment to another. In such a case,
lumped models may be labeled as “semi distributed” (Meselhe, 2009).

Distributed models represent the spatial variability of the parameters to analyze the
rainfall-runoff process of a watershed. These parameters may include the vegetation
cover, soil types, the watershed’s topography and geology. Distributed models also
account for the spatial variability of the meteorological conditions of the drainage basin
(Refsgaard, 1997).
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HEC-HMS provides multiple ways to simulate the rainfall-runoff processes within
a watershed that support both the distributed parameter based models and the lumped

parameter-based models (Agrawal, 2005).

The model has three main components as basin model, meteorological model and
control section. In a basin model, methods (loss, transform, baseflow) are defined to
simulate hydrographs. There are various options for each of these methods. According to
the purpose of application, data availability, special conditions of a catchment, one of
these options is selected in the application. In a meteorological component, variables are
defined for precipitation, temperature and discharge in relation with time series data sets.
Data can be stored within the Data Storage System (DSS) for easy retrieval. Control

component defines the start and end times for a desired simulation period.

4.2.1. Loss method

Infiltration plays a major role in the surface runoff simulation and is modeled by
the loss methods in HEC-HMS. The infiltration rate affects both the peak discharge and
the volume of a hydrograph and it is a function of time. Loss methods provide simulations
that can be applied on the flood estimation designs as well as streamflow forecasting. The
available loss method options in HEC-HMS model are Deficit and Constant, Exponential,
Green and Ampt, Gridded Deficit and Constant, Gridded Green and Ampt, Gridded SCS
Curve Number, Gridded Soil Moisture Accounting, Initial and Constant, SCS Curve

Number, Smith Parlange, and Soil Moisture Accounting (SMA).

In most of the conceptual hydrologic models, the majority of the loss methods were
empirical and have no clear sense of the physical infiltration process due to the lack of
measurements. By taking into consideration the physical process occurring within the
continuous simulation run, the infiltration methods have been improved. Soil Moisture
Accounting (SMA) process incorporates important elements of the hydrologic cycle to
simulate infiltration. These include the canopy interception, surface storage, soil

infiltration, soil percolation and baseflow.

SMA has five storage zones (buckets) to simulate the losses, as shown in Figure
4.4. The initial conditions of each storage zone as the percentage of the zone’s full
capacity, the transfer rates such as percolation rates and infiltration are essential to run

the simulation of the movement of water through the zones (Fleming and Neary, 2004).
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Figure 4.4. HEC-HMS schematic diagram for the SMA (USACE, 2015).

SMA calculates the water movement into, in between and out of the storage layers.
This movement can take various forms such as, precipitation, surface runoff,
evapotranspiration, infiltration, percolation and groundwater flow. The SMA equations
were extracted from the HEC-HMS Technical Reference Manual (USACE, 2015) and

summarized below (Equation 4.1 -4.6).

CurrSoilStore

PotSoilinfil = MaxSoilinfil — MaxSoilinfil (4.1)

MaxSoilStore
. . CurSoilStore CurGwStore
PotSoilPerc = MaxSoilPerc (—) X (1 - —) (4.2)
MaxSoilStore MaxGwStore
CurGwilStore CurGw1Store
PotGwPerc = MaxGwPerc (—) (1 — —) (4.3)
MaxGw1Store MaxGw?2Store
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AcSoilPerc + CurGW.:Store — PotGwiPerc — % GwFlow: Time Step

GwFlow: + 1 = 1. (4-4)
RoutGwiStore+ > Time Step

GwVolume = %(GWFIOWt +1+ GwFlow:) X Time Step (4.5)

ActEvapSoil = PotEvapSoil X f(CurSoilStore, MaxTenStore) (4.6)

At any interval during a simulation, the volume of infiltration is a function of time
and SMA computes the potential infiltration with Equation 4.1. Where, MaxSoilInfil is
the maximum infiltration rate in millimeters (mm). CurSoilStore is the percentage (%) of
volume in the soil storage at the beginning of the time step. MaxSoilStore is the maximum

volume of the soil storage in millimeters (mm).

SMA computes the percolation rate between the soil-profile storage and the
Groundwater 1 layer with Equation 4.2 and computes the percolation from Groundwater
1 to Groundwater 2 with Equation 4.3. Where, PotSoilPerc is the potential soil
percolation rate in millimeters per hour (mm/hr), MaxSoilPerc is the maximum
percolation rate in millimeters per hour (mm/hr). CurSoilStore is the calculated soil
storage at the beginning of the time step in millimeters (mm), CurGwsStore is the
calculated groundwater storage for the Groundwater 1 layer in millimeters (mm) and
MaxGwsStore is the maximum ground water storage in millimeters (mm). MaxGwPerc is
the maximum Groundwater 1 percolation rate in millimeters per hour (mm/hr).
CurGwsStore in millimeters (mm) is the calculated Groundwater storage for the
groundwater 2 layer and MaxGw2Store is the maximum Groundwater storage for layer
2.

The Groundwater flow is the total flow volume from each Groundwater layer at the
end of an interval. The Groundwater flow rate and Groundwater volume released by the
watershed are computed with Equation 4.4 and 4.5. Where, GwFlow; and GwFlow.+1 are
the groundwater flow rates at the beginning of the time interval t and t +1, respectively.
ActSoilPerc is the actual percolation from the soil profile to the Groundwater layer.
PotGwiPerc is the potential percolation from Groundwater layer i. RoutGw;Store is the

Groundwater flow routing coefficient from Groundwater storage i.

When potential EvapoTranspiration (ET) is drawn from the tension zone, the actual

ET is a percentage of the potential, computed by Equation 4.6 where, ActEvapSoil is the
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calculated ET from soil storage. PotEvapSoil is the calculated maximum potential ET.

MaxTenStore is maximum tension storage in millimeters (mm).

Therefore, the Soil Moisture Accounting algorithm has 14 parameters to simulate
the movement through the soil (Figure 4.5). The first three parameters (Soil, Groundwater
1 and Groundwater 2) represent only the initial conditions, the next four parameters (Max
infiltration, imperviousness, soil storage and tension storage) simulate the changes in state
conditions of the soil moisture. The last seven parameters (Soil Percolation, GW1
Storage, GW1 Percolation GW1 Coefficient, GW2 Storage, GW2 Percolation and GW2
Coefficient) represent the movement of the water through the second and third layers of

the soil.

The water that percolates beyond the third layers represented by the GW2
percolation and it is referred as ‘deep percolation’ since the water will not join the
baseflow while the rest of the water within the second and third levels is expected to join
the baseflow (USACE, 2015).

154 Subbasin  Loss  Transform Baseflow Options

Basin Name: Basinl
Element Hame: Serindere

*Soil (%) |20
*Groundwater 1 (%) 10
*Groundwater 2 (%) 10
*Max Infiltration (MM/MHR) (4
*Impervious (%) |0
“Soil Storage (MM) | 50
*Tension Storage (MM) |40
“Soil Percolation (MM/MHR) | 1.0
*GW 1 Storage (MM) | 40
*GW 1 Percolation (MM/MHR) (0.9
*GEW 1 Coeffident (HR) |300
*GW 2 Storage (MM) |40
*GEW 2 Percolation (MM/MR) (0.3
“GW 2 Coeffident (HR) |200

Figure 4.5. Component editor for SMA (USACE, 2015)
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4.2.2. Transform method

Storm event may result in excess precipitation and surface flow depending on the
storm duration and intensity. The movement of the surface flow through the basin is
mainly influenced by two processes, the attenuation and translation. Translation refers to
the downward flow under the influence of gravity through the watershed. Attenuation on
the other hand refers to forces opposing the flow such as channel storage and friction
force (Melching, 1997). Figure 4.6 demonstrates the transform process, the excess
precipitation is transformed into a hydrograph.

In HEC-HMS the calculations of the actual surface runoff resulting from the
observed precipitation are performed by the transform method (USACE, 2015). HEC-
HMS provides the user with several transform methods, these methods include amongst
others Clark, Snyder, SCS unit hydrograph and user-specified unit hydrographs.

M

Total rainfall

B
=

Hydrograph

Figure 4.6. Transformation of excess precipitation into a hydrograph (Musy, 2001).

Clark (1945) stated that the movement of flow across the watershed can be
explained with a time-area curve. This demonstrates a curve for the part of the watershed

area contributing flow to the watershed outlet as a function of time from the beginning of
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the effective precipitation. The watershed’s time of concentration bounds the time-area
curve in time. The Clark unit hydrograph computes two process, the translation and
attenuation. Clark unit hydrograph in HEC-HMS makes use of the time of concentration
(Tc) representing the translation and the storage coefficient representing the attenuation

to calculate the conversion (Figure 4.7).

154 Subbasin  Loss Transform  Baseflow Options

Basin Name: Basin
Element Name: Subbasin

*Time of Concentration (HR) 1.2
*Storage Coeffident (HR) 100
Time-Area Method: | Default e

Figure 4.7. Component editor for Clark unit hydrograph (USACE, 2015).

To calculate the translation, the translational unit hydrograph is calculated as;

U=Qs—QsL 4.7)
Qs: Ac e (4.8)
¢ 1.5 - t -
Ac = 1.4144 (E) for0< <05 (4.9)
¢ 1.5 ¢
A=A (1 ~ 1414 (1- 1) ) for05 < £ <10 (4.10)

Where Qs and Qs are the ordinates of the S-curve and lagged S-curve, respectively.
Ac is the cumulative area contributing to the runoff at the basin’s outlet and ie is the
intensity of the effective rainfall. To account for the storage effect, the linear reservoir
with a storage constant K is used to route the U hydrograph. The ordinates of hydrograph
are linked by;

(Qui = (Qu)i-1 + Cr [Uj1 + Uj — 2 (Qu)j-1)] (4.11)
Cr = 2KA-:At (4.12)
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4.2.3. Baseflow method

The portion of the precipitation percolates until the water table. Upon reaching the
water table, it moves laterally till rejoining the streamflow. In comparison with the surface
runoff, baseflow is a lot slower and has no effect on flood peaks caused by a storm event
(Singh, 1988). HEC-HMS provides users with several baseflow methods which include

constant baseflow, recession and linear reservoir methods.

Constant baseflow method assumes the constant monthly value and can vary from
month to month. Linear reservoir is best suited for application in collaboration with SMA.
The HEC-HMS linear reservoir represents movement of water through two groundwater
layers. The initial conditions refer to the amount of groundwater flow at the beginning of
the simulation runs. The linear reservoir Component Editor for the HEC-HMS is
represented in Figure 4.8. Groundwater storage coefficient refers to the time constant of
each layer and it gives a sense of the response time of the subbasin. The flow in

Groundwater 1 and 2 layers is routed by the reservoirs.

iS4 Subbasin Loss Transform Baseflow  Options

Basin Name: Basinl
Element Name: Serindere

Initial Type: |Discharge v
=Gy 1 Initial (M3/S) (0.3
*GEW 1 Coeffident: 300
GW 1Reservaoirs: 15
GW 2 Initial (M3/5) 0.1
GW 2 Coeffident: | 500

GW 2 Reservoirs: 1Fs

Figure 4.8. Component editor for linear reservoir (USACE, 2015).

4.2.4. Temperature index method

Accuracy of snowmelt predictions in snow-dominated basins is a crucial step
towards efficient management of flood warning systems and flood protection structures.
Temperature index is used to simulate the snowmelt and computes the meltrate actively
based on the snowpack’s current and past conditions. Temperature index attributes the

energy change on a snow surface solely by the air temperature. Its computation of
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snowmelt using the average daily air temperatures is advantageous as the temperature is
an easily measured meteorological variable (Sensoy, 2005; Anderson, 2006). Therefore,
even though the radiation is another important factor in snowmelt calculations, it is not

considered in this application.

The degree-day method is a widely used temperature index approach. It equates the
daily total melt to the difference in temperature, the base temperature and the daily mean

temperature multiplied by a coefficient (Equation 4.13).

M = a(T —Tc) (4.13)
Where;
M is the snowmelt (mm/day)
a is the degree-day coefficient (mm/degree-day °C)
T is the mean daily air temperature (°C)
Tc is the base temperature (°C)

HEC-HMS employs the temperature index together with paired data component
(Figure 4.9).

Temperature Index

Met Name: Met
“PX Temperature (C) 0

“Base Temperature {C) |1
“\ijet Meltrate (MM/DEG C-DAY) |4
Rain Rate Limit (MM/DAY) |3
ATI-Meltrate Coeffident: 0,95
“ATI-Melrate Function: | Table 1 v |l
Meltrate Pattern: | -—Mone— ez
Cold Limit (MM/DAY) |0
ATI-Coldrate Coeffident: |0
ATI-Coldrate Function: | -flone-- e
Water Capacdity (%) |5
Groundmelt Method: |Constant Value -~
Groundmelt (MM/DAY) (0.5

Figure 4.9. Component editor for the temperature index (USACE, 2015)
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PX Temperature is a threshold used to determine whether precipitation falls as
rainfall or snowfall and Base Temperature is the threshold used to determine above which
temperature snowmelt starts. Wet Meltrate refers to the melting rate when the rainfall rate
is greater than the rain rate limit, Rain Rate Limit sets the lower bound of rain rate over
which there will be rain on snow effect and ATI-Meltrate Coefficient calculates the

meltrate from the current meltrate index.

Cold Limit accounts for the rapid changes undergone by the snowpack during high
precipitation rates, ATI-Coldrate Coefficient updates the antecedent cold content from
one time interval to the next and Water Capacity representing the amount of accumulated
melted water before runoff. Groundmelt refers to the snowmelt rate resulting from the

heating ground.

Antecedent temperature index (ATI) melt rate function states the meltrate for the
antecedent temperature index (Fazel, 2014). This is done by applying the degree-day
adjustments in a tabular form in HEC-HMS (Table 4.1).

Table 4.1. Component editor for ATl meltrate function, (USACE, 2015).

| Paired Data  Table  Graph
ATI (DEG C-DAY) Meltrate (MM/DEG C-DAY)
0.0 2,0
100.0 3.0
200.0 3.0
300.0 4.0

4.2.5. Start-state condition

Hydrological and meteorological models employ numerous mathematical
equations and functions comprising state variables. State variables indicate the conditions
of the system by the end of a simulation time interval. The state variable in the soil
moisture accounting method is the moisture conditions of all the soil layers at the end of
a simulation run (USACE, 2015).

Start-states component in HEC-HMS has two main applications, the real-time
forecasting and the breaking of long simulations into several shorter periods. During a

simulation run, the state variables undergo a change as a result of the changes in the
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dynamics of the mathematical equations and the boundary conditions governing the
method. The state variables explain the conditions which experience a change during a
simulation run, for example soil moisture, snow water equivalent and initial baseflow.
Saved states store the values of the basin model’s variable at a specific time during an

earlier simulation run (Cunderlik and Simonovic, 2004).

The state variables should therefore be stated at the beginning of the simulation run
as the initial conditions. To be employed in any subsequent simulation run it has to be

saved at the end of the current simulation run (Figure 4.10).

#¥ simulation Run  Ratio StartStates Save States

Name: 2nd Run
States Name: |Summer_Start_State

Description: | Snow_Melt_Period -E|
End of Run: | Yes ~
Date {ddMMMYYYY)
Time (HH:mm)

Figure 4.10. Component editor for saved state (USACE, 2015).

4.2.6. Runoff forecast module

To forecast the streamflow, the watershed’s recent hydrologic and meteorologic
conditions as well as the future conditions are of fundamental importance. On the other
hand, the quality and quantity of the forecast data directly affects the accuracy and
precision of the streamflow forecasts (Uysal et al., 2016; USACE, 2015; Coskun, 2016).

HEC-HMS applies the forecast alternative component (Figure 4.11) to forecast the
streamflow. The forecast alternatives are composed of a meteorological model, basin
model and the time control to compute the results. The configurations for the basin
parameters such as the loss, baseflow and the transform methods are also included within
the forecast alternative. The forecast simulation is started at least 24 hours before the
desired end time. The simulation results from the start time to the forecast time is referred
to as the ‘look back period’. In the absence of the meteorological data, the simulation of
future streamflow conditions is done based on the prediction data. This simulation period

is referred to as the ‘forecast’.
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ﬁ Forecast Alternative

Hame: Alternative 1

Description:
D55 File: |C:\Users\Daniel\DesktopKara:

Basin Model: |Basin_1 v

ST

Meteorologic Model: |Met_1 v
*Start Date (ddMMMYYYY) |010ct2014
*Start Time (HH:mm) |00:00
*Forecast Date (ddMMMYYYY) | 12Jul2015
*Forecast Time (HH:mm) |00:00
*End Date (ddMMMYYYY) | 15Jul2015
*End Time (HH:mm) |00:00
Time Interval: | 1 Day v
Loss Rate Config: | Configuration 1 v
Transform Config: |Configuration 1 v
Baseflow Config: | Configuration 1 w

Routing Config: |-Mone Selected--

Figure 4.11. Component editor for forecast alternative (USACE, 2015.

The streamflow simulation is almost never perfect as both the quality and accuracy
of the computed results depend on the quality and quantity of the prediction data, the
knowledge of the watershed conditions and model uncertainties. The forecast blending
uses the observed flow to systematically adjust the simulated streamflow. To perform the
streamflow adjustment, the blending method calculates the difference between the
observed and simulated streamflow. Starting from the forecast time to the end time, the
blending applies a correction. The calculated difference is then added to the streamflow
simulated for the forecast period (USACE, 2015).

HEC-HMS employs three different blending methods in accordance with the user’s
preference, namely the Step, Taper and None. As the name implies, the ‘none’ option
applies no correction to the forecast simulation. The ‘step’ option employs a constant
adjustment to the computed forecast streamflow simulation from the forecast time to the
end time. The difference between the observed streamflow and the computed streamflow
is added to the computed streamflow starting from the forecast time till the end time.
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The ‘taper’ option employs a declining adjustment to the computed forecast
streamflow after the forecast time. The initial difference between the observed streamflow
and the computed streamflow is added to the computed streamflow at forecast time and

decreased linearly across the taper duration.
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5. MODEL APPLICATION AND RESULTS

This chapter discusses the hydrologic model application and the results obtained in
each step of the study. The study employed the Hydrologic Engineering Center’s
Hydrologic Modeling System (HEC-HMS) Version 4.1 developed by the U.S. Army
Corps of Engineers (USACE) in 2015 (USACE, 2015). The study is presented basically
in three steps; model parameter estimation, results and streamflow forecasting. The
hydro-meteorological data of the last fourteen years (2002 to 2015) provided by the State
Hydraulic Works (DSI) and General Directorate of Meteorology (MGM) are used in
HEC-HMS model. The calibration and validation periods are selected to be seven years
each, (2002 to 2008) and (2009 to 2015) respectively. The streamflow forecasting is done
for the 2015 water year using Numerical Weather Prediction data.

5.1. Model Parameter Estimation

Model calibration is the rigorous process of adjusting the model parameters until
the simulated streamflows match the observed historical streamflows. This section

explains the model parameter calibration process of the HEC-HMS model.

HEC-HMS is a hydrologic model designed to simulate the hydrological processes
and compute runoff volume. It includes the hydrological processes such as infiltration,
transformation and routing. To simulate infiltration, HEC-HMS provides eleven loss
methods; Initial and Constant, Deficit and Constant, Exponential, Green Ampt, Soil
Conservation Service (SCS) Curve Number, Soil Moisture Accounting (SMA), Gridded
Deficit and Constant, Gridded Green and Ampt, Gridded SCS Curve Number and
Gridded SMA. However, most of these loss methods are suitable for modeling only event
simulations. SMA is selected in this study due to its consistency and good performance
in continuous simulations compared with other methods, and also to make use of new
satellite soil moisture products in the hydrovalidation analysis. On the other hand, SMA

needs a large set of input parameters most of which need to be calibrated.

The canopy storage defines the precipitation interception by the vegetation. HEC-
HMS offers three canopy methods, Dynamic, Gridded and Simple methods. However in
this study, the canopy storage is not employed since the land use map of Karasu Basin

covers mostly bare land and pastures.
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The surface storage defines the water storage occurring in the surface depressions.
Due to the large area of Karasu Basin, the surface storage effects are negligible.
Therefore, even though several trials are done with this module, it is finally not used in

the applications.

Furthermore, HEC-HMS uses various unit hydrograph methods for transformation
of excess precipitation. The methods include the Clark unit hydrograph, Snyder unit
hydrograph, SCS unit hydrograph, Kinematic wave, ModClark, user-specified S-Graph
and user-specified unit hydrograph. Since the storage coefficient of Clark unit hydrograph
applies linear reservoir, and SMA cooperates better with this method, Clark unit

hydrograph is selected for the transformation method in this study.

A total of five baseflow methods; Bounded Recession, Constant Monthly, Linear
Reservoir, Nonlinear Boussinesq and Recession are provided by HEC-HMS. Linear
reservoir was selected for the main snowmelt season because of its better compatibility
with SMA and constant baseflow approach was utilized for the low flow periods for a

higher consistency.

Temperature index method is used for snowmelt calculations. Its parameters are
calibrated using the previous experiences on snowmelt modeling with different

conceptual hydrological models.

The combination of the automated optimization, manual calibration and sensitivity
analysis were utilized as model estimation procedure in the study. The automated
methods built in the model were not helpful in estimating a better parameter set with a
consistent range. The methods are not suitable to detect a global optimum and there are a
number of parameters that have to be estimated. The estimation generally stuck on the
initial guess of the parameter optimization. Therefore, the manual trial and error and
sensitivity analysis techniques were applied. A combination of event and continuous
application is used commonly indicated by SMA and snowmelt component users in the
literature. The calibration process first focused on the snowmelt period of each year, then
the complete water year simulation and finally the entire calibration period. HEC-HMS
offers two model performance criteria, Nash-Sutcliffe Efficiency (NSE) and Root Mean

Square Error (RMSE), these are examined to determine the parameter set producing the
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best model performance. In addition percent peak error and percent peak volume error
were examined to assess the consistency of the observed and simulated hydrographs.

The two commonly used model performance assessment criteria in hydrology are
applied to Karasu Basin streamflow simulations. Nash Sutcliffe Efficiency (NSE) and
Root Mean Square Error (RMSE). NSE has the ranges of -oo to 1, -0 being the poor model
performance and 1 as the perfect model performance. NSE is represented by Equation
5.1. RMSE (Equation 5.2) is used to assess the accuracy of the model performance. |
addition, the percent peak is employed to assess the model’s peak and volume accuracy
(Equation 5.3 and 5.4).

r _Z?’=1(0i_Pi)2
NSE =1 ST 00 (5.1)
2N,(0i-P)?
RMSE = [t (5.2)

Simulated Volume—0bserved Volume

% Error Volume = ( ) x 100 (5.3)

Observed Volume

Simulated Peak—Observed Peak
Observed Peak

% Error Peak = ( ) x 100 (5.4)

Where; O is the observed data, Ois the mean for the whole evaluation period. P is

the estimated data and N is the total simulation period denoted in daily time steps.

Estimation of the model parameters are explained for each of the methods below.

5.1.1. Loss parameter estimation

The soil moisture component by SMA method rely on the precipitation to simulate
the water movement through the soil profile and into the groundwater layers. SMA
employs 14 parameters to simulate the surface runoff, the groundwater flow, the losses
as a result of deep percolation and evapotranspiration. Three of these parameters Soil (%),
Groundwater 1 (%) and Groundwater 2 (%) represent the initial moisture conditions of
the soil. The initial conditions of the soil can be different for each application period as

the dryness of the soil changes. Thus calibration of the initial parameters is then based on
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the antecedent precipitation conditions preceding the model starting date for the

simulation run accordingly.

Percentage of imperviousness is obtained from the land use map. Therefore, ten of
SMA parameters are calibrated for the loss method. The initial parameter value ranges
are defined using both HEC-HMS user’s manual and previous studies done in the
literature (Table 5.1).

Table 5.1. Range of SMA parameters used in HEC-HMS.

Parameters Parameter Range
Max Infiltration (mm/hr) 0.01to 20
Soil Storage (mm) 0-120
Tension Storage (mm) 0-75
Soil Percolation (mm/hr) 0.01-10
GW 1 Storage (mm) 0-75
GW 1 Percolation (mm/hr) 0.01-10
GW 1 Coefficient (hr) 100 - 1000
GW 2 Storage (mm) 0-75
GW 2 Percolation (mm/hr) 0.01-10
GW 2 Coefficient (hr) 100 - 1000

A sensitivity analysis is carried out to narrow the range of parameter values. The
2007 water year is selected to represent the sensitivity analysis since the model
consistency for the simulated and observed discharges is higher in comparison with the
other calibration years. The observed peak discharge and volume (in depth) of the

hydrograph are 497.0 m%/s and 261.53 mm, respectively.

Max infiltration (mm/hr) sets the infiltration rate limit into the groundwater from
the surface storage. Sensitivity analysis show that the maximum infiltration has an
effective range of 1-5 mm/hr for Karasu Basin (Table 5.2). The calibrated parameter is
determined to be 2 mm/hr through trial and error, which gives the best performance on
the peak flows and runoff volumes for all the years.
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Table 5.2. Sensitivity analysis for maximum infiltration, 2007.

Max Infiltration | Peak Discharge | Volume | RMSE NSE
(mm/hr) (md/s) (mm) (md/s)
0 901.1 785.18 225.8 -6.667
1 532.5 319.21 55.1 0.544
3 447.5 247.41 38.7 0.772
5 437.9 256.02 40.0 0.759

The total storage available within the soil layer is represented by the soil storage
(mm). Sensitivity analysis show that the total storage has an effective range around 80-
120 mm for Karasu Basin (Table 5.3). The calibrated parameter is determined to be 100

mm through trial and error.

Table 5.3. Sensitivity analysis for soil storage, 2007.

Soil Storage Peak Discharge Volume RMSE NSE
(mm) (m3/s) (mm) (m3/s)

60 586.9 351.9 69.8 0.268

80 521.2 286.5 41.4 0.742

100 473.1 265.8 37.5 0.788

120 431.1 262.5 40.2 0.757

Tension storage (mm) is the volume of water in storage that doesn’t drain under
gravity effects. Tension storage should be less than the soil storage. Taking into
consideration the initial values extracted from the literature and applying the
optimization, trial and error analysis, the effective range for tension storage is determined
to be 20-60 mm for Karasu Basin (Table 5.4). The calibrated parameter value for tension

storage is determined as 50 mm concerning the model performance.

Table 5.4. Sensitivity analysis for tension storage, 2007.

Tension Peak Discharge Volume RMSE
Storage (mm) (m3/s) (mm) (m3/s) NSE
0 364.1 263.0 50.5 0.617
20 397.4 266.5 46.2 0.679
40 450.7 267.4 39.7 0.763
60 507.1 280.4 39.3 0.767

The soil percolation (mm/hr) defines the water movement from the soil storage into

Groundwater 1 storage. Sensitivity analysis on the soil percolation (mm/hr) applied with
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the initial parameter ranges indicates that the soil percolation to have the effective range
of 0.5-2 mm/hr (Table 5.5). At the end of trial and error procedure this parameter is

determined as 0.6 mm/hr, this value has an important effect on the peak flows.

Table 5.5. Sensitivity analysis of soil percolation, 2007.

Soil Percolation Peak Discharge Volume RMSE NSE
(mm/hr) (m3/s) (mm) (m3/s)
0 901.1 695.18 192.7 -4.581
0.5 490.2 273.63 38.3 0.779
1 443.6 260.27 38.1 0.781
2 406.4 255.34 39.9 0.761

The rest of the SMA parameters are calibrated with the same methodology.
Groundwater 1 percolation (mm/hr) defines the percolation of water from Groundwater
1 storage to Groundwater 2 storage. Groundwater 2 percolation (mm/hr) defines the
percolation of water from Groundwater 2 storage into deep percolation. Groundwater 1
and Groundwater 2 storage (mm) define the storage capacity of the upper and lower
groundwater layers, respectively. The Groundwater 1 and Groundwater 2 coefficients (hr)
are used as time lags for formation of lateral flow transformed from water in groundwater
storage. Table 5.6 presents the calibrated and validated SMA parameter set for Karasu
Basin. The minimum and maximum values for each parameter are also provided as a
result of (2002 — 2015) period analysis.

Table 5.6. Soil Moisture Accounting model parameter set for Karasu Basin.

Parameters Value Min. Max.
Max Infiltration (mm/hr) 2 1 4
Soil storage (mm) 100 60 120
Tension Storage (mm) 50 40 60
Soil Percolation (mm/hr) 0.6 0.3 1.2
GW 1 Storage (mm) 30 20 50
GW 1 Percolation (mm/hr) 0.4 0.2 1.2
GW 1 Coefficient (hr) 300 150 450
GW 2 Storage (mm) 40 20 50
GW 2 Percolation (mm/hr) 0.3 0.1 0.7
GW 2 Coefficient (hr) 400 200 600
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5.1.2. Baseflow parameter estimation

The baseflow component explains the groundwater contribution to the total flow.
Two baseflow methods are applied in this study, linear reservoir and constant monthly
baseflow. Linear reservoir method uses six parameters to simulate the baseflow, GW 1
initial (m%/s) GW 1 coefficient, GW 1 reservoirs, GW 2 initial (m3/s) GW 2 coefficient
and GW 2 reservoirs. The initial flow condition in the groundwater layers are represented
by GW 1 (m®/s) and GW 2 (m?/s) and should be adjusted according to the preceding flow
conditions at the beginning of the simulation.

The GW 1 and GW 2 coefficients are taken to be the same with the SMA
Groundwater 1 and Groundwater 2 coefficients. This is because when linear reservoir
baseflow method is applied in conjunction with the SMA loss method, it connects the
infiltration to the lateral flow of the Groundwater 1 and Groundwater 2 soil layers
(USACE, 2015).

The groundwater reservoirs are used for routing the baseflow through a number of
reservoirs. Through trial and error procedure, GW 1 and GW 2 reservoirs are determined
to be 1 in terms of model performance criteria. Table 5.7 presents the calibrated linear

reservoir parameter set for Karasu basin.

Table 5.7. Linear reservoir baseflow parameter set for Karasu Basin.

Parameters Value Min. Max.
GW 1 Initial (m?/s) 30 20 50
GW 1 Coefficient 300 200 4000
GW 1 Reservoirs 1 1 3
GW 2 Initial (m?/s) 40 10 30
GW 2 Coefficient 400 100 2000
GW 2 Reservoirs 1 1 3

The linear reservoir method produced peak discharges having a high consistency
with the observed peak discharges. However, the method showed poor model
performance while simulating the low flows. On the contrary, constant monthly baseflow
method produced poor consistency during the snowmelt period but high model

performance with the low flows. Therefore, a joint method application is chosen to better

51



simulate both low and high flows. A water year is divided into three seasons for joint
simulation implementation. Pre-season (01 October — 01 March), snowmelt (O1March —
01 July) and post season (01 July — 01 October).

Peak discharges occurred during the snowmelt season in Karasu Basin. Therefore,
the linear reservoir baseflow method is preferred to be used during snowmelt seasons. For
the rest of the year, constant monthly baseflow method is applied. According to the
observed low flows, the best values are assigned to each month of a year. The average
values are then calculated for monthly discharges throughout the calibration period. Table
5.8 presents the calibrated constant monthly baseflow values for Karasu Basin.

Table 5.8. Constant monthly baseflow parameter set.

Month Baseflow (m?/s)
Oct 40
Nov 45
Dec 50
Jan 50
Feb 50
Mar -
Apr -
May -
Jun -
Jul 45
Aug 40
Sep 40

5.1.3. Snowmelt Parameter Estimation

Temperature index method within the snowmelt component, depends on the
temperature values and degree day coefficient to simulate the melting of a snowpack.
Seven of the temperature index model parameters are calibrated during snowmelt period.
The initial parameter ranges are defined using HEC-HMS user’s manual and the previous
studies in the literature (Table 5.9).
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Table 5.9. Temperature index parameter ranges.

Parameters Range
PX Temperature (°C) -2-(2)
Base Temperature (°C) -2-(2)
Wet Meltrate (mm/deg C-day) 1-5
Rain Rate Limit (mm/day) 1-5
ATI-Meltrate Coefficient 0-1
Water Capacity (%) 0-10
Groundmelt (mm/day) 0-1

The first two parameters define the temperature thresholds. The PX temperature
(°C) is a temperature threshold which differentiates precipitation falling as snow and as
rainfall. Base temperature (°C) defines the limit at which snowmelt begins, no snowmelt
occurs when the air temperature is below the base temperature (USACE, 2015).

Wet meltrate (mm/deg °C-day) defines the snowmelt as a result of rain falling on
the snowpack. The rain rate limit (mm/day) differentiates dry melt from wet melt. Water
capacity (%) representing the amount of accumulated melted water before runoff.

Groundmelt (mm/day) represents melt as a result of the heated ground.

The majority of the streamflow volume occurs as a result of snowmelt during the
snowmelt period (01 March — 01 July). To calibrate the temperature index parameters, an
event-based model approach is examined during the snowmelt period. To accommodate
the amount of snow from the preceding snowfall period, the observed Snow Water

Equivalent (SWE) values are used as initial inputs at the beginning of each event.

The SWE values are provided for the mean elevation zone at the beginning each
event (snowmelt period) and distributed to the other zones with adjustment coefficients
(Table 5.10). Observed SWE values through in situ and AWOS observations at
Guzelyayla AWOS (2065 m) are assigned to Zone C. The average adjustment coefficients
are determined for several years in calibration period and applied uniformly across all

years. Table 5.10 presents the adjustment coefficients for SWE in Karasu Basin.
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Table 5.10. Adjustment coefficients for Snow Water Equivalent (SWE) distribution in

Karasu Basin.

Zones Mean Elevation Area (%) Adjustment Coefficient
Zone A 1355 10.64 0.5
Zone B 1732 31.70 0.7
Zone C 2098 33.80 1.0
Zone D 2485 22.26 1.3
Zone E 2993 1.60 1.3

The calibration of 2002 snowmelt period is shown in Figure 5.1. The simulation
has Nash Sutcliffe Efficiency (NSE) of 0.852 and the Root Mean Square Error (RMSE)
of 26.6 m%/s. Figure 5.2 presents the event-based model application results for the whole
2002 to 2007 snowmelt periods. The results are determined to be satisfactory with respect
to the model performance criteria for the snowmelt throughout the calibration period.

Finally, temperature index parameter set is obtained as in Table 5.11.

Table 5.11. Temperature index parameter set for Karasu Basin.

Parameters Value Min. Max
PX Temperature (°C) 0 -2 2
Base Temperature (°C) -1 -2 2
Wet Meltrate (mm/deg c-day) 4 2 6
Rain Rate Limit (mm/day) 3 1 5
ATI-Meltrate Coefficient 0.95 0.85 1
Water Capacity (%) 5 2 10
Groundmelt (mm/day) 0.5 0.1 1
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Figure 5.1. Event based simulation of 2002 snowmelt period.
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Figure 5.2. Observed and event based simulated hydrographs for Karasu Basin (2002 — 2007).




5.1.4. Transform parameter estimation

Clark unit hydrograph employs two parameters to transform excess precipitation to
direct runoff. The time of concentration (hr) defines the time required for water to flow
from the furthest point in a watershed to the outlet of the watershed. Storage coefficient
(hr) is used to account for the storage effects.

In regard to the topographic analysis, several equations can be used to calculate
time of concentration (T¢). From the calculations T is determined to be in between 12 -
18 hours. However, because of the large watershed area it is observed that this parameter
is not very sensitive on the results. The storage coefficient is determined based on the trial

and error procedure. The parameter values are shown in Table 5.12.

Table 5.12. Clark unit hydrograph parameter set for Karasu Basin.

Parameters Range
Time of Concentration (hr) 12
Storage Coefficient (hr) 250

5.2. Model Results

In this section the results obtained through the calibration and validation are
provided with graphical representations and statistical scores. The results are discussed

in three headings as, discharge, snow water equivalent and soil moisture.

5.2.1. Discharge

Accuracy in modeling streamflow discharges is essential to various hydrologic
applications including design of hydraulic structures, flood simulation, forecasting and
optimal operation of water resources. HEC-HMS, as a rainfall/snowmelt-runoff model is
used to simulate and forecast Karasu Basin streamflow applying the estimated
parameters. Two continuous simulation approaches are utilized as conventional
simulation and start-state simulation, where conventional (or former) simulation indicates
lumped period application with one method of solution for baseflow, transformation,
infiltration etc. and the start-state (or later) simulation indicates multi period

implementation with various methods.
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The total period (2002 — 2015) is divided into two seven year periods for calibration
and validation according to the previous experience on other model applications where
the split showed the best performance in this basin. The model calibration is carried out
for the first period (2002 — 2008) and the validation is done in the subsequent period (2009
—2015).

The amount and form (rainfall or snow) of precipitation is significant to modeling
discharge. Being a snow-dominated watershed, snowmelt contributes approximately 60-
70 % of Karasu Basin’s runoff volume during spring and early summer months. HEC-
HMS employs the loss, transform, baseflow and temperature index components to
simulate the discharge. However this provides a large set of input parameters that require
calibration which makes it a complex modeling procedure. The snowmelt period (01
March — 01 July) was therefore selected to be modeled first due its high contribution to
the discharge as explained in section 5.1.3. Then continuous model application is carried

out in yearly basis.

Following the consistent snowmelt calibration, the conventional modeling
approach is employed for the whole year discharge simulations. The use of the initial
SWE is eliminated as the conventional approach covered the snowfall, snowmelt and
summer periods. As shown in Figure 5.3 only for the year 2002, the conventional method
even though resulted in high consistency while modeling high flows resulting from
snowmelt, the model presents unsatisfactory performance during low flows. The
conventional simulation yielded NSE of 0.755 and RMSE of 31.59 m%/s for 2002 (Table
5.13).
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Figure 5.3. Observed and conventional simulated hydrographs for Karasu Basin, 2002.

To improve the low flow consistency, the start-state modeling option of the model
is utilized. The start-state allowed to use different methods for different periods. The
model state conditions (Soil moisture, SWE, etc.) are stored at the end of each simulation
period and applied as initial values in a subsequent simulation period (Figure 5.4.). This
permits the use of several parameter sets while running a continuous simulation. Due to
the relatively constant observed low flows in Karasu Basin, only the baseflow parameter
set is adjusted seasonally using constant monthly method instead of linear reservoir
method in this study (Section 5.1.2). The conventional simulation yielded NSE of 0.895
and RMSE of 19.87 m%/s for 2002 (Table 5.13). The application results are available in

appendices for the rest of the calibration and validation periods.
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Figure 5.4. Observed and start-state simulated hydrographs for Karasu Basin, 2002.

The conventional and start-state modelling approaches are applied to both the
calibration and validation periods. Validation is the measure of the calibrated parameter
set reliability and accuracy. As it can be seen from Figures 5.5 and 5.6, a significant
increase in the model performance can be observed in the application of start-state
hydrologic modeling which is higher than that of the conventional hydrologic modeling
application. The hydrographs for the calibration and validation periods are presented in
Figure 5.5 - 5.6 and Figure 5.7 - 5.8, respectively.
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Figure 5.5. Observed and Start-State simulated hydrographs for Karasu Basin, calibration period.
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Figure 5.6. Observed, Start-State and Conventional simulated hydrographs for Karasu Basin, calibration period.
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Figure 5.8. Observed, Start-State and Conventional simulated hydrograph for Karasu Basin, validation period.
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Table 5.13. Model performance assessment for Karasu Basin.

Conventional Simulation Start-State Simulation
Year
NSE RMSE % Peak | % Volume NSE RMSE % Peak % Volume

(md/s) (md/s) Error Error
2002 0.76 31.59 -14.5 5.1 0.90 19.87 27.4 -0.4
2003 0.85 33.36 35.9 25.4 0.89 29.47 54.4 0.6
2004 0.78 45.93 1.8 8.7 0.84 38.40 4.8 -5.6
2005 0.85 40.93 31.2 3.9 0.88 35.59 31.6 -0.4
2006 0.90 31.01 11.9 12.0 0.93 26.01 21.8 -0.1
2007 0.83 33.71 3.7 75 0.89 27.59 1.6 4.6
2008 0.32 46.65 48.9 30.2 0.76 25.56 36.4 11.5
2009 0.55 37.03 9.6 -24.1 0.64 29.40 7.9 3.0
2010 0.50 50.88 51.5 -20.7 0.75 34.49 335 3.0
2011 0.77 36.97 29.9 9.4 0.89 27.30 11.1 -0.7
2012 0.78 22.19 17.7 -28.0 0.74 22.14 1.2 -17.2
2013 0.64 32.76 42.9 12.2 0.80 21.66 36.6 7.3
2014 -0.93 18.06 16.1 -1.1 -1.96 20.96 -11.4 -38.1
2015 0.95 16.12 25.5 -22.1 0.92 20.07 28.8 -13.4

Calibration 0.81 38.12 0.88 29.52
Validation 0.67 32.68 0.82 25.65




As it can be observed from Figure 5.5 to 5.8 and Table 3.5, the calibration period
(2002-2008) has the high observed average precipitation of 711.3 mm and high average
discharges of 32.5 m3/s. On the other hand, the validation period (2009-2015) has
relatively lower observed average precipitation and average discharge of 480.5 mm and

26.4 m3/s, respectively.

The model performance presented in Table 5.13 shows an improvement in the Nash
Sutcliffe Efficiency (NSE) and Root Mean Square Error (RMSE) for both the calibration
(0.81 t0 0.88, 38.1 to 29.5 m?/s) and validation (0.67 to 0.82, 32.7 to 25.7 m®/s) periods,
with the utilization of the start-state modeling approach.

Despite having high observed precipitation, 2008 experienced an early rapid
snowmelt because of rainfall on snowmelt effect with an observed high rainfall (505 mm)
and low snowfall (211.7 mm). This resulted in a rather poor modeling performance of
0.32 NSE and 46.7 m*/s RMSE for conventional simulations and 0.764 NSE and 35.6

m3/s RMSE for start-state simulation.

The 2014 water year experienced significantly low flows and it can be seen in the
poor NSE of -0.93 for conventional and -1.94 for start-state simulations. 2014 water year
experienced the lowest total precipitation for all the model years with 243.83 mm which
is below the average precipitation of 595.86 mm for the period. Therefore 2014 is

classified as a dry water year and low flow outlier.

The comparison of the observed and simulated peak discharges, the observed and
simulated volumes are also employed to assess the model performance, the best
consistency being 0%. The peak discharges in Karasu Basin occur on average between
the end of April and early May. The conventional simulation resulted in relatively high
peak consistency for the calibration period but relatively poor consistency during the
validation period. Start-state simulation on the other hand showed high volume
consistency for the whole simulation period and relatively high peak consistency for the

validation period as can be seen in Table 5.13.

From the application of both the conventional and start-state simulations on the
Karasu Basin, it can be observed that the conventional simulation has a high peak
consistency for the years with high total precipitation. On the other hand, the start-state

simulation is determined to have the high volume consistency for years with high and low
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precipitation, also high peak consistency for years with low precipitation. The start-state
application therefore can be preferred for the overall study period.

5.2.2. Snow water equivalent

The improved accuracy of modeling and forecasting in snow dominated watersheds
is significant for flood control and water resources management. Snow Water Equivalent
(SWE) and Snow Covered Area (SCA) are very important variables in snowmelt
modeling. SWE refers to the widely used method of measuring the snowpack’s water
content. HEC-HMS calculates basin’s average SWE and provides the results in times-

series format.

Since it is difficult to provide continuous time series of SWE measurements in such
a data scarce region, to check the consistency of the simulated SWE, the comparisons are
made with the SCA in the sense of contingency detection. The SCA is derived using
satellite snow products and presented as a percentage value on a snow depletion curve.
Even though the model SWE and SCA are of different dimensions, the comparison can
be done because both are concurrent variables in existence. The satellite SCA and start-

state simulated SWE are presented in Figure 5.9.
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Figure 5.9. Snow Depletion Curve and Start-State simulated SWE for Karasu Basin,
2002.
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The consistency of the SWE and SCA is assessed by a contingency analysis with
four criteria when both SWE and SCA are present in the basin, both absent and one is
present in the absence of the other for the calibration and validation periods (Table 5.14).
The assessment showed consistent results between the simulated SWE and the satellite
SCA. The time series of simulated snowfall and snowmelt periods are analyzed using
SCA data of MODIS. Two thresholds are used to account for snow in satellite data as
SCA is greater than zero or 3% (to minimize the effect of patchy or shallow snow

conditions).

The results can also be observed from Figure 5.10 and 5.11 for the calibration period
and Figure 5.12 and 5.13 for the validation period. There is a high consistency in the

trends of SWE and SCA. The results were therefore considered to be satisfactory.

Table 5.14 (a). The consistency analysis of simulated SWE and satellite derived SCA (>0)

for Karasu Basin.

SCA SWE Number of | Consistency | Number of Consistency
(%) (mm) days in (%) in daysin (%) in
Calibration | Calibration Validation Validation
>0 >0 1538 60 1601 63
>0 0 511 20 484 19
0 >0 2 0 2 0
0 0 492 19 468 18
Total 2543 79 2555 81

Table 5.14 (b). The consistency analysis of simulated SWE and satellite derived SCA
(>3) for Karasu Basin.

SCA SWE Number of | Consistency | Number of Consistency
(%) (mm) days in (%) in days in (%) in
Calibration | Calibration Validation Validation
>3 >0 1409 55 1334 52
>3 0 33 1 12 0
0 >0 131 5 269 11
0 0 970 38 940 37
Total 2543 94 2555 89

Accuracy (AC) has a range of 0 to 1 with one being the perfect score, it shows the
fraction correct forecasts (Equation 5.5). Bias score (BIAS) has a perfect score of 1, it

shows the comparison of the observed ‘yes’ events and the forecasted ‘yes’ events
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(Equation 5.6). False alarm ratio (FAR) has a range of 0 to 1 and a perfect score of 0, it

shows the fraction of forecasted ‘yes’ events that did not occur (Equation 5.7). Success

ratio (SR) has a range of 0 to 1 and a perfect score of 1, it shows the fraction of ‘yes’

events correctly observed (Equation 5.8). The contingency results are shown in Table

5.15 and 5.16.

AC =

BIAS =

FAR =

__ hitstcorrect negatives

total

hits+false alarms

hits+misses

false alarms

hits+false alarms

hits

r hits+false alarms

Table 5.15 (a). Model performance for snow state.

Observed
Number of days
Yes No Total
Calibration
Yes 1538 2 1540
Model No 511 492 1003
Total 2049 494 2543
Yes No Total
Validation Yes 1601 2 1603
Model No 484 468 952
Total 2085 470 2555
Table 5.16 (b). Model performance for snow state.
Calibration Validation
SCA (%) >0 >3 >0 >3
Accuracy 0.80 0.94 0.81 0.89
Bias score 0.75 1.07 0.77 1.19
False Alarm Ratio 0.00 0.09 0.00 0.17
Success ratio 1.00 0.91 1.00 0.83
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Figure 5.10. Start-State simulated SWE and Snow Depletion Curve for Karasu Basin, calibration period.
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Figure 5.11. Conventional and Start-State simulated SWE for Karasu Basin, calibration period.
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Figure 5.12. Start-State simulated SWE and Snow Depletion Curve for Karasu Basin, validation period.
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Figure 5.13. Conventional and Start-State simulated SWE for Karasu Basin, validation period.




5.2.3. Soil moisture

The Soil Moisture (SM) represents the amount of water in the soil at a particular time.
In continuous model simulations, soil moisture is particularly important because it
differentiates the dry and wet periods. Dry periods show the periods with very little to no soil
moisture, these periods result in high precipitation losses and less surface runoff in a storm
event. Wet periods represent the periods with soil moisture, these periods result in less
precipitation losses and more surface runoff in a storm event. Therefore, the soil moisture is
important to understand the dynamics of precipitation losses and surface runoff formation.

HEC-HMS calculates the SM and it provides the results in time-series format.

In this study, satellite soil moisture product (H14) of HSAF project is used to evaluate
the consistency of the HEC-HMS (Start-State) simulated soil moisture results for the period
of 2013 — 2015. The H-SAF H14 satellite product determines the soil moisture in four depth-
layers, Layer 1 (0-7 cm), Layer 2 (7-21 cm), Layer 3 (21-72 cm) and Layer 4 (100-189 cm).
The results are provided as relative soil moisture values in between 0-1. On the other hand,
HEC-HMS does not apply the depth-layer to calculate the soil moisture but provides the

result as soil storage, Groundwater 1 and Groundwater 2 storage.

The weighted average is applied to determine the overall average soil moisture both
for the satellite product and HEC-HMS simulation results in each day for the whole basin.
Then, a normalization (Equation 5.9) is performed in order to make the comparisons in the
same scale in a consistency analysis. Several trials are undertaken to determine the
combinations of weight coefficients to establish the best representative regression between
the observed and modelled soil moisture values. Due to inconsistencies in satellite soil
moisture data during snow cover, masking is employed to eliminate the snow covered periods
from the time series analysis by establishing a threshold of the snow covered area percentage
(SCA). Four thresholds are tested for 1 %, 5 %, 10 % and 20 % and 5 % is selected for
masking (Table 5.16).

i X s
Xnpew = T+ (5.9)
Xmax— Xmin
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Table 5.16. Pearson R performance results for Karasu Basin.

. HMS layer

I e R P
Model 1 >5 2,1,0,0 11,1 0.78 | 0.88 | 0.78
Model 2 >5 1,0,0,0 1,1,1 0.82 | 0.86 | 0.78
Model 3 | 5 2,1,0,0 2,11 0.83 | 0.87 | 0.75
Model4 | o5 1,1,0,0 411 0.87 | 0.84 | 0.66
Model5 | >5 5,32,0 1,11 0.73 | 0.89 | 0.68
Model 6 | <5 12,7,0 11,1 0.69 | 0.79 | 0.69
Model 7 | >20 1,0,0,0 1,11 0.69 | 0.83 | 0.84
Model 8 | >20 2,1,0,0 11,1 0.71 | 0.84 | 0.85

Several models are tested to account for different weight coefficients of satellite data

and simulated soil layers. A summary of the analysis is given in Table 5.16. Model 6 includes

the weights calculated in regard to the level depths for H14 product. The Model 2 determined

to have satisfactory results with respect to all analysis years and is selected for the linear

regression and consistency evaluation. The results are provided both as the series and linear

regression graphs presented in Figure 5.14 to 5.19. As it can be observed from the graphs,

the periods with snow are eliminated and the evaluated results demonstrated relatively high

consistency between the normalized soil moisture of simulation (HEC-HMS) and
observation (H14).
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Figure 5.14. Simulated and satellite based soil moisture for Karasu Basin, 2013.
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Figure 5.18. Simulated and satellite based soil moisture for Karasu Basin, 2015.
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Figure 5.19. Linear regression of soil moisture for Karasu Basin, 2015.
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5.3. Streamflow Forecasting

Deterministic streamflow forecasting is applied to Karasu Basin in this study. To
perform streamflow forecasting for Karasu Basin, the HEC-HMS version 4.1 forecasting
module is used. First the forecasting period is selected to be that of the snowmelt period
because of its large contribution to the total streamflow. The forecast is run for the period
starting 01 March to 01 July 2015. Two forecasting approaches are utilized with two different
input data sets, the first approach is done using the observed precipitation and temperature
data to forecast streamflow. The second approach is using the Numerical Weather Prediction
data set. The forecasting is updated with three and five days from the Forecast date to the
End date and the results compared in Figure 5.20. Table 5.17 shows the model performances
of several forecast runs. The model simulation results and runoff forecasts with 3 and 5 days
update using the forecast and observed data are presented. Also 5 days forecast without the
application of corrections component is presented. The model performance is high both for
the simulation and forecasting. NSE and RMSE shows a similar model performance for 3 or
5 days updated forecasting. On the other hand, corrections improve the model’s ability to
better forecast the runoff values.

Table 5.17. Forecast model performance with different data sets.

Forecast Approach NSE RMSE (m¥/s)
5 Days with Observed Data 0.943 19.92
5 Days with Forecast Data 0.933 21.35
5 Days without Corrections 0.774 39.34
3 Days with Observed Data 0.944 19.60
3 Days with Forecast Data 0.938 20.64
Simulated Flow 0.918 23.73
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Figure 5.20. Runoff forecasting with observed and Numerical Weather Prediction data for Karasu Basin, 2015.




6. CONCLUSION AND RECOMMENDATIONS

Accurate snowmelt modeling in snow dominated mountainous watersheds is crucial
to streamflow forecasting. Streamflow forecasting applied through hydrological models
Is important not only for estimating future streamflow conditions but also water resources
management and early flood warning systems. Snowmelt modeling is particularly
important for the Karasu Basin as it contributes the majority (60 — 70 %) of the total

discharge.

HEC-HMS is selected for hydrological model application. The model parameters
are calibrated and validated, and then the model is employed to forecast streamflows in
Karasu Basin. The continuous hydrologic modeling is carried out with soil moisture
accounting and snow component through two different modeling approaches, as

conventional and start-state.

Continuous hydrologic modeling with soil moisture accounting in HEC-HMS
which is becoming more popular recently due to the developments in soil moisture
monitoring, is implemented using daily total precipitation and daily average temperature
values for the last fourteen years (2002-2015) as input to the model. The main advantage
of a continuous hydrologic modeling is that it spans long time intervals accounting for
both wet and dry periods. The modeling period is divided into calibration (2002-2008)
and validation (2009-2015) parts. The streamflow forecasting is done for the 2015 water

year snowmelt period (March-June).

Three modeling approaches are utilized to calibrate and validate the model
parameters, event based and continuous modeling with conventional and start-state
options. In each modeling approach, soil moisture accounting, Clark unit hydrograph and
linear reservoir methods are employed to model the loss, transform and baseflow,
respectively. The event based application is handled for the snowmelt period (01March-

01July) using the observed Snow Water Equivalent (SWE) values as initial states.

The conventional approach specifies the lumped period application while the start-
state approach defines the multi period application with different methods. To the best of
our knowledge, this study is one of the first to apply HEC-HCMS Soil Moisture
Accounting (SMA) method in Turkey using satellite data to evaluate the model

performance in terms of internal states of snow water equivalent and soil moisture, and
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also to use the numerical weather predictions data with the forecast component of HEC-
HMS (Version 4.1).

The conventional hydrologic modeling is done for the complete water year (01
October - 30 September) as one period. The approach resulted in the Nash Sutcliffe
Efficiency (NSE) and Root Mean Square Error (RMSE) of 0.81 and 38.12 m%/s for
calibration and 0.67 and 32.68 m®/s for validation, respectively. The model showed high
peak runoff consistency with the observed flows for the calibration but rather poor peak
runoff consistency for the validation period. The assessment of the modeled runoff with

the observed ones are inferior during low flow periods.

The continuous start-state hydrologic modeling approach is employed mainly to
tackle the poor low flow consistencies and to improve the model performance. The
approach utilizes the state conditions to ensure continuity between simulations. Only the
baseflow method is changed, the linear reservoir and constant monthly methods are
applied interchangeably. The approach showed an overall improved model performance
with the NSE and RMSE of 0.88 and 29.52 m®/s for calibration, 0.82 and 25.65 m%/s for
validation, respectively. In general, start-state hydrologic modeling approach presents
better results than the conventional hydrologic modeling. One reason for these is that
start-state improved the low flow consistency by implementing the constant monthly
baseflow method, this improved the model performance on the volume consistency
resulting in improved NSE.

The evaluation of the model state variables is done with the usage of satellite
products. Validation of SWE as a state variable using the observed ground data is
challenging due to the limited number of observations. The satellite snow covered area
(SCA) is therefore used as it is a significant tool for monitoring snow extend over large
areas. Since SWE is an output of HEC-HMS, the Moderate Resolution Imagining
Spectroradiometer (MODIS) snow covered area is used to evaluate SWE consistency.
The results showed that the SWE-SCA (hits and correct negatives are in total) accuracy

IS 94 % and 92 % for calibration and validation, respectively.

Evaluation of the simulated soil moisture consistency is done with Satellite
Application Facility on Support to Operational Hydrology and Water Management (H-

SAF) H14 root zone soil moisture index satellite product. The first evaluations indicates
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that satellite based observations and modelled state results for soil moisture to have
satisfactory Pearson R around 0.80-0.85.

The streamflow forecasting is applied for the period between March and June
during 2015 water year using the Numerical Weather Prediction (NWP) data of Weather
Research and Forecast (WRF) model. The WRF data is updated through the correlation
between the observed and forecast temperature data for a bias correction and applied in
the forecast module. According to the results, the forecasting produced a model NSE and

RMSE performances of 0.92 and 22.66 m®/s, respectively.

In conclusion, this study demonstrates the application of continuous hydrologic
modeling approaches with different methods to improve the runoff estimation
performance in terms of NSE, RMSE, percent peak and volume errors. It also shows the
implementation of the conventional hydrologic modeling approach to model the peak
discharges and the start-state hydrologic modeling approach to model the low flows in

order to improve the consistency of runoff.

This modeling study sets precedence over the other modeling approaches in the
pilot basin since it includes SMA, also it implements different data sources to validate the
results which is proven to be advantageous. Furthermore, the study is the first for HEC-
HMS soil moisture and H14 root zone soil moisture index satellite product comparison.

The model can be further used for the distributed model applications with the use
of gridded precipitation and temperature inputs as well as gridded parameter sets. Also
the model can be used with canopy storage especially in watersheds with dense vegetation
cover and broad leaves. The study also demonstrated that different modelling approaches
have a positive impact on hydrological modeling and streamflow forecasting which can

be applied for efficient management of water resources in a study area.

In situ soil moisture and snow measurements could improve on the soil moisture
and SWE validations respectively. On the other hand, the assessment of simulated snow
water equivalent by satellite observations would add value to this study. Using spatial
coverage of satellite observations via data assimilation will improve runoff estimation

ability of models.
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APPENDIX A. Yearly Observed, Conventional and Start-State Hydrographs for
Karasu Basin, 2002-2015.
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Figure A.1. Observed and simulated flows for Karasu Basin, 2002.
—— Observed Discharge =—— Conventional Discharge —— Start-State Discharge
550 ~
500
450
400
% 350
E 300
S
f__‘e 250
[&]
2 200
&
150
100
50
0 T T T T T T T T T T T T
N (&) N ™ ™ ™ ™ ™ ™ ™ ™ ™ ™
< < < < <@ < < < <@ < < <@ <
= > [&] [ o] = = > o = (@] o =
c 2 &4 f & 5 < £ =’ 5 2 & ¢

Figure A.2. Observed and simulated flows for Karasu Basin, 2003.
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Figure A.3. Observed and simulated flows for Karasu Basin, 2004.
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Figure A.4. Observed and simulated flows for Karasu Basin, 2005.
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Figure A.5. Observed and simulated flows for Karasu Basin, 2006.
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Figure A.6. Observed and simulated flows for Karasu Basin, 2007.
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Figure A.7. Observed and simulated flows for Karasu Basin, 2008.
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Figure A.8. Observed and simulated flows for Karasu Basin, 2009.
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Figure A.9. Observed and simulated flows for Karasu Basin, 2010.
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Figure A.10. Observed and simulated flows for Karasu Basin, 2011.
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—— Observed Discharge —— Conventional Discharge —— Start-State Discharge
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Figure A.11. Observed and simulated flows for Karasu Basin, 2012.
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Figure A.12. Observed and simulated flows for Karasu Basin, 2013.
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Figure A.13. Observed and simulated flows for Karasu Basin, 2014.
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Figure A.14. Observed and simulated flows for Karasu Basin, 2015.
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