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ABSTRACT 
 

 

 

ASSESSMENT OF DIFFERENT RAINFALL PRODUCTS  

IN FLOOD SIMULATIONS  

 

 

 

¥zkaya, Arzu 

Ph.D., Department of Civil Engineering 

Supervisor: Prof. Dr. Zuhal Aky¿rek 

June 2017, 180 pages 

 

Floods happening due to heavy rainfall are one of the most widespread natural hazards. 

To predict such events, accurate rainfall products and well calibrated hydrologic 

models are essential especially in urban settlements for life savings. With the objective 

of assessing the rain detection potential of rainfall data products, several hourly rainfall 

datasets are used as forcing inputs in two hydrologic models. Physic-based distributed 

model, WRF-Hydro, and conceptual based lumped model, HEC-HMS, are used to 

simulate the three catastrophic flood events those occurred in Terme Basin in Samsun. 

For the calibration of both models, gauge data belonging to 22nd November 2014 flood 

event are used. Furthermore, stream network density effect in rainfall-runoff modeling 

is investigated in WRF-Hydro model. In model evaluations, two different flood events 

with different rainfall datasets are used. The datasets contain weather radar data and 

satellite rainfall estimates from Hydro-Estimator (HE) as nowcasting products; 

Weather Research and Forecasting Model (WRF) precipitation data as a forecasting 

product and gauge-based data. Among these datasets bias correction is applied to the 

weather radar data by using Kalman Filtering and their use in flood modeling is also 

evaluated in the simulations. Results show that all products have different limitations 
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and potentials depending on the rainfall type. Among them, the HE product generally 

indicates poor performance in the simulations in this basin. Whereas, gauge data 

located in close proximity to the study area is good at representing the flood peak 

occurrence time but has a weakness in the flood magnitude estimation. WRF 

precipitation data are superior in detecting the rain with some time inaccuracy but as a 

forecasted product it can be useful as an early warning system to take initial 

precautions. Bias corrected radar data using the gauging stations in close proximity to 

the studied one has an affirmative effect on results especially in frontal rainfall type. 

Results of the models show that both models are generally close to each other in 

representing hydrograph shape and peak time. The average value of correlation (r) and 

root mean square error (RMSE) for all events and rainfall products indicate that WRF 

Hydro (0.61 for r, 62.6 m3/s for RMSE) showed a slightly better success compared to 

the HEC HMS (0.59 for r, 67.6 m3/s for RMSE). However, one of the flood event that 

has mainly convective origin makes the difference between the models. In this event, 

WRF-Hydro model presents the physical-based modelôs ability in showing hydrograph 

peak discharge and time to peak accurately. The overall results indicate that the use of 

well calibrated hydrologic model with rainfall data that compound of calibrated radar, 

WRF precipitation forecast and observations in ungauged or poorly gauged areas can 

help to take necessary precautions against flooding and provide benefit in saving life 

and property. 

Keywords: WRF-Hydro, HEC-HMS, bias correction, Kalman Filter, satellite based 

rainfall 
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FARKLI YAĴIķ ¦R¦NLERĶNĶN TAķKIN SĶM¦LASYONLARINDA 

DEĴERLENDĶRĶLMESĶ 

 

 

 

¥zkaya, Arzu 

Doktora, Ķnĸaat M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. Zuhal Aky¿rek 

Haziran 2017, 180 sayfa 

 

ķiddetli yaĵēĸlarēn neden olduĵu seller, en yaygēn doĵal afetlerden biridir. G¿venilir 

yaĵēĸ ¿r¿nleri ve iyi kalibre edilmiĸ hidrolojik modeller bu t¿r olaylarē ºngºrmede, 

ºzellikle kentsel yerleĸim yerlerinde hayat kurtarma iin ºnemlidir. Yaĵēĸ veri 

kaynaklarēnēn yaĵēĸ algēlama potansiyelini deĵerlendirmek amacēyla, birok yaĵēĸ 

verisi iki hidrolojik modelde saatlik olarak kullanēlmēĸtēr. Samsun'daki Terme 

Havzasēnda meydana gelen ¿ sel olayēnē sim¿le etmek iin, fizik temelli daĵētēlmēĸ 

model WRF-Hydro ve deneysel tabanlē model HEC-HMS modeli kullanēlmēĸtēr. Her 

iki model kalibrasyonu iin 22 Kasēm 2014 sel olayēna ait ºl¿m verileri kullanēlmēĸtēr. 

Ayrēca, WRF-Hydro modelinde akarsu aĵ yoĵunluĵunun yaĵēĸ-akēĸ modellemesine 

etkisi araĸtērēlmēĸtēr. Model deĵerlendirmelerinde, farklē yaĵēĸ verilerine sahip iki 

farklē sel olayē kullanēlmēĸtēr. Yaĵēĸ verileri, anlēk veri olarak radar verisi ve uydu yaĵēĸ 

tahmini olan Hydro-Estimator (HE) ¿r¿n¿; tahmin verisi olarak Weather Research and 

Forecasting Model (WRF) yaĵēĸ ¿r¿n¿; ve yer verisinden oluĸmaktadēr. Bu veri setleri 

arasēndan, radar yaĵēĸ verilerine Kalman Filtrelemesi uygulanarak yanlēlēk d¿zeltmesi 

yapēlmēĸ ve bunlarēn taĸkēn modellemesinde kullanēmē da sim¿lasyonlarda 

deĵerlendirilmiĸtir. Sonular, t¿m ¿r¿nlerin yaĵēĸ t¿r¿ne baĵlē olarak farklē 

sēnērlamalarē ve potansiyelleri olduĵunu gºstermektedir. Bunlarēn arasēnda, HE ¿r¿n¿ 
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genel olarak bu havzadaki sim¿lasyonlarda zayēf performans gºstermiĸtir. ¢alēĸma 

alanēnēn yakēnēnda bulunan yer yaĵēĸ verileri, taĸkēn pik oluĸum zamanēnē temsil 

etmede iyi olmasēna karĸēn, taĸkēn b¿y¿kl¿ĵ¿ tahmini aēsēndan zayēflēk gºstermiĸtir. 

WRF yaĵēĸ verileri sel olayēnē tespit etmede bir miktar zaman yanlēĸlēĵē ile ¿st¿nd¿r; 

bu sebeple, tahmin ¿r¿n¿ olarak, erken uyarē sistemlerinde ilk ºnlemleri almak iin 

yararlē olabilir. Yanlēlēk d¿zeltmesi alēĸma alanēna yakēn istasyonlar kullanarak 

yapēlan radar verilerinin ºzellikle cephesel yaĵēĸ tipinde baĸarēlē sonular verdiĵi 

gºr¿lm¿ĸt¿r. Modellerin sonularē, her iki modelin de hidrograf ĸekli ve pik s¿resini 

temsil etmede birbirine genellikle yakēn olduĵunu gºstermiĸtir. T¿m olaylar ve yaĵēĸ 

¿r¿nleri iin ortalama korelasyon (r) ve ortalama karekºk hata (RMSE) deĵeri, WRF 

Hydro modelinin (r iin 0.61, RMSE iin 62.6 m3/s), HEC-HMS modeline (r iin 0.59, 

RMSE iin 67.6 m3/s) kēyasla daha iyi bir baĸarē gºsterdiĵini ortaya koymaktadēr. 

Ancak, konvektif kºkenli sel olayēnda modeller arasēnda fark gºr¿lmektedir. Bu 

olayda, WRF-Hydro modeli fiziksel tabanlē model ºzelliĵini kullanarak, hidrograf pik 

ve zamanēnē doĵru bir ĸekilde ortaya ēkarmēĸtēr. Sonularēn geneli, iyi kalibre edilmiĸ 

hidrolojik model ile yanlēlēĵē d¿zelmiĸ radar, WRF yaĵēĸ tahminleri ve gºzlemlerden 

oluĸan yaĵēĸ verisinin ºl¿m istasyonlarē olmayan veya yetersiz olan alanlarda 

taĸkēnlara karĸē gerekli ºnlemleri almaya ve hayat ve varlēk korunumunda fayda 

saĵlamaya yardēmcē olabileceĵini gºstermektedir. 

Anahtar Kelimeler: WRF-Hydro, HEC-HMS, sapma d¿zeltme, Kalman Filtresi, uydu 

tabanlē yaĵēĸ verileri. 
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CHAPTER 1 

 

INTRODUCTION  

 

1.1 General 

Flood is one of the most damaging natural disasters and results in life and property 

losses. With global climate change, deforestation and rapid urbanization, extreme 

weather events are expected to occur with increasing frequencies with greater 

intensities (Lau et al., 2010). In Turkey, 52% of floods take place in the Black Sea 

Region and they most frequently occur during winter, spring and summer months 

(¥zcan, 2006). The reasons for floods in the Black Sea region can be listed as rapid 

saturation of impermeable clay soil with rainfall, high slope gradient, low water 

carrying capacity of streams and destruction of forests into agricultural land. In 

addition to the physical characteristics of the region, orographic rainfall with snow 

melting in spring and early summer seasons leads an increase in flood effect. Hence, 

it is important to accurately estimate the spatial and temporal distribution of a flood 

event ahead of the decision making. Thus, threats to life and property can be reduced 

by early warnings and by implementing planned responses. Flooding may be more 

devastating in data sparse regions due to not only the absence of flood warning systems 

but also the lack of rainfall estimates. Rainfall output gathered from spatially 

distributed rainfall data like weather radar, satellite and numerical weather prediction 

model precipitation products can be a remedy to the difficulties in representing the 

driving force in hydrologic models for ungauged or poorly gauged regions. However, 

the accuracy assessment of these products especially over the mountainous regions is 

a necessity. 
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Rainfall-runoff models are tools to formalize knowledge about hydrological systems 

(Beven, 2011). Since the early 1960s, various model structures have been developed 

and implemented into software (Todini, 1988). These structures can be narrowed down 

into three distinct classes; metric (empirical or black box), parametric (conceptual or 

gray box) and mechanistic (physic-based or white box) (Wagener et al., 2004). In 

addition to physical process description, hydrologic model can also be classified 

according to the spatial description of catchment process as lumped, semi-distributed 

and distributed. However, hydrological model categorization can be hampered by 

overlapping characteristics of model classes; therefore, classification of model may 

change depending on justification (Jajarmizadeh et al., 2012). For example, HEC-

HMS model can range from empirical to conceptual and lumped to distributed (US 

Army Corps of Engineers, 2000). Regardless of the category description, each 

hydrologic model, used for flood management, has different levels of complexity. 

With rapid development of sophisticated computer programs throughout the past 

decades, various hydrologic models capable of using the rich information content of 

remotely sensed geospatial data have been developed for flood simulations. Among 

these models, physics-based distributed hydrologic models have an emerging trend 

due to their better representation of watershed spatio-temporal characteristics that 

transform rainfall into runoff (Vieux et al, 2004). However, hydrological models are 

expected to have different success rates depending on the basin characteristics, initial 

conditions and calibration stages. For instance, in moist areas, variable infiltration 

capacity model (VIC) performs well and it can be used for agricultural purposes 

efficiently. Another model, MIKE SHE, a deterministic, fully-distributed and 

physically-based hydrological and water quality modeling system, is limited to smaller 

catchments due to the requirement of large data. Moreover, SWAT model can obtain 

good hydrologic predictions with little direct calibration, whereas TOPMODEL can 

be used in areas with shallow soil and moderate topography (Devia et al., 2015). 

1.2 Problem Statement and Methodology 

Flooding has the potential to cause significant impacts to economic activities as well 

as to disrupt or displace populations. Changing climate regimes such as extreme 
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rainfall events increases flood vulnerability and put additional stresses on 

infrastructure. The flood problem is not a recent issue neither for Turkey nor for other 

countries. Therefore, the need for the flood protection and flood management are not 

new too. There are many studies about flood management around the world. Recent 

researches suggest a risk-based approach in flood management (Hooijer et al., 2004; 

Petrow et al., 2006; van Alphen and van Beek, 2006). The necessity to move towards 

a risk based approach has also been recognized by the European Parliament (de Moel 

et al., 2009), which adopted a new Flood Directive 19 (2007/60/EC) on 23 October 

2007. According to the EU Flood Directive, the member states must prepare the flood 

hazard and risk maps for their territory and then use these maps for flood risk 

management plans. Structural management measures play also important role among 

various mitigation facilities and flood management strategies.  

Studies on floods require hydrological, hydraulic and topographical inputs to be 

analyzed at temporal and spatial scales. In Turkey, authorities use traditional methods 

in flood hydrograph calculations such as point flood frequency analysis (PFFA), 

regional flood frequency analysis, DSI synthetic unit hydrograph and Mockus method. 

However, the use of hydrological models can greatly evolve the work done in this 

regard. Recently, computer-based rainfall-runoff models, as previously mentioned, 

can provide effective tools for decision-making and flood control management 

measures.  

Following the above considerations, in this study, a methodology is presented for 

sparsely gauged or ungauged areas to investigate the flooding problem with the use of 

different rainfall products in hydrologic models. In the first step of the methodology, 

to find convenient rainfall product, considering their sources, three different spatially 

distributed rainfall data are used; radar, satellite and numerical weather prediction 

model precipitation products. Samsun weather radar station is the closest station 

(nearly 75 km) to the study area that can provide radar-based quantitative precipitation 

estimates (QPE) with high spatial scale. Unlike selection of radar-based QPE, selection 

of satellite-derived rainfall product that is optimal for the study area is complicated. 

The reason for this can be explained as the sheer number of satellite derived rainfall 
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products currently available at high spatial and temporal resolutions suitable for 

hydrologic models. Among the satellite derived rainfall products used in the literature, 

given in detail in the second chapter, the Hydro-Estimator (HE) product is considered 

to be appropriate for the study area. As a forecasting product, Weather Research and 

Forecasting (WRF) Model precipitation data are selected to investigate its capacity in 

flood warning for the study area. In the following steps of the methodology, the 

emphasis is given to radar-based QPE due to its high spatial resolution by applying 

matching techniques that are used in the literature; direct matching method, probability 

matching method and window correlation matching method. The aim of applying these 

methods is to improve the accuracy of radar-based QPE that may have errors related 

to collocation and timing problems. In the next step, all rainfall products are 

investigated in point and areal based manner to evaluate their performances before the 

hydrologic model application. Among the rainfall products, radar-based QPE, which 

has the best spatial resolution, captures the trend of the rainfall more accurately. 

Therefore, in the second step of the methodology, bias correction is applied to 

radar-based QPE. The correction of radar-based QPE with gauge observations has 

been an important research topic. In the literature, there are numerous proposed 

methods used to reduce the error of radar estimation. Meteorological services such as 

Meteo France, UK MetOffice and MeteoSwiss use gauge adjustment methods and 

describe adjusting radar-based QPE so that it corresponds with the quantity given by 

gauge observations. The detail and operational use of the mentioned methods can be 

found in the COST 717 report (Gjertsen et al., 2004). More complex methods such as 

co-kriging (Sun et al., 2000), kriging with external drift (Verworn and Haberlandt, 

2011), statistical objective analysis (Pereira at al., 1998) and use of the Kalman Filter 

(Todini, 2001) are also employed in the processing of radar-based QPE. Kriging or 

kriging with external drifts are methods that interpolate gauge observations before bias 

computations. Statistical objective analysis adjusts the radar data pixel by pixel using 

gauge observations (Gerstner and Heinemann, 2008). In real-time applications of radar 

rainfall estimates, the mean field bias adjustment method is used (Seo et al., 1999; 

Chumchean et al., 2006 and Habib et al., 2012). Electrical calibration errors, radar 

reflectivity measurement errors and systematic errors in space; such as height sampling 
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errors in range, are the sources of radar rainfall bias (Yoo et al., 2014). For the purpose 

of bias correction, Kalman Filtering (KF) algorithm is used in this study due to its 

appropriateness in continuously changing system and efficiency in data memory 

usage. The KF algorithm is applied to the dataset with two different approaches using 

appropriate system equation, correlation coefficient and empirical variance. In the first 

approach, all rain gauges except for the studied one located in the radar range are used 

for the computation. In the second approach, gauges that have better correlations with 

the studied gauge are taken into consideration. Upon completion of these approaches, 

two different bias corrected radar (BCR) datasets are obtained; namely, BCR (I) and 

BCR (II). The primary goal of the second approach is to localize the bias computation. 

In the third and final step of the methodology, two different hydrologic models are 

used. As an empirical based model, the Hydrologic Engineering Centerôs Hydrologic 

Modeling System (HEC-HMS) is used due to its wide usage in the literature and easy 

access. As a physic-based distributed model, the Weather Research and Forecasting 

model hydrological extension package (WRF-Hydro), is used due to its prediction skill 

of hydrometeorological forecasts using physics-based numerical prediction tools. The 

methodological steps are provided in Figure 1.1. 

To summarize, as the physic-based model, the WRF-Hydro model in uncoupled mode 

and as the empirical-based model, HEC-HMS model are used to simulate heavy 

rainfall of 3 different events those have different rainfall types observed on 

22nd November 2014, 2nd August 2015 and 28th May 2016. For each event and model, 

a total of six rainfall products are used in the simulations. Among the datasets, four of 

them have different sources that are weather radar, the Hydro-Estimator (HE) product, 

gauge and rainfall output obtained from WRF model and two of them are derived from 

radar-based QPE in which bias corrections are applied using the information provided 

by rain gauges. Conforming to the available data, the detailed calibration is only 

performed for 2014 flood event using flow data at stream gauge station for both 

models. Then, the rest of the rainfall productsô performances are evaluated in both 

models with the calibrated parameters. 
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Figure 1.1 Conceptual Framework of the Research (Rainfall Comparisons (a), 

Kalman Filtering of Radar QPE (b) and Hydrological Modeling Studies (c)) 
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1.3 Objectives 

The main purpose of this study is to assess the rainfall products in a sparsely gauged 

catchment for different rainfall types; namely convective, non-convective and both. 

For this purpose, Samsun-Terme basin is selected for the study area due to data 

availability. Hourly based intervals are used throughout the analyses due to the small 

size of the catchment and rapid response of catchment to the rainfall. Furthermore, 

main objectives of this study are listed below: 

¶ To evaluate the rainfall products, which are mentioned in the methodology, 

using rain gauge data in point and areal based analyses with statistical 

measures. 

¶ To apply Kalman Filtering (KF) algorithm to radar-based QPE for improving 

the accuracy by considering the gauge correlations among each other. 

¶ To calibrate two hydrological models using gauge data and successfully model 

the hydrologic behavior of the basin.  

¶ To assess the performance of rainfall products on simulations of hydrologic 

models using calibrated model parameters. 

1.4 Thesis Outline 

The subjects described in the following chapters are given below: 

In Chapter 2, the study area and the data used in the research are presented. The 

characteristics of different rainfall products and the studies performed in the literature 

are summarized. 

In Chapter 3, the rainfall products and their evaluations are presented. Matching 

techniques are applied to radar-based QPE and their results are analyzed by statistical 

measures. Comparison of rainfall datasets are performed in point and areal based 

manner. 

In Chapter 4, description of the KF and two different applications of KF methodology 

are presented.  

http://tureng.com/en/turkish-english/analyzes
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In Chapter 5 the calibration of two models using the statistical measures and then the 

verification using the calibrated parameters are presented. This section includes the 

main results of the study and discusses the use of other rainfall products in the study 

area.  

Finally, Chapter 6 presents the conclusions of the study and gives recommendations 

for further studies. 
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CHAPTER 2 

 

STUDY AREA AND DATA SETS 

 

2.1 Description of the Study Area 

The Terme River basin is located in the eastern Black Sea region of Turkey at about 

40Á84ǋ-41Á12ǋ North and 36Á71ǋ-36Á98ǋ East. The Terme River has a catchment area 

of 436.4 km2. The sub-basins, represented with the stream flow station, have an area 

of 231.8 km2 and a mean elevation of 681.5 m (Figure 2.1). The Black Sea region is 

impacted by continental polar and tropical air masses originated from Russia and 

Siberia, and Azores Islands respectively (Sensoy, 2004). The topography of the study 

area emphasizes sudden flooding events and the surrounding urbanized areas may 

suffer serious consequences. The intense convective rainfall (especially in summer) 

falls on the upper parts of the basin. Due to the basin characteristics, areas close to the 

Terme River can be flooded in summer, even if no rainfall occurs in the Terme City 

center. 

On 11th July 2012, Terme city center was exposed to a flood with 510 mį/s peak flood 

discharge passed through the city. The hydrological report of the General Directorate 

of State Hydraulic Works (DSI) stated that the peak flood discharge in 2012 almost 

equals to a 6-year return period of flood discharge. Then, the DSI 7th Regional 

Directorate initiated a tender, namely, Samsun Terme District, Terme River Flood 

Hazard Map Designation. The result of the tender showed that virtually the entire city 

was flooded with 500-years return period of discharge. In order to mitigate this 

problem, the Salēpazarē Dam tender that costs 125 million TL was made in December 

2016. With the completion of the construction, this dam will serve the purpose of water 
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supply, irrigation and flood prevention. However, in 2015, a hydraulic modeling with 

unsteady flow calculations was applied in the Terme urbanized area and its upstream 

to propose applicable solutions to the flood problem. The studies were carried out with 

different discharges for different scenarios. The primary conclusions were that; the 

river meanders had a major effect on flood discharge and the Salēpazarē Dam flood 

capacity was not sufficient individually to protect Terme City against flooding. 

(Bozoĵlu, 2015). For this reason, additional structures would be needed. Providing 

early flood warnings would be another remedy for the study area. In the development 

and implementation of a flood warning system for the area, well calibrated 

hydrological model and continuous meteorological forcing data are essential. 

 

 

Figure 2.1 The sub-basins of the Study Area, the Location of the Weather Radar, 

Rain Gauge Stations and the Stream Flow Station 
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2.2 Data 

2.2.1 Rainfall Datasets 

2.2.1.1 Rain Gauge Data 

There are 13 rain gauges located around the study region (Figure 2.1). In the selection 

of rain gauges, the topography of the radar umbrella and the region is considered; 

however, the stations located on the south part of the study area are not taken due to 

mountain blockage. The continuous gauge rainfall record during flood events at each 

of the 13 rain gauges is used to calculate the rainfall amount with a 1-hour duration. 

These data are paired with the corresponding rainfall datasets. For the Kalman 

Filtering application, apart from the three flood datasets, events having a cumulative 

rainfall amount greater than 20 mm are selected and these are used only in bias-

correction methodology. 

2.2.1.2 Satellite Data 

Satellite based precipitation (SBP) products can be a remedy for ungauged and 

sparsely gauged regions. The utility of SBP estimates with recent algorithms for 

hydrologic forecasting and hazard monitoring have been studied by various 

researchers (Creutin and Borga, 2003, Hong et al., 2007, Hong and Adler, 2007 and 

Li et al., 2013). However, hydro climatic features of the region especially over the 

complex terrain influence the performance of the SPB products (Yilmaz et al., 2005). 

In the literature, SPB productsô performance evaluation over the complex terrain is 

still limited (Derin and Yilmaz, 2014, Derin et al., 2016). Not only the performance of 

SBP product, but also the latency of product access and resolution of product in spatial 

and temporal manner are other significant components. Available multi-satellite 

precipitation estimates with information about their input data, resolution, latency and 

producer are given in Table 2.1.  



 

 

1
2 

Table 2.1 Available Satellite Precipitation Datasets (Huffman, 2015) 
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Among the products it is seen that Multisensor Precipitation Estimation (MPE) 

algorithm has the best space time grid combination. It has 4 km spatial and 15 min. 

temporal resolution. The product is derived from the infrared (IR) data (10.8 Õm) of 

geostationary European Organization for the Exploitation of Meteorological Satellites 

(EUMETSAT) by recalibration of algorithm with polar orbiting microwave sensors. 

The product has a monotonic function which means highest rain rate is associated with 

coldest temperature and lowest rain rate is related with warmest temperature. Thus, it 

is suitable for convective weather situations (Heinemann et al., 2002). However, Derin 

(2014) stated that MPE shows lowest performance among SBP products, TMPA 7A, 

TMPA 7RT, CMORPH and MPE in the study area located in Western Black Sea 

Region of Turkey. Also it is emphasized that with a wide range of scatter between 

studied years, MPE underestimates the rainfall amounts. Yucel and Onen (2014) 

studied MPE product and Weather Research and Forecasting (WRF) model over the 

Western Black Sea region. They concluded that in heavy rainfall events WRF captured 

the time of rainfall extremes and spatial distribution and magnitude of rainfall to some 

extent whereas MPE showed poor results in these aspects. Studies performed by the 

researches show that MPE product has a weakness in frontal rainfall and it is more 

suitable in convective systems. Therefore, as a satellite rainfall data another product 

which has the same spatial resolution like MPE, the Hydro-Estimator is used to assess 

the potential use in hydrologic modeling. 

2.2.1.2.1 General Information about the HE Product 

The Hydro-Estimator (HE) is an algorithm (Scofield and Kuligowski, 2003) that 

derives rain rate from convective and non-convective clouds separately by use of 

Geostationary Operational Environmental Satellite (GOES) brightness temperature 

(10.7-Õm). For regions where GOES does not cover other geostationary satellites like 

METEOSAT (for Europe, Africa and western Asia) and MTSAT (for eastern Asia) 

products are used (Vicente et al., 1998). 

Geostationary satellite is a satellite directly over the equator orbiting the earth at the 

same speed as the earth rotates. It monitors the region every 15 to 60 minutes. There 
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are two GOES that provide data to Western Hemisphere; GOES West and GOES East 

(Figure 2.2). They are centered at 135Á W and 75Á W respectively. Meteosat is located 

at 0Á E and covers mainly Europe and Africa. Feng Yun 2 (FY-2), is located at 105Á E 

and covers China. Last, the Japan Meteorological Agency's (JMA) Satellite called MT-

SAT is located at 135Á E and serves eastern Asia. 

 

 

The HE product is a fully automatic method that calculates rainfall rate as a function 

of IR window brightness temperature and numerical weather prediction model fields 

from the NOAA /National Weather Service (NWS) National Service for 

Environmental Prediction (NCEP) North American Model or global forecast system. 

These fields are atmospheric moisture (the product of precipitable water (PW) and 

relative humidity (RH)), orography and convective equilibrium level (Kuligowski, 

2014). The HE product was developed as an enhancement of original Auto-Estimator 

(AE) planned for moist convective systems (Vicente et al., 1998). The HE algorithm 

uses pixel brightness temperatures in GOES and its value relative to surrounding 

pixels. Pixels that are warmer than surroundings are denoted as lower clouds and no 

rain, while pixels colder than surroundings are associated with updraft regions.  

Figure 2.2 Operational Geostationary Satellites that Cover Areas of the Earth 
(Source: http://www.automatedsciences.com/intro/intro.shtml) 

 



 

15 

The HE product has been operational since 2002 and available in ASCII format for 

global scale via this address ftp://ftp.star.nesdis.noaa.gov/pub/smcd/emb/f_f/hydroest 

/world/world/. Files contain 1 hour rainfall accumulation data. The specification of 

product is given in Table 2.2. 

 

Table 2.2 Specification of the HE Product 

Temporal Resolution 15 min to 1 hr 

Spatial Resolution 
4-km in GOES coverage region; 

Global file is 0.045 degrees (lat/lon). 

Spatial Coverage Global between 60ÁS and 60ÁN. 

Product webpage http://www.star.nesdis.noaa.gov/smcd/emb/ff/auto.html 

Latency (Operational 

Availability)  
60 minutes 

Satellites GOES (15 min), METEOSAT (30 min), MTSAT (60 min) 

 

The HE product is powerful in convective rainfall mesoscale systems. Also, moisture 

corrections perform well in highly arid regions where evaporation takes place rapidly 

after rainfall reaches to the ground. However, in stratiform rainfall type, rainfall 

relationship between cloud top brightness temperature and surface rainfall rates is 

weak so algorithm is insufficient for cool season. Moreover, on tropical islands, 

algorithm does not perform well in extremely warm top convection systems 

(Kuligowski, 2014).  

Vicente et al. (2002) implemented two approaches to correct the HE product for 

orographic effects and parallax dislocation. These factors mainly influence the 

distribution of rainfall and position of the cloud tops as viewed by the satellite 

respectively. For orographic correction wind data taken from ETA model with 48 km 

resolution grid and local terrain height data taken from a composite map of North 

America with 20 m vertical resolution are used. This approach is only applied over 

North America. For parallax correction three parameters are used; the height of the 

cloud, the apparent position of the cloud on Earth and the position of the satellite. The 

purpose of parallax correction is to get better location of the rainfall cores. The effect 

of this correction on the result is little on synoptic scale studies but it has a major role 

on the mesoscale and the storm scale rain systems. Due to the insufficient number of 
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rainfall stations, comprehensive validation was not applied for orographic correction. 

The mentioned parallax adjustments have been incorporated into the HE algorithm 

globally (Kuligowski, 2014). 

Yucel et al. (2011) studied the HE product algorithm over mountainous region in North 

West Mexico during two summer monsoon periods. The research showed that HE 

estimates generally captured the rainfall characteristics in spatial and temporal manner. 

However, the HE product overestimates the rainfall at lower elevation while 

underestimates the light rainfall in high elevation. Results showed that orographic 

correction has a positive impact on rainfall but it is not sufficient to eliminate elevation 

dependent bias in magnitude. For this reason, the improved orographic correction was 

needed by the HE algorithm to reduce elevation - dependent bias. Akcelik (2013) 

applied orographic and temperature correction methods to enhance the Self-

Calibrating Multivariate Precipitation Retrieval (SCaMPR) rainfall algorithm over 

North West Mexico. The results are compared with the operational HE orographic 

correction results over North American Manson Experiment (NAME) region. It is 

found out that proposed formulation improves the correlation between SCaMPR 

estimates and gauge measurements by 9% in 1 hour data and 8% in 6 hour data, 

whereas this improvement in operational HE algorithms is limited to 3.8% and 5.8 % 

for 1 hour and 6 hour temporal resolution respectively. In 2015, Yucel assessed the 

flash flood event in Ķstanbul, Ayamama basin using different rainfall datasets (Yucel, 

2015). In his study as nowcasting products the HE product and radar-based QPE, as a 

forecasting product Weather Research and Forecasting (WRF) dataset were used. 

Among these products, the HE product showed least negative bias and lowest mean 

RMSE for all time intervals. However, the HE product algorithm underestimated the 

peaks and it could not capture the light rainfall in stratiform systems. 

2.2.1.2.2 Format of the HE Product 

Files are stored in ASCII and named in Julian day format. The first line of the file 

contains date and time, remaining lines contain values between 0 and 256 that related 

to rainfall accumulation. Using the equation below rainfall amount, R can be found; 
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Ὑ ὺὥὰόὩς πzȢσπτψ                                                                           ὉήόὥὸὭέὲ ςȢρ  

Value of 0 and 2 mean missing value and no rainfall respectively. 

For the study area, data are extracted from file with generic name ñworldò. This file 

ñworld1hrò contains (8001x3111) 24891111 number of data stored in one row. 

Location data procured, there is a file named ñzworldò contains lat/long information 

which corresponds to point in ñworld1hrò files. GrADS software can be used to 

visualize data and to split data Hex editor can be used. Further information can be 

obtained from: ftp://ftp.star.nesdis.noaa.gov/pub/smcd/emb/f_f/hydroest/world/world 

/README  

2.2.1.2.3 Use of the HE Product in the Study Area 

Satellite data covering entire world is downloaded for the flood events. Next, data are 

split and relevant data are extracted for the boundary of the study region. The product 

has a 4X4 km spatial resolution. Due to the way of acquiring data (point wise) the 

centers of pixels are represented as points (Figure 2.3). Unlike radar-based QPE, there 

are fewer HE points that represent the rainfall distribution of the study area. 

 

 

Figure 2.3 Pixel Centers of the HE Data 
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2.2.1.3 Weather Research and Forecasting (WRF) Model Precipitation Data 

In cases of extreme events, numerical weather prediction models play a major role in 

weather forecasting (Nasrollahi et al., 2012). The Weather Research and Forecasting 

Model (WRF) is developed in a collaborative effort by the National Center for 

Atmospheric Research (NCAR), the National Centers for Environmental Prediction 

(NCEP), the Forecast Systems Laboratory (FSL), the Air Force Weather Agency 

(AFWA) and Oklahoma University (OU) (Skamarock et al., 2001). WRF is a regional 

atmospheric model in mesoscale weather research and shows skillful performance in 

representing a wide variety of precipitation processes over different geographical 

regions (Chen et al., 2010; Liu et al., 2013; Yucel and Onen, 2014). 

The use of different sources of rainfall datasets may increase the potential to find the 

best dataset for the study area considering the event type. For this purpose, in addition 

to radar, gauge and satellite rainfall datasets, numerical weather prediction model 

precipitation forecasts are used for the flood events. For the study area, the data are 

requested from the Turkish State Meteorological Service (TSMS) in netcdf format. 

The distribution of WRF pixel centers can be seen in Figure 2.4. The spatial resolution 

of the WRF precipitation dataset is the same as the HE product, 0.045Á nearly 4 km. 

 

 

Figure 2.4 Distribution of WRF Points (pixel centers) 
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The WRF precipitation data are output of WRF model. The lead time of this data can 

be 24, 48 and 72 hrs. With the increasing of lead time the accuracy of WRF 

precipitation data decreases as does the capability of flood forecasting (Li et al., 2017). 

In this study, WRF precipitation data with 72 hrs duration are obtained from the TSMS 

that runs WRF model once a day at time 00:00 AM. In order to detect accurate rain 

and catch the hydrograph peak time and hydrograph shape in the hydrological models 

properly, the data is selected one day ahead of the observed hydrograph peak time. The 

selected WRF precipitation data are the WRF model products of 21st November 2014, 

1st August 2015 and 27th May 2016 those are used for the floods observed on 22nd 

November 2014, 2nd August 2015 and 28th May 2016 respectively. 

In production of the meteorological data, WRF model offers multiple physics options 

that can range from simple to complex. The supplied data are constructed by TSMS 

using WRF Single-Moment 5-class Scheme in microphysics option, Rapid Radiative 

Transfer Model in longwave radiation option, Dudhia Scheme in shortwave radiation 

option, Noah Land Surface Model in surface physics option and Kain-Fritsch Scheme 

in cumulus parameterization physics.  

2.2.1.4 Radar-Based QPE  

In the fields of meteorology and hydrology, weather radars have been used for decades 

(Maynard, 1945; Battan, 1973). Although, rainfall estimates from weather radars serve 

as an important feature in hydrology and water resource applications, their precision 

is affected by factors such as the reflectivity measurement operation and the Z-R 

conversion process (Joss and Waldvogel, 1970). Weather radar systems do not 

measure rainfall depth directly. The Z-R relationship, an empirical equation between 

radar reflectivity (Z) and rainfall rate (R), is generally used to calculate rainfall depth. 

The procedure to estimate reflectivity (Z), which is the amount of power returned to 

the radar, is subject to various independent sources of error such as ground and sea 

clutter (Collier, 1996), refraction and anomalous propagation (Battan, 1973), bright 

bands (Kitchen et al., 1994), beam blockage (Bech et al., 2003), attenuation 

(Hildebrand, 1978), temporal and spatial sampling errors (Harrold et al., 1974), and 

non-meteorological targets. These error sources demonstrate complex 
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interdependencies; therefore, their impact on measurement accuracy is difficult to 

evaluate. Each error type in reflectivity measurement operation has been studied and 

has given rise to correction methods (Andrieu et al., 1997).  

The Z-R conversion process, frequently used in the literature, is not unique. 

Considering the study region, researchers attempted to determine the most appropriate 

Z-R relationship from a large number of empirical Z-R relationships available in the 

literature (Z=aRb). Z-R parameters (a and b) show high variability according to the 

geographic location and season, the rainfall phase and intensity (storm type and drop 

size distribution), as well as the variability within the same storm and from storm to 

storm. For this reason, the selection of the individual Z-R type changes the precision 

of rainfall rates or accumulations (Vieux and Bedient, 1998). To obtain an accurate 

radar rainfall estimation, it is important to determine and express the errors derived 

from the reflectivity measurement and the Z-R conversion process. When establishing 

the Z-R relationship, the availability of the drop size distribution (DSD) instrument, 

the disdrometer, is of great importance. The disdrometer data consist of the number of 

raindrops n of diameter D. This instrument provides data for the number and size of 

rainfall droplets within the sampling volume. Marshall and Palmer (1948) published a 

Z-R relationship using the exponential DSD data with general parameters of a=200 

and b=1.6. Battan (1973) published a list with 69 different Z-R relationships for varied 

climatic conditions. However, lack of DSD data restrain the detection of the accurate 

Z-R relation. 

Calheiros and Zawadzki (1987) and Rosenfeld et al. (1993) revealed an approach to 

determine the relationship of datasets between recorded rainfall intensity by rain gauge 

and measured reflectivity by weather radar (Z) at the pixel over the rain gauge. 

However, the lack of synchronizations like incompatibility of volume of rain gauge 

and radar reflectivity and timing mismatches, reduce the accuracy of ZīR conversion 

for radar rainfall estimates. To overcome this problem, Calheiros and Zawadzki (1987) 

proposed a technique, called probability matching, to derive Z-R relation from radar 

and rain-gauge measurements. In this method equal percentiles of the probability 

density functions of two datasets are matched. Probability matching method (PMM) 
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ensures better results in estimating ZīR relationships for non-synchronous datasets as 

compared to previous method (Atlas et al., 1997). This method seems to be more useful 

but it requires large and homogeneous sample of simultaneous radar and gauge data 

(Krajewski and Smith, 1991). In PMM, nature of probability density function of R 

varies with storm structure and drop size distribution so stratification by rain type is 

essential (Rosenfeld et al., 1993). Rosenfeld et al. (1994) developed the window 

probability matching method (WPMM) to improve the deficiency of PMM. WPMM 

is performed by matching the two datasets taken from small windows centered at the 

gauges. This radar field window must be small enough to represent rainfall area and 

large enough to represent rainfall depth. In this method, errors related to displacement 

of the rain from the center of the radar window may be diminished. Piman et al. (2007) 

developed a new method, called the window correlation matching method (WCMM) 

to correct collocation and timing errors in Z-R pairs. These errors are caused by wind 

and height of the radar. According to the study performed by Piman et al. (2007), errors 

caused by wind (geometric mismatch) are reduced with the growing space window 

and errors caused by height of the radar measurement (time mismatch) are decreased 

with the growing time window. 

In the study region, the closest weather radar is located at 1303 m, which is 40 km 

away from Samsun City (Figure 2.1). This radar is a C-band Doppler weather radar, 

and it has been serving the Central Black Sea region since July 2012, providing short-

term weather forecasts over a 120-km range with 333.33-m spatial resolution. The 

radar rainfall estimates are obtained from the TSMS, where the Interactive Radar 

Information System (IRIS) radar software is used to process the radar-based QPE. IRIS 

was developed by the SIGMET Company, and it uses the Fourier Transform technique 

to eliminate clutter. The rain product is obtained from the surface rain intensity (SRI) 

product that uses the Marshall-Palmer (1948) relationship (a=200 and b=1.6).  

Figure 2.5 shows the distribution of gauge stations, location of radar and study area on 

Digital Elevation Model (DEM). Arrows are drawn on this figure to show radar signal 

direction on the DEM. Topography between Samsun radar location and gauge stations 

are demonstrated in Figure 2.6. This figure indicates that there is no blockage of the 
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radar beam between radar and gauge stations. For the study area, 5 arrows in red color 

are drawn on the DEM (Figure 2.5). Change in topography through the selected arrows 

are depicted in Figure 2.7. In this figure, black dots show the boundary of sub-basins 

in the study area. In all topographic figures, it is seen that there is not any obstruction 

throughout the radar signal path. Thus, working of weather radar with minimum 

elevation angle (0.2Á) is suitable for the study area and gauge locations.  
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Figure 2.5 Study Area with Rain Gauge Stations on Digital Elevation Model 
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