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ABSTRACT OF THE DISSERTATION

Evaluation of Short-Range and Medium-Range Precipitation

Forecasts using Remote-Sensing Data

by

Haowen Yue
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 2021

Professor Mekonnen Gebremichael, Chair

Accurate weather forecast information has the potential to improve water resources management,
energy, and agriculture. This study evaluates the accuracy of recently developed short-range (0-
18 hour) precipitation forecasts from the High-Resolution Rapid Refresh (HRRR) for selected
extreme events over the US using NOAA’s Gauge-corrected Multi-Radar/Multi-Sensor (MRMS-
GC) radar-gauge merged rainfall observations. This study also evaluates the accuracy of
medium-range (1-15 day) precipitation forecasts from the Global Forecast System (GFS) over
transboundary river basins in Africa using NASA’s Integrated Multi-satellitE Retrievals
(IMERG) “Final Run” satellite-gauge merged rainfall observations. The assessment of HRRR on
an hourly basis shows that there was a good agreement between the forecasted and observed
precipitation in terms of temporal variability despite the forecasts tend to overestimate rainfall
for hurricanes. Spatially, the forecasts were able to capture the general spatial pattern of

hurricane driven events but failed to reproduce the characteristics of frontal storms. With regard
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to the effect of lead times, the 1-h lead forecasts have often lower accuracy than the other lead-
time forecasts, while there was not much systematic difference in accuracy among the 2-h to 18-
h lead-time forecasts. The evaluation of GFS reveals that the accuracy of forecasts varies a lot
among different regions. GFS forecasts tend to overestimate precipitation in wet climatic regime
but produce almost unbiased precipitation in dry regions. The GFS forecast accuracy decreases
as the lead time increases, but the rate of decrement depends on the region. Aggregating the
forecasts at temporal scales (1-day to 15-day) may increase or decrease the performance of GFS
forecasts, depending on the region. We recommend exploring methods to increase the
performance of short-range and medium-range forecasts, including post-processing techniques

products before their application in water resources management.
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CHAPTER 1

Introduction

1.1 Background and Motivation

Recent advances in forecasting have created opportunities to improve water resources
management. The accuracy of weather forecasts has steadily improved over the years. The
objective of the study is to identify the uncertainty in the most recent precipitation forecast
models through evaluation with independent rainfall observations over continental United States

and African river basins.

1.1.1 Precipitation Forecasts

Globally, precipitation forecasts from numerical weather prediction (NWP) models are
becoming increasingly available to the public. Using real-time weather conditions as input to
atmospheric models, NWP models predict the movement of weather systems to generate a
variety of weather condition forecasts by representing the atmosphere as a dynamic fluid and
solving for its behavior through the use of mechanics and thermodynamics (Cuo et al. 2011;

Trenberth 1992; Buizza et al. 1999).

Depending on the lead time, precipitation forecasts can be grouped into three categories:
short-range (0 - 120 hour), medium-range (1 - 15 day), and seasonal (1- 12 month) forecasts.
While short-range forecasts are useful for flood early warning, medium-range precipitation
forecasts and seasonal forecasts are useful for operational reservoir operation decisions, and

water resources allocation and planning.



1.1.2 Application of Precipitation Forecasts

Precipitation forecasts with a variety of lead times have been widely used in water
resources management worldwide, such as, flood/drought early warning systems (e.g., Cuo et al.,
2011; Thielen et al., 2009), reservoir operation (e.g., Choong & El-Shafie 2015; Collischonn et
al., 2007), and agriculture (e.g., Ingram et al., 2002; Schneider & Garbrecht 2003). Short-range
and medium-range forecasts have been intensively used for flood warning, agriculture, and
reservoir management (Patt et al. 2007; Breuer et al. 2010; Mase and Prokopy 2014; Pandya et
al. 2015; Alexander et al. 2021), while seasonal forecasts are usually used for long-term reservoir

management and drought prediction (Dutra et al. 2014; Mo & Lyon 2015; Yuan & Wood 2013).

In terms of flood warning, short-range and medium-range precipitation forecasts are
usually integrated with hydrologic models to produce streamflow forecasts. For example, the
National Water Model (NWM; NOAA 2015) ingests forcing from a variety of Numerical
Weather Prediction forecast data including High Resolution Rapid Refresh (HRRR), Rapid
Refresh (RAP), North American Mesoscale Nest (NAM-Nest), Global Forecast System (GFS)
and Climate Forecast System (CFS) to provide streamflow forecasts for 2.7 million river reaches
and other hydrologic information on 1km and 250m grids over the entire continental United
States (CONUS). European Flood Alert System (EFAS; Thielen et al. 2009) incorporates output
from ECMWF, the German Meteorological Service (DWD), and Consortium for Small-Scale
Modeling Limited-Area Ensemble Prediction System (COSMO-LEPS) to increase preparedness
for floods in European river basins. Other similar forecasting systems include the National
Hydrometeorological Service (SCHAPI) from France, which merge short-range forecasts from
radar and NWP models, and the operational medium-range hydrologic ensemble forecasting
service, which uses ECMWF as inputs, from the Swedish Meteorological and Hydrological
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Institute (SMHI).

Medium-range and seasonal forecasts are also widely applied in hydropower optimization
and drought warning. For example, in a recent study, Koppa et al (2019) showed that the use of
seasonal precipitation forecasts from NMME in reservoir planning of Omo Gibe dam in Ethiopia
can increase annual hydropower generation by around 40%. Tang et al (2010) pointed out that
using 10-day total precipitation forecasts from GFS would benefit reservoir optimization by
increasing power generation by 114 GWh. Like the integrated flood warning system, seasonal
forecasts from CFSv2, ECMWF, and NMME have been used as inputs to drive hydrologic
models to predict future droughts (Fundel et al. 2013; Hao et al. 2018; Sheffield et al. 2014;
Shukla et al. 2014). An example of such systems is the NCEP/EMC NLDAS Seasonal
Hydrologic Forecast System developed by Princeton University and the University of

Washington.

1.1.3 Need for Precipitation Forecasts Evaluation

Precipitation forecasting remains one of the most difficult challenges in NWP modeling
because of enormous variability of the variables affecting the precipitation process (Golding
2000; Ebert et al. 2003). The performance of precipitation forecasts is affected by various factors
such as forecast lead time, spatial and temporal scale, and climatic regimes (Cuo et al. 2011).
The lack of understanding of precipitation forecast accuracy in different regions of the world
blocks the path to utilizing forecast information in water resources management, energy and
agriculture. In the Data and Methodology Section (Chapter 2), we will describe the current state

of forecast evaluation.



1.2 Research Questions

The dissertation aims to address three research questions:

1. What is the accuracy of short-range precipitation forecasts for extreme
precipitation in the United States?
2. What is the accuracy of medium-range precipitation forecasts over African river

basins?

1.3 Dissertation Overview

The dissertation is divided into twelve chapters. Chapter 1 provides an introduction.
Chapter 2 provides data and methodology. Chapter 3 presents evaluation of short-range forecasts
derived from the High-Resolution Rapid Refresh (HRRR) forecasts over US. Chapter 3 through
Chapter 11 present the evaluation of medium-range forecasts derived from Global Forecast
System (GFS) over African River Basins — each chapter focuses on one river basin. Chapter 12

provides conclusions.



CHAPTER 2

Data and Method

2.1 Data and Methodology for Evaluation of Short-Range Forecasts in the

UOSO
2.1.1 HRRR Forecast System

The High-Resolution Rapid Refresh (HRRR) model of the National Weather Service
(NWS) provides state-of-the-art, short-range (lead times ranging from 1 h to 18 h), high-
resolution (3 km, hourly) QPFs across the continental United States (CONUS). With the growing
need for frequently-updated short-range weather guidance, the fine-resolution HRRR was
developed and introduced into the operational model suite at the NOAA/National Centers for
Environmental Prediction (NCEP) in September 2014. The HRRR has been undergoing
continuous model improvement, almost on a yearly basis. The HRRR model is a real-time,
hourly-updated, convection-allowing, storm resolving model running at 3 km horizontal
resolution with 50 vertical levels over the CONUS. Its domain is nested within the 13 km Rapid
Refresh mesoscale model, which also provides boundary conditions (Benjamin et al 2016). The
HRRR is built upon the Advanced Research version of Weather Research Forecast (WRF-ARW)
model with the following physics options: the Goddard shortwave radiation scheme (Chou and
Suarez 1994), the Rapid Radiative Transfer Model longwave radiation scheme (Mlawer et al
1997), the Rapid Update Cycle smirnova land surface model (Smirnova et al 1997), the Mellor-
Yamada-Nakanishi-Niino boundary layer parameterization (Nakanishi and Niino 2004), and the

Thompson mixed-phase microphysics scheme (Thompson et al 2008). Initial fields are created



using 3D-VAR data assimilation. The latent heating profile are calculated as a function of radar
reflectivity (which came from the NWS WSR-88D network that is used to create the Stage IV
products) which is assimilated at 3 km resolution every 15 min (Benjamin et al 2016). Detailed

information on model history and physics are provided in Benjamin et al (2016).

The HRRR model provides operational forecasts at 3-km and hourly resolution, with lead
times ranging from 1 h to 18 h. It also provides experimental sub-hourly products in order to test
updated model performance and measure performances resulting from updates. Most recent
versions are HRRRv2 available since July 2016, and HRRRv3 forecasts available since 2018.
These data are available to the public via the HRRR Archive managed by the University of Utah
(Balylock et al., 2017). The NWS’ operational hydrologic modeling platform NWM first
downscales the HRRR forecasts from 3 km to 1 km by bilinear interpolation methods, and uses
the downscaled forecast as forcing input to generate short-range hydrological forecasts at lead
times ranging from 1 h to 18 h (NOAA, 2016). Studies evaluating the accuracy of QPF,

particularly during extreme events, are very limited as shown below.

Gowan et al (2018) assessed the performance of forecasts by HRRR and coarse-
resolution NWP models (GFS, NAM-3 km CONUS nest and NCAR Ensemble) over
mountainous western US by comparing the forecasts to precipitation observation from the and
precipitation analyses from the Parameter-Elevation Regressions on Independent Slopes Model
(PRISM), and reported that the HRRR forecasts outperformed the coarse-resolution NWP
models partly due to better representation of topography in the HRRR model. Pinto et al (2015)
reported that the HRRR predicted too many mesoscale convective systems (MCSs) over the
Great Plains and too few MCSs over the southeastern United States, and that the skill of the
HRRR at predicting specific MCS events increased between 2012 and 2013, coinciding with
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changes in model physics and data assimilation technique. Cai and Dumais (2015) evaluated
three weeks of HRRR forecasts during the summer of 2010 over the eastern United States, and
reported that the HRRR model was able to capture the overall convective storm characteristics

but with significant bias which varies substantially by region.

Bytheway and Kummerow (2015) estimated the performance of the 2013 experimental
version of the HRRR forecasts for warm-season convective storms over central US by
comparing the forecasts to Stage [V NEXRAD Radar rainfall products, and reported the
following results: a southward displacement of the storm structure by about 30 km, large
overestimation in intensity and areal extent of precipitation, overestimation of heavy rain, and
relatively better forecast skill for the 3-h lead forecast. Two years later, Bytheway et al (2017)
performed a similar study using the research versions of latter-year (2013-2015) HRRR
forecasts, and concluded overall improvements in the bias for maximum and mean rainfall

intensity and storm location as a result of model upgrades, compared to the 2013 forecasts.

Ikeda et al (2013) investigated the accuracy of winter-season HRRR forecasts with a
particular focus on areal extent of precipitation and the timing and location of regions of
different precipitation phases during the 2010/11 cold season by comparing the forecasts to
observations from the Automated Surface Observing System (ASOS) station network across the
Eastern United States and revealed that larger synoptically forced weather systems were better
predicted than smaller weather systems. Ikeda et al (2017) examined HRRR model’s ability to
forecast the surface precipitation phase for cold-storm cases from the 2013/14 and 2014/15
winter seasons over the east of the Rocky Mountains and concluded that the HRRR model was
able to represent the overall vertical thermodynamic structure in the mixed-phase precipitation
regions. Seo et al (2018) evaluated the performance of HRRR forecasts for the September 2023,
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2016, frontal storms over Eastern lowa by comparing the forecasts to the Multi-Radar/Multi-
Sensor Gauge-Corrected (MRMS-GC) products and reported different behavior for different
statistics: while the forecast skill decreased with lead time (maximum skill achieved at 1-h lead),

the bias and stand error improved with lead time.

For our analyses, we have used the recent HRRR forecasts, namely, the HRRRv?2
forecasts for the frontal storms and hurricane Harvey and the HRRRv3 forecasts for the
hurricane Florence. In order to provide results relevant for NWM, we have downscaled the
hourly HRRR forecasts from 3 km to 1 km implementing identical downscaling methods used in

NWM.

2.1.2 The Reference Observation Data MRMS-GC

The gauge-corrected Multi-Radar/Multi-Sensor (MRMS-GC) quantitative precipitation
estimates (QPE) are produced operationally at the National Centers for Environmental Prediction
(NCEP) and distributed to NWS forecast offices and several external agencies. The MRMS-GC
ingests radar reflectivity data from the WSR-88D network resulting in a spatial domain covering
the CONUS. Radar-based estimates of precipitation are adjusted using a network of
approximately 7000 gauges from the Hydrometeorological Automated Data System (HADS)
network (Kim et al 2009). Data from the NWP model Rapid Update Cycle (RUP) are used in
quality controlling the rain gauge data. The resulting MRMS-GC QPEs are hourly rainfall rates
with a spatial resolution of 0.01° resolution. Detailed information on MRMS-GC can be found in
REFs. The MRMS-GC product has a history of use as the reference product for validation of
models and satellite products (e.g., Gourley et al 2017, Gebregiorgis et al 2017, Smalley et al
2017, Seo et al 2018). In this study, we used the MRMS-GC QPEs as reference to validate the

HRRRv2 and HRRRv3 forecasts.



2.1.3 Evaluation Methods

The evaluations of HRRR forecasts were carried out for various quality features. These
include: (1) hourly comparisons of domain-averaged precipitation, fraction of domain covered by
rain, and conditional coefficient of variation (i.e. standard deviation of rainfall within the domain
normalized by domain-averaged precipitation — only taking into account pixels where rainfall
occurred), (2) spatial maps of accumulated rainfall over the entire storm duration, and (3) The
geometric features of accumulated rainfall using the Amplitude Structure Location (SAL)

method.

The SAL method (Wernli et al., 2008) evaluates storm features (size, variability, and
location) by identifying precipitation objects in both the forecast and the observed storm at a
given time, and decomposing differences (i.e. errors) into three components. The errors are
normalized by the size of the domain and domain-wide accumulation such that results from
different domain sizes and rainfall accumulation can be compared. The amplitude (A)
component (between —2 and +2) corresponds to the normalized difference of the domain-
averaged precipitation values. A=0 denotes perfect forecast, A>0 indicates overestimation, A<0
indicates underestimation of domain-averaged precipitation. The values A=0.4, 0.67, 1 indicate
overestimation of domain-averaged precipitation by a factor of 1.5, 2, and 3, respectively. Along
the same lines, A = -1 indicates underestimation by a factor of 3. The Structure (S) component
(between —2 and +2) captures information about the size and shape of precipitation objects. The
value S = 0 indicates perfect field, S > 0 indicates widespread precipitation forecast in a situation
of localized events, while S < 0 indicates too small precipitation objects or too peaked objects, or
a combination of these factors. The location component L (between 0 and 2) consists of two
parts. One part measures location differences in centers of mass for the domain-wide observed
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and forecast fields; the other part accounts for location differences of all objects weighted by
their integrated precipitation. L = 0 indicates a forecast field, where both the center of mass as
well as the averaged distance between the precipitation objects and the center of mass agree with

the observations. The ASL equations are provided in Wernli et al. (2008).

2.2 Data and Methodology for Evaluation of Medium-Range Forecasts in

Africa
2.2.1 Global Forecast System (GFS)

The Global Forecast System (GFS) is a global numerical weather prediction system run
by the U.S. National Weather Service (NWS). The GFS forecast products with a resolution of
0.25° by 0.25° are obtained from National Center for Atmospheric Research (NCAR) Research
Data Archive (RDA) GFS Historical Archive (NCEP 2015). The GFS is run four times a day at
00, 06, 12, and 18 UTC. One of the GFS model output variables is accumulated precipitation,
where the precipitation forecasts are accumulations starting from the model run time. We
obtained the 1-day lead daily rainfall forecast by subtracting the 24-hour rainfall accumulation
forecast from the 48-hour rainfall accumulation forecast. Similarly, in order to obtain the 5-day
lead daily rainfall forecast, we subtracted the 120-hour rainfall accumulation forecast from the

144-hour rainfall forecast. We only considered the model runs at 00 UTC.

The GFS model went through a major upgrade, and its version-15 forecasts are available
since June 12, 2019. In version 15, the Finite Volume Cubed Sphere dynamical model (FV3)
replaced the Global Spectral Model (GSM) as the core model. In the GSM model, the horizontal
resolutions were T1543 (12.5km) from 0 to 240 hours (0-10 days) and T574 (~34km) from 240
to 384 hours (10-16 days) (NCEP 2021a). However, in the FV3 model, the horizontal resolution
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of the model is about 13 km for days 0-16 (NCEP 2021b). The model runs are re-gridded to

produce precipitation forecasts at 0.25° resolution (NCEP 2015).

Developed by the Geophysical Fluid Dynamics Laboratory (GFDL) (Putman and Lin,
2007), the key components of FV3 include: (1) the Rapid Radiative Transfer Method for GCMs
(RRTMG) scheme for shortwave/longwave radiation (Mlawer et al. 1997; Iacono et al. 2000;
Clough et al. 2005), (2) the Hybrid eddy-diffusivity mass-flus (EDMF) scheme for Planetary
Boundary Layer (PBL) (NCEP, 2019a), (3) the Noah Land Surface Model (LSM) scheme for
land surface option (Chen et al. 1997), (4) the Simplified Arakawa-Schubert (SAS) deep
convection for cumulus parameterization (Arakawa et al. 1974; Grell 1993), and (5) an advanced

GFDL microphysics scheme for microphysics (NCEP, 2019b).

However, GFS forecasts, especially version 15 is not well evaluated over Africa. Using
observations collected over the eastern Pacific during the El Nino Rapid Response (ENRR) field
campaign, Wang et al. (2019) reported that GFS forecasts have difficulty to capture the location
and magnitude of heavy rain rates. Sridevi et al. (2018) evaluated the performance of GFS in
India by using rain gauge and satellite rainfall product and reported that the GFS forecast shows
some skills in 1-day and 2-day lead times, but low skills from 3-day onwards. Lien et al. (2016)
compared the global statistical properties of GFS forecasts and Tropical Rainfall Measuring
Mission (TRMM) Multisatellite Precipitation Analysis (TMPA) (Huffman et al. 2007)
observations and reported that the GFS model has positive bias in precipitation amount
compared to TMPA observations, and that the GFS forecasts have large random errors at higher
resolutions, especially for convective precipitation. Jiang et al. (2015) evaluated the accuracy of
GFS precipitation forecasts in China, U.S., and Australia using rain gauge data, and reported

overestimation of light rain and underestimation of moderate and heavy rain, which they
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attributed to the errors arising from not accounting for the Aero-sol-Cloud Interactions in the

GFS model.

2.2.2 IMERG

Integrated Multi-satellitE Retrievals for GPM (Global Precipitation Measurement)
(IMERG) precipitation products are available at 30-min temporal resolution and 0.1° spatial
resolution. IMERG uses data from the GPM satellite constellation, including a Ku/Ka-band
Dual-frequency Precipitation Radar (DPR), a multi-channel GPM Microwave Imager (GMI),
multiple partner passive microwave (PMW) instruments, and thermal infrared (IR) information
from geostationary satellites (Huffman et al. 2019a). Details of IMERG algorithm are available

at Huffman et al (2019b).

Currently, IMERG produces three types of products: “Early Run” or “Early” product,
with a lag time of about 4 hours; “Late Run” product, with a lag time of about 14 hours, and
“Final Run” or “Final” product, with a lag time of about 3.5 months (Huffman et al., 2015). The
main difference in algorithm between IMERG Early and IMERG Final lies in the use of rain
gauge information (GPCC monthly gauge-analysis) in IMERG Final for bias correction. The
latest version (V6B) of IMERG datasets have been accessed from the NASA’s Earth Data
Goddard Earth Sciences Data and Information Services Center (GES DISC) web portal. In this
study, we use IMERG Final as a reference to evaluate both GFS forecasts and IMERG Early and

other satellite products.

A number of studies have been conducted to validate IMERG product over Africa. For
example, Sahlu et al. (2016) evaluated the accuracy of IMERG Final in comparison to data from

37 experimental rain gauge stations established by Gebremichael et al (2014) in the Blue Nile
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region, and reported bias under 5%. Dezfuli et al. (2017a) evaluated the performance of IMERG
Final against two, high-resolution, experimental rain gauge station data provided by the Trans-
African Hydro-Meteorological Observatory network (TAHMO; van de Giesen et al. 2014), and
reported the capability of IMERG Final to represent well the diurnal cycle of rainfall. Validated
against TAHMO network, Dezfuli et al. (2017b) showed that IMERG Final is able to capture the
propagation of large Mesoscale Convective Systems, a significant advantage over its
predecessor’s satellite rainfall product, known as the Tropical Rainfall Measuring Mission
(TRMM) Multi-satellite Precipitation Analysis (TMPA). Maranan et al. (2020) compared
IMERG Final products against experimental rain gauge station data in the moist forest region of
Ghana, West Africa, and showed that IMERG Final datasets are able to capture monthly rainfall

with a very high correlation coefficient.

2.2.3 CHIRPS

The Climate Hazard’s group Infrared Precipitation with Stations (CHIRPS) dataset, a
merged satellite-gauge product, is available at a spatial resolution of 0.05° and a temporal
resolution of 1-day, with a data latency period of about 3 weeks. CHIRPS rainfall products are
obtained from the CHIRPS webpage. The CHIRPS products are derived primarily from thermal
infrared data using the cold cloud duration (CCD) approach, calibrated using TRMM Multi-
satellite Precipitation analysis (TMPA 3B42 v7; Huffman et al. 2007) precipitation datasets by
local regression, and include rain gauge station data from multiple sources (regional and national

meteorological services). Details of CHIRPS algorithm are available at Funk et al. (2015).

Fenta et al. (2018) evaluated the accuracy of CHIRPS by comparing them to data from 11
rain gauge stations in the Lake Tana (i.e. head watershed of the Blue Nile) watershed, and

reported bias under 10%. Similar performance results were obtained for CHIRPS by other
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researchers using different rain gauge networks in different parts of the Blue Nile basin
(Abdelmoneim et al. 2020; Belete et al. 2019). Satgé et al. (2020) evaluated the accuracy of a
number of gridded precipitation datasets over West Africa through comparison against rain
gauge station data, and reported that CHIRPS provides reliable estimates at both daily and
monthly timescales, while other satellite rainfall products considered (CMORPH, PERSTANN,
GSMaP, ARC, and TAMSAT) and all atmospheric reanalysis products considered (MERRA and
JRA) are deemed unreliable. Furthermore, they reported that the satellite products that

incorporated rain gauge information outperform satellite-only products.

2.2.4 Evaluation Methods

IMERG Final rainfall products are used in this study as reference to evaluate the
performance of GFS precipitation forecasts. The comparison period is 15 June 2019 to 15 June
2020 to match the period for which the version-15 of GFS model forecasts is available. The
spatial resolutions of the forecast and satellite products are different: 0.25°(GFS), 0.10° (IMERG
Final and IMERG Early), and 0.05° (CHIRPS). The temporal resolutions of the satellite products
are: 30-minute (IMERG Final and IMERG Early) and daily (CHIRPS). Our comparison is
mostly based on sub-basin (i.e. watershed for each dam) average values, in which case we
average all the datasets to the sub-basin spatial scale. In some cases, where we compare the
spatial patterns of rainfall, we resample both IMERG products and CHIRPS to 0.25° using the

bilinear interpolation technique to match the spatial resolution of GFS.

For evaluation metrics, we used the modified Kling-Gupta Efficiency (KGE; Gupta et al.
2009; Kling et al. 2012) and its components: Bias Ratio (BR), correlation (R), and variability

ratio (y). KGE measures the goodness-of-fit between estimates of precipitation forecasts and
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reference observations as:

KGE=1-(R-1)* +(BR-1)* + (y - 1)%,

BR =",
Ho
Y
cv,

where R is the linear correlation coefficient between forecasted and observed
precipitation, BR is the bias ratio, v is the variability ratio, p is the mean precipitation, CV is the
coefficient of variation, and the indices f and o represent forecasted and observed precipitation
values, respectively. KGE values range from -co to 1, with values closer to 1 indicating better
model performance. Towner et al. (2019) suggested the following classifications: “Good” (KGE
> (.75), “Intermediate” (0.75 > KGE > 0.5), “Poor” (0.5 > KGE > 0), and “Very poor” (KGE <
0). The BR values greater than 1 indicate a positive bias whereby forecasts overestimate
precipitation relative to the observed data, while values less than 1 represent an underestimation.
The y values greater than 1 indicate that the variability in the forecast time series is higher than
that observed, and values less than 1 show the opposite effect. The R measures the strength and
direction of the linear relationship between the forecast and observed values, and to what extent
the temporal dynamics of observed rainfall is captured in the forecasts. The correlation values of
0.6 or more are considered to be skillful (e.g., Alfieri et al. 2013). In addition, the root mean-

square-error normalized by reference precipitation mean (NRMSE) was also used.
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CHAPTER 3

Evaluation of Short-Range Forecasts (HRRR) over CONUS

This chapter has been published in the Environmental Research Communications. © 2020 The

Author(s). Published by IOP Publishing Ltd. Used with permission.

Yue, H. and Gebremichael, M., 2020. Evaluation of high-resolution rapid refresh (HRRR)
forecasts for extreme precipitation. Environmental Research Communications, 2(6), p.065004.

doi: 10.1088/2515-7620/ab9002.

3.1 Storm Cases

Given our focus on extreme storms, we selected five disastrous storms from recent years
as reported by the USGS Flood reports. These are: (1) the September 21-23, 2016, frontal storms
in lowa, (2) the April 28-May 1, 2017, frontal storms in the Southern Midwestern US, (3) the
August 25-31, 2017, Hurricane Harvey storms in Texas, (4) the September 13—17, 2018, and (5)
the September 4—6, Hurricane Dorian storms in the Carolinas., Hurricane Florence storms in the
Carolinas. These cases allowed us to examine the uncertainties in forecasts during frontal storms
as well as hurricanes in different parts of the U.S. Table 3.1 presents some of the key
characteristics of these storms. The frontal system in lowa had an accumulation of 91 mm over
69 h for the Cedar watershed (watershed area of 49,140 sq. km), and the frontal system in
southern Midwestern had 158 mm of rainfall over 95 hours for the Meramec watershed (18,630
sq. km). The hurricanes had higher rainfall and lasted longer: hurricane Harvey in Texas resulted

in 501 mm over 157 hours for the Lower Sabine Watershed (17,856 sq. km), Hurricane Florence
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had 496 mm over 128 hours for Lumber watershed (9,790 sq. km), and Hurricane Dorian had

109 mm over 62 hours for Caper Fear watershed (9,120 sq. km).
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Table 3.1. Some of the key characteristics of the selected storms over nested watersheds

Watershed Dor?l?;lgize Elezl:rllt)ion Major Land Cover Tota(lnlllélli)nfall rl;er?é 1111 (zumrrlg) D(lgi?l(r))n
The September 21-23, 2016, frontal storms in lowa
Cedar 49140 326 Cultivated Crops 91 5.97 69
The April 28-May 1, 2017, frontal storms in the Southern Midwestern US
Flint 819 350 Deciduous Forest 159 25.83 56
Big 7650 303 Deciduous Forest 159 9.90 91
Gasconade 9108 286 Deciduous Forest 140 9.85 77
Eleven Point 9486 260 Deciduous Forest 109 10.81 68
[llinois 11025 355 Deciduous Forest 126 14.26 84
Meramec 18630 278 Deciduous Forest 158 8.94 95
The August 25-31, 2017, Hurricane Harvey storms in Texas
Cypress 4104 73 Pasture/Hay 608 19.12 121
WF San Jacinto 9180 80 Pasture/Hay 554 17.86 139
Navidad 10260 86 Pasture/Hay 346 11.30 112
Lower Sabine 17856 86 Shrub/Scrub 501 12.93 175
The September 13-17, 2018, Hurricane Florence storms in the Carolinas
Rockfish 1134 92 Cultivated Crops 334 18.24 109
Black 1450 80 Cultivated Crops 222 11.58 76
Neuse 5304 29 Cultivated Crops 316 12.91 107
Cape Fear 9120 28 Cultivated Crops 496 12.76 102
Lumber 9790 118 Cultivated Crops 333 11.78 128
The September 4-6, 2019, Hurricane Dorian storms in the Carolinas

Rockfish 1134 92 Cultivated Crops 58 7.14 27
Black 1450 80 Cultivated Crops 49 5.47 29
Neuse 5304 29 Cultivated Crops 119 15.79 34
Cape Fear 9120 28 Cultivated Crops 109 6.82 62
Lumber 9790 118 Cultivated Crops 66 5.44 42
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3.2 Results and Discussion

3.2.1 The September 21-23, 2016, Frontal Storms in Iowa

A tropical air mass interacting with a stationary front triggered several rounds of heavy
storms in northern lowa and southern Minnesota during September 21-23, 2016 (Seo et al 2018).
Figure 2.1a shows spatial map of accumulated rainfall accumulation during the entire storm
period over a selected domain. Most of the domain was covered by rain. There was a supercell,
where rainfall ranged from 250 mm to 300 mm at the core of the cell and from 200 mm to 250
mm at the peripheries. Let us first examine how the spatial pattern of the storm was portrayed by
the forecasts. The spatial maps of accumulated rainfall for HRRR forecasts are shown in figures
1(b)—(e). The forecasts accurately showed rainfall occurrence for most of the domain. However,
there were differences in the spatial pattern of rainfall: the 1-h lead forecast captured the
observed supercell but overestimated its spatial coverage, the 6-h and 18-h lead forecasts missed
the supercell, and the 12-h lead forecast displaced the supercell to the northeast and also

increased its size.

In addition to spatial maps, hourly time series of precipitation patterns were evaluated.
For this purpose, the domain-averaged precipitation values were evaluated at each hour during
the storm period in figure 2(a). According to the observations, the storm lasted 72 h, and had a
wave pattern with three peaks. The first and smaller peak was at hour 7 (counting from the
beginning of the storm) with a peak rainfall of 1.12 mm h—1, the second and largest peak at hour
34 with a peak rainfall of 5.78 mm h—1, and the third and moderate peak occurred at hour 58
with a peak rainfall of 2.74 mm h—1. Overall, the forecasts captured well the wave pattern with
three peaks. However, the forecasts varied in how they forecasted the hydrographs for the peak

events.
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Figure 3.1. Precipitation accumulation map (3-days) of frontal system driven storms in lowa: (1) Cedar
River basin; (a) Observation (b) Forecasts at Lead Time 1H; (c) Forecasts at Lead Time 6H; (d) Forecasts
at Lead Time 12H; (e) Forecasts at Lead Time 18H.

The second and largest peak (recall peak rainfall of 5.78 mm h—1 for observed rainfall)
was well-forecasted with only errors of +9% (1-h lead forecast), —15% (6-h), +13% (12-h),
+15% (18-h). However, there were differences among the forecasts in the rising and falling limbs
of the hyetograph for this event: the 1-h lead forecast displaced the storm by about 4 h
(rising/falling limbs and peak were 4 h late than the observations); the 6-h lead forecast correctly
reproduced the rising and falling limbs; the 12-h lead forecast showed unusual spike at the
beginning of the storm, but captured well the remaining portion of the hyetograph.; the 18-h lead
forecast missed almost the rising limb of the hyetograph, but captured the recession limb. For the
third and moderate peak (recall peak rainfall of 2.74 mm h—1 for observed rainfall), the 1-h lead

forecast overestimated the peak (by about 39%), while the remaining forecasts substantially
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underestimated the peak (by 70% for 6-h, by 42% for 12-h, by 63% for 18-h lead forecasts). For
this event, the 1-h lead forecast captured well the hydrograph with no delays, while the 6-h lead
forecast missed the hydrograph. For the first and smallest-peak event (recall peak rainfall of 1.12
mm h—1 for observed rainfall), the 1-h forecast best matched the observation albeit with some

underestimation, while the remaining forecasts resulted in large underestimation of the peak.
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Figure 3.2. Event overview of frontal system driven storms in lowa: (a)
(a) Time series of mean areal precipitation; (b) Time series of fractional area
coverage; (c¢) Time series of conditional coefficient of variation.
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Next, we evaluated the fraction of the domain covered by rain (fin) by dividing the
number of pixels (1-km grids) with rainfall intensity larger than zero to the total number of pixels
within the domain. Figure 3.2b shows the time series of fin for the observation and forecasts.
According to the observations, the temporal pattern of fr.in follows the temporal pattern of the
domain-averaged rainfall discussed above, indicating that the bigger the storms the larger the
area they cover. The forecasts reproduced this temporal pattern of fr.in. However, there were
some differences in the actual magnitudes of fuin: for the second and largest-peak event, all the
forecasts underestimated the areal coverage; for the third and moderate-peak event, the 1-h lead
forecast agreed well with the observations, while the remaining lead-time forecasts
underestimated the spatial coverage; and for the first and smallest-peak event, the 1-h lead
forecast did well, while the remaining lead forecasts overestimates the areal coverage. Overall,
the performance of the lead-time forecasts in forecasting the areal coverage is similar to their

performance in forecasting the domain-averaged precipitation.

Finally, we evaluated the conditional coefficient of variation of rainfall (CV¢on defined as
standard deviation of rainfall within the domain normalized by area-averaged rainfall, only
considering pixels with rainfall exceeding zero). According to the observations, CVcon varied
mostly between 0.9 and 2 and its temporal pattern was not associated with the magnitude of the
storm. All the forecasts reproduced the temporal pattern of CVcon observed in the observed
rainfall fields, however, they showed higher values at almost all hours, indicating that the

forecasted fields had higher spatial variability than the observed rainfall fields.

3.2.2 The April 28-May 1, 2017, Frontal Storms in the Southern Midwestern US

A convergence of two fronts (a warm front that extended from southeast Missouri across

west-central Arkansas into south-central Oklahoma moving north, and a tropical moisture from
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the Gulf of Mexico moving north) produced thunderstorms that yielded abundant precipitation
over the Southern Midwestern US during the period April 28th - May 1st, 2017 (Heimann et al
2018). In figure 3, spatial maps of accumulated rainfall forecasts were compared to those of
observations to get a first impression of the quality of the forecasts. According to the
observations (figure 3(a)), there was a wide strip of moderate-intensity rain in the southwest-
northeast direction, with large rainfall accumulation around the center of the domain. The 1-h
lead forecast (figure 3(b)) placed the storm to the northwest, and produced quite a large number
of scattered, localized, high-intensity rainfall events than what the observations show. The 6-h
lead-time forecast (figure 3(c)) produced more-scattered, high- intensity, rainfall fields in the
northeast of the domain, while significantly underestimating the large rainfall field at the center
of the field, and placing the storms in the southwest slightly to the north. The 12-hour lead
forecast (figure 3(d)) tended to underestimate observed precipitation across the domain. The 18-h
lead forecast (figure 3(e)) captured the large rainfall observed around the center of the domain
but showed some scattered high-intensity rainfall fields in the southern part of the domain which

did not appear in the observations.
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Figure 3.3. Precipitation accumulation map (3-days) of frontal system driven storms in Southern
Midwestern US: (1) Flint creek basin; (2) Illinois River basin; (3) Gasconade River basin; (4)
Meramec River basin; (5) Big River basin: (6) Eleven Point River basin; (a) Observation (b)
Forecasts at Lead Time 1H; (c) Forecasts at Lead Time 6H; (d) Forecasts at Lead Time 12H; (e)
Forecasts at Lead Time 18H.

The time-series of observed domain-averaged rainfall (figure 4(a)) shows a major rain
event (during the period of hours 24 to 70) that was characterized by a gradually varying rainfall
accumulation. Figure 3.4 shows overall good agreement between the time series of domain-
averaged precipitation observation and forecasts. The 12-h and 18-h lead forecasts tended to

underestimate precipitation during some hours (e.g., hours 50-60), and the 1-h lead forecasted

tended to overestimate in some hours (e.g., hours 53-57).
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Figure 3.4. Event overview of frontal system driven storms in Southern
Midwestern US: (a) Time series of mean areal precipitation; (b) Time
series of fractional area coverage; (c¢) Time series of conditional
coefficient of variation.
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The time series of frain (figure 4(a)) was bimodal and differed from the unimodal pattern
of domain-averaged precipitation. Apparently, the light rain events during the first 24 h (which
are not noticeable in the domain- averaged precipitation time series) covered large areas of the
domain (up to 50%) causing one of the peaks in the frain time series. The major rainy period
(from hour 34 to 65), which covered 60% to 100% of the domain, caused the second peak.
Therefore, both light and heavy rain events covered large areas of the domain. How did the
forecasts saw this bimodal pattern? All the forecasts captured well this bimodal pattern, but

tended to underestimate the actual magnitudes of frain during both peaks.

Figure 3.4c shows that the conditional coefficient of variation of observed rainfall fields
is mostly constant around 1, however, the forecasts produced a value of 2, indicating that the
forecasts produced more spatially variable rainfall fields (doubling the spatial standard deviation)
than what the observations show. The higher spatial variability of the forecasted fields compared
to the observations is not surprising as the forecasts produce relatively large number of scattered

high-intensity rainfall fields (see Figures 3.3(b)—(e)).

3.2.3 The August 25-31, 2017, Hurricane Harvey Storms in Texas

Hurricane Harvey was the most significant cyclone rainfall event in United States history
(Blake and Zelinsky 2017). On August 25th, Hurricane Harvey made landfall near Rockport,
Texas. The forward motion of Hurricane Harvey slowed down as it moved inland, producing
tremendous rainfall amounts in southeastern Texas and southwestern Louisiana (Watson et al
2018). Figure 3.5. shows the spatial map of accumulated rainfall according to observations.
Hurricane Harvey brought very large amount of rainfall to the region, with rainfall accumulation
exceeding 1,000 mm in some large areas around the center of the domain. The 6-h, 12-h, and 18-

h lead forecasted captured well the spatial pattern of observed precipitation, while the 1-h lead
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forecast misplaced some part of the storm further north.

The time-series of domain-averaged accumulated precipitation is shown in figure 6(a).
The hurricane brought strong storms through the entire storm duration, about five days. There
was a high degree of agreement between the temporal pattern of forecasts and observations. In
terms of actual magnitudes, all the forecasts produced mean-averaged values that are closer to
the observations, except the 1-h lead forecast which resulted in overestimation throughout the

entire storm period.
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Figure 3.5. Precipitation accumulation map (7-days) of Hurricane Harvey driven storms in Texas: (1)
Navidad River basin; (2) Cypress Creek basin; (3) West Fork San Jacinto River basin; (4) Lower Sabine
River basin; (a) Observation (b) Forecasts at Lead Time 1H; (c) Forecasts at Lead Time 6H; (d) Forecasts
at Lead Time 12H; (e) Forecasts at Lead Time 18H.
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Figure 3.6. Event overview of Hurricane Harvey driven storms in
Southern Midwestern US: (a) Time series of mean areal precipitation; (b)
Time series of fractional area coverage; (c) Time series of conditional
coefficient of variation.
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Figure 3.6b shows that the time series of frain had a wide bell-shaped pattern, showing
significant areas of the domain covered by rain at all times. There was a high degree of
agreement between the forecasts (including the 1-hr forecast) and observations in terms of hourly

time series of fraction of domain covered by rain throughout the storm duration.

According to Figure 3.6c, the conditional coefficient of variation of observed rainfall
fluctuates within 1 and 2, and does not show association with magnitudes domain-averaged
rainfall. The CVcon values for the forecasts were closer to those for the observed values: for
almost half of the storm duration, the forecasted CVcon values were slightly higher than the
observed values (meaning the rainfall fields are spatially more variable), while for the other half

of the storm hours the forecasted values were similar to the observed values.

3.2.4 The September 13-17, 2018, Hurricane Florence Storms in the Carolinas

Hurricane Florence was the first major hurricane of the 2018 Atlantic hurricane season.
On September 14th, 2018, Hurricane Florence moved inland, and the slowing down forward
motion produced large amounts of rainfall across the Carolinas (Feaster et al 2018). Figure 3.7
shows that Hurricane Florence brings large amount of rainfall to the eastern part of the domain
with very large amounts (>700 mm) in some localized areas. All the forecasts captured this
rainfall pattern, but produced larger areas with very high rainfall amounts than what the
observations show. The overestimation by the rainfall forecasts holds for all the lead-time

forecasts.
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Figure 3.7. Precipitation accumulation map (5-days) of Hurricane Florence driven storms in North
Carolina and South Carolina: (1) Black River basin; (2) Lumber River basin; (3) Rockfish creek basin; (4)
Cape Fear River basin; (5) Neuse River basin; (a) Observation (b) Forecasts at Lead Time 1H; (c)
Forecasts at Lead Time 6H; (d) Forecasts at Lead Time 12H; (e) Forecasts at Lead Time 18H.

The temporal variability of the domain-averaged precipitation during the storm period
was examined in figure 8. The time series rainfall intensity (figure 8(a)) shows that the hurricane
brought large amounts of rainfall throughout the storm period, about 4 days, resulting in a wide
bell-shaped pattern. There was a good agreement between the temporal variability of forecasts
and observations. However, the forecast overestimated precipitation during the peak hours,

consistent with the spatial maps discussed above.

As shown in in figure 8(b), the fraction of the domain covered by rain also exhibited
pronounced bell-shaped pattern. This pattern was well reproduced by all the forecasts. However,
the forecasts tended to slightly underestimate frain throughout the storm period. As displayed in
figure 8(c), the conditional coefficient of variation fluctuated within 1.5 £+ 1, and showed no
association with rainfall amount. The forecasts produced this pattern, but tended to slightly

overestimate CV.
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Figure 3.8. Event overview of Hurricane Florence driven storms in
North Carolina and South Carolina: (a) Time series of mean areal
precipitation; (b) Time series of fractional area coverage; (c) Time
series of conditional coefficient of variation.
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3.2.5 The September 4-6, 2019, Hurricane Dorian Storms in the Carolinas

Hurricane Dorian was the first major hurricane of the 2019 Atlantic hurricane season and
was one of the most powerful hurricanes on record in the open Atlantic region (Cerrai et al.,
2019). Instead of landing on the Carolinas, Hurricane Dorian swiped the coastal area of the
North Carolina and South Carolina, bringing moderate precipitation. The observed rainfall
covers the central and eastern parts of the region, with higher rainfall values forming stripes
(Figure 3.9). All the forecasts detected the occurrence and severity of rainfall, however, there
were differences in the spatial location of high rainfall values, with the forecasts producing more
scattered patterns.
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Figure 3.9. Precipitation accumulation map (3-days) of Hurricane Dorian driven storms in North Carolina
and South Carolina: (1) Black River basin; (2) Lumber River basin; (3) Rockfish creek basin; (4) Cape

Fear River basin; (5) Neuse River basin; (a) Observation (b) Forecasts at Lead Time 1H; (c) Forecasts at
Lead Time 6H; (d) Forecasts at Lead Time 12H; (e) Forecasts at Lead Time 18H.

According to the time-series of domain-averaged rainfall (Figure 3.10a), all the forecasts
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captured well the temporal dynamics of observed rainfall, albeit with some overestimation.
While the 1-hr lead forecast tended to have relatively larger bias coverage (Figure 3.10b), the
observed rainfall shows a bimodal pattern, with one relatively smaller peak (around hour 20),
and another much larger peak (during the period of hours 24 to 70) that was characterized by a
gradually varying accumulation. All the forecasts reproduced the temporal dynamics of frain,
with slight underestimation bias. Joint analysis of Figure 3.10a and 2.10b reveals that the
forecasted fields underestimated the areal coverage of conditional coefficient of variation (Figure
3.10c), the observed rainfall has CV within the range between 1 and 2, whereas the forecasted
fields have corresponding values much higher than this indicating that the forecasted fields

produced “rougher” spatial structure than observed.
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Figure 3.10. Event overview of Hurricane Dorian driven storms in
North Carolina and South Carolina: (a) Time series of mean areal
precipitation; (b) Time series of fractional area coverage; (c) Time
series of conditional coefficient of variation.
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3.2.6 Evaluation of Precipitation Geometric Features

Here, we evaluate the ability of the forecasts to reproduce the geometric features of the
accumulated precipitation, in terms of the Amplitude, Structure, and Location components.
Figure 3.11 shows the ASL results for each storm, as a function of forecast lead time. The
Amplitude values (Figure 3.11a) for both hurricanes are positive at all lead times, indicating
overestimation of domain-averaged rainfall. The Amplitude for Hurricane Florence is constant
around 0.20 at all lead times, indicating that the forecasts overestimate the domain-averaged
rainfall by a factor of 0.6. Similarly, the Amplitude of Hurricane Dorian is constant around 0.3
from lead time 1h to 12h but drops to 0.1 to 0.2 thereafter. The Amplitude of Hurricane Harvey
shows some variation with respect to lead time: it is generally higher at short lead times (1 h to 6
h), gets close to zero between 8 h and 13 h lead times, and slightly increases beyond 13 h. The
Amplitude of Frontal system in lowa is negative at all lead times indicating underestimation of
domain-averaged rainfall, except for the 1-h lead time forecast which had a positive amplitude.
For this storm, the negative amplitudes are generally higher at lead times from 4 h to 10 h
(reaching amplitude of -0.5 at 6-h lead time, corresponding to underestimation of 1.5), and
slightly improve beyond the 10-h lead forecast. The Amplitude of Frontal system in Southern
Midwestern US was slightly positive during short lead times (1 h — 10 h) but showed larger

negative amplitude for lead times exceeding 10 h.

The Structure (Figure 3.11b) values for Hurricane Harvey and Hurricane Florence are
close to zero, indicating that the forecasted rainfall fields have comparable spatial structure with
the observed rainfall fields. The Structure values for Hurricane Dorian are slightly larger and
negative up to lead time of 10 hours, and get larger as the lead time increased further. However,
the Structure values for both frontal storms are relatively large and negative, indicating that the
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forecasted rainfall fields contain too small precipitation objects or too peaked objects, or a

combination of these factors, compared to the observed rainfall fields.

The Location (Figure 3.11c) values are very large for the frontal storm in Iowa, for lead
times exceeding 5 h, indicating large misplacement of storm location. For lead times under 5 h,
the frontal storm in Iowa had smaller storm location error. The Location values for Hurricane
Harvey are the smallest at all lead times, indicating that the forecasts reproduced well the storm
location. Hurricane Florence and Hurricane Dorian have constant but moderate locational value
(around 0.18) at all lead times. The Frontal storm in Southern Midwestern US had moderate
locational errors which depend on the lead time: the locational errors are relatively high at short
lead times (1 h — 7h), get low for lead times of 8 h — 13 h, and increase for lead times of 14 h and

beyond.
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Figure 3.11. SAL analysis results of five selected extreme events at all lead
times (1-18H): (a) Amplitude component; (b) Structure component; (c)
Location component.
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3.2.7 Effect of Spatial Scale on Bias Estimation

In the above sections, we quantified the bias in rainfall forecasts averaged over a large
domain. In hydrological simulations, where HRRR forecasts are used as input into a hydrologic
model, estimates of bias are required over smaller spatial scales commensurate with the model
computational grid. Here, we quantify the bias in the forecasts at smaller spatial scales, from 2
km x 2 km to increasingly coarser spatial scales all the way up to 128 km % 128 km. We perform
sampling experiment, where we divide the domain into grids according to the spatial scale of
interest and compare the grid-averaged forecast with the corresponding grid-averaged observed

rainfall.

Figure 3.12 presents the relative bias (defined as: (forecasted rainfall — observed
rainfall)/observed rainfall)) distribution for each of the storms. The relative bias at the 2 km x 2
km grids mostly varies in the range -1 to +1 (meaning up to 100% overestimation and up to
100% underestimation). Therefore, the bias estimates obtained at large (hundreds of km grids)
are not transferable to bias estimates at smaller grids, indicating that local bias correction are
more preferable over global bias correction methods. In addition, the bias estimates at 2 km x 2
km grids are highly variable from one grid to another, indicating that the bias estimates at one
grid is not transferable to another grid even within the same region. The relative bias does not

show major reduction as the grid size increases.

To further examine the spread of the relative bias, we selected a few real watersheds from
each domain, and calculated the relative bias for each watershed. The relative bias results for the
6-hr lead forecast are shown in Table 3.2. For the frontal storm in Southern Midwestern US,
while the bias for the entire domain is about +6%, the bias for the watersheds varies from -12%

for Illinois (4,283 km?2) to +47% for Flint (328 km2). For the hurricane in Texas, the bias for the
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entire domain is +19%, while the bias for the watershed varies from -24% for Navidad (3,628
km?2) to +56% for WF San Jacinto (2,801 km2). For Hurricane Florence, the bias for the entire
domain is +24%, while the bias ranges over a large range: -17% for Neuse (2,759 km2) to
+110% for Lumber (4,540 km2). For Hurricane Dorian in the same region, the relative bias for
the entire domain is about +32%, while the bias of individual watersheds ranges from £12%
(Neuse) to £81% (Black). These results underline that the bias estimates have large spatial

variations, and therefore large-scale bias estimates are not transferable to smaller scales.
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Figure 3.12. Relative bias calculated from precipitation accumulation maps at different scales for
the five extreme events: (a) Frontal System driven storms in Iowa; (b) Frontal System driven
storms in Southern Midwestern US; (¢) Hurricane Harvey driven storms in Texas; (d) Hurricane
Florence driven storms in South/North Carolina; and (e) Hurricane Dorian driven storms in
South/North Carolina.
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Table 3.2. Relative bias at Lead Time 6H calculated over full domain and specific watersheds.

Watershed Area (km?) Relative Bias (Ratio)
The September 21-23, 2016, frontal storms in lowa
Full Domain 49140 -0.344
Cedar 17434 -0.438
The April 28-May 1, 2017, frontal storms in the Southern Midwestern US
Full Domain 176022 0.056
Meramec 5568 0.189
Illinois 4283 -0.116
Eleven Point 3115 0.380
Gasconade 2676 0.261
Big 2513 0.342
Flint 328 0.469
The August 25-31, 2017, Hurricane Harvey storms in Texas
Full Domain 127575 0.187
Lower Sabine 6844 0.085
Navidad 3628 -0.243
WF San Jacinto 2801 0.560
Cypress 1960 0.486
The September 13-17, 2018, Hurricane Florence storms in the Carolinas
Full Domain 99828 0.244
Lumber 4540 1.108
Cape Fear 2811 0.446
Neuse 2759 -0.174
Rockfish 801 0.944
Black 757 0.020
The September 4-6, 2019, Hurricane Dorian storms in the Carolinas

Full Domain 99828 0.316
Lumber 4540 0.554
Cape Fear 2811 0.480
Neuse 2759 0.117
Rockfish 801 0.170
Black 757 0.812
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3.3 Summary and Conclusion

This study evaluated the accuracy of short-range (lead times ranging from 1 h to 18 h)
forecasts, for five extreme events in the United States which covered two frontal storms and two
hurricanes: the September 21-23, 2016, frontal storms in lowa, (2) the April 28-May 1, 2017,
frontal storms in the Southern Midwestern US, (3) the August 25-31, 2017, Hurricane Harvey
storms in Texas, (4) the September 13-17, 2018, Hurricane Florence storms, and (5) the
September 4-6, 2019, Hurricane Dorian storms in the Carolinas. The basis of the investigation
was the HRRR operational forecasts, which are used as input into the National Weather Service’
National Water Model (NWM). Evaluation of the forecasts was carried out by comparison with
high-quality and independent rainfall observational products known as the gauge-corrected

Multi-Radar/Multi-Sensor (MRMS-GC). The main results are summarized as follows.

First, the temporal variability of precipitation during the storm period was examined.
There was a good agreement between area-averaged forecasts and observations, on an hourly
scale. However, the forecasts were mostly biased. The forecasts tend to overestimate rainfall for
both hurricanes. However, the forecasts tend to underestimate the frontal storm in Iowa but

produced almost unbiased estimates for the Southern Midwestern US.

Examination of the spatial precipitation pattern was additionally carried out. The
forecasts were able to capture the spatial pattern of hurricanes, albeit with overestimation.
However, the forecasts produced too many, localized, high-rain intensities for the frontal storms.
In addition, the forecasts have difficulty locating the single supercell for the frontal storm in

Towa.
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With regard to the effect of lead time, the 1 h lead forecast had lower accuracy compared
to the other lead-time forecasts. For lead times ranging from 2 h to 18 h, there was not much

systematic difference in accuracy among the various lead-time forecasts.

The bias in the forecast were also examined at different spatial scales, ranging from 2 km
x 2 km all the way to 128 km x 128 km. The bias estimates for the small spatial scale varied
quite a lot, mostly within the range of -100% to +100%, indicating that the bias estimates
obtained at large scale (hundreds of km grids) are not applicable to bias estimates at smaller
spatial scales, and vice versa. The bias did not also show significant reduction as the rainfall

averaging grid increases from 2 km X 2 km all the way to 32 km x 32 km.

In conclusion, the results of our investigation show that the forecasts captured well the
temporal variability of observed precipitation, indicating that the HRRR forecasts provide
relatively reliable forecasts. In comparison, the forecasts have better accuracy for predicting
hurricanes compared to frontal storms, particularly those frontal storms with single super cells.
Our results also show that the 1-h lead forecasts showed generally lower accuracy than the other

lead-time forecasts.

Finally, we point out that, although the selected storm cases are interesting from
meteorological perspective, they are small in number. Thus, the findings of this study can only
provide a first insight into the accuracy of HRRR forecasts for extreme precipitation. Additional
analysis involving more storm cases and mechanistic approaches will have to be carried out in

order to generalize the results.
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CHAPTER 4

Evaluation of Medium-Range Forecasts (GFS) over Nile
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4.1 Study Region

The Nile River basin is the longest river system in the world, flowing approximately
6700 km through 11 countries before reaching the Mediterranean Sea. The Nile basin is also
known for its complex climatology, ecology and hydro-politics. The climate of the Nile basin
varies with latitude (32° N to 4° S) and altitude (0 m to 2800 m MSL), and therefore, the basin
has a high climate diversity. According to Koppen climate classification, the Nile basin’s climate
can be classified from the north to the south as arid, temperate, and tropical. Rainfall in Nile
basin has a different pattern of seasonality in different parts of the basin which generally follows
the movement of the Intertropical Convergence Zone (ITCZ) (Di Baldassarre et al. 2011; NBI
2012a). Most of the Nile River Basin (NRB) has only one rainy season, except for the equatorial

region which has two rainy periods (NBI 2012b). The annual rainfall amount varies from
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over 2000 mm in Blue Nile sub-basin (Ethiopian highlands) to less than 50 mm in the arid region

of Sudan and Egypt in the north (Sutcliffe and Parks, 1999; NBI 2012b; Onyutha 2016).
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Figure 4.1. The Nile River Basin, showing the sub-basins delineated on the basis of major
reservoir dam locations: (1) Owen Falls, (2) Millennium, (3) Roseires, (4) Sennar, (5) Jebel
Aulia, (6) Tekeze, (7) Upper Atbara and Setit, (8) Khashm El and (9) High Aswan.
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The Nile basin is home to nine major dam reservoirs: High Aswan Dam, Owen Falls
Dam, Sennar Dam, Jebel Aulia Dam, Roseires Dam, Millennium Dam, Tekeze Dam, Khashm El
Gibrat, and Upper Atbara and Setit Dam (see Table 4.1 for the salient features of the dams). In
order for our results to be applicable to reservoir managers, we divided the Nile basin into sub-
basins according to the locations of the dam reservoirs (see Figure 4.1). In order to avoid overlap
in sub-basins, we define the sub-basin of a dam as the drainage between the dam itself and the
previous dam. For example, the drainage basin of the Roseires Dam does not include the
drainage basin of the Millennium Dam. The watershed sizes vary over a large range, from 13,895

sq. km for Sennar Dam to 1,396,413 sq. km for Jebel Aulia Dam.

Table 4.1. Major reservoir dams in the Nile basin

Purpose* Mean Numbe
Operati Capacit Powe . Areaof  Elevation r of
Dams Countr (I)) Ifial r Irrigati ~ Floo Hydro Drainage of GPCC
y ince* (million (MWw) onand  d electri  Basin Drainage ok
since m3)* * Water Cont ity (km2)** Basin Gauge
Supply  rol (m)** S
%zvl‘f;l Uganda 1954 80000 180 X X 264210 1392 >
Mlg;“m Eth;"p‘ 2020 74000 6450 x 174146 1874 15
Roseires  Sudan 1966 3000 280 X X 14110 680 0
Sennar Sudan 1925 930 NA X 13895 473
Jebel  qugan 1937 3500 30 X x 1396413 647 35
Aulia
Tekeze Eth;"p‘ 2009 9000 300 X 30723 2088 !
Upper 1
Atbara Sudan 2017 2700 135 X X 36104 1440
and Setit
Khashm 1
El Gibra Sudan 1964 1300 10 X X 33426 929
High 17
Aswan Egypt 1970 16200 2100 X X X 790245 472

* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).

*#*GPCC = Global Precipitation Climatology Project
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4.2 Results and Discussion
4.2.1 How Well is the Precipitation Total Forecasted?

Figure 4.2 compares the precipitation total (sub-basin-averaged, and annual) obtained
from the 1-day lead-time GFS forecast and different satellite precipitation products for each sub-
basin. According to our reference precipitation product (i.e. IMERG Final), the annual (15 June
2019 — 15 June 2020) precipitation varies from 210 to 2117 mm, depending on the sub-basin.
The largest watershed-average precipitation (> 1000 mm) is observed in the southern and eastern
parts of the basin: 2,117 mm (Owen Falls), 1,424 mm (1151 mm (Khashm El Gibrat), 1044 mm

(Roseries). The lowest watershed-averaged precipitation is observed in the northern part: 210

mm (High Aswan).
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Figure 4.2. Sub-basin averaged annual precipitation (mm) for the period, 15 June 2019 to 15 June 2020,
for each of the Nile’s sub-basins, derived from the 1-day lead GFS forecast and different satellite
precipitation products.
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Validated against IMERG Final, GFS has small bias (within 25% of the reference) for six
sub-basins: Owen Falls, Roseires, Sennar, Jebel Aulia, Tekeze, and High Aswan. However, GFS
shows large overestimation bias for three sub-basins: (Millennium +47% (Millennium), +50%
(Upper Atbara and Setit), and +42% (Khashm El Gibrat). The watersheds, where GFS shows
large overestimation bias, are characterized by wet climate, location in northern hemisphere, and
high-elevation (Millennium) or medium-elevation (Upper Atbara & Setit, and Khashm EI Gibrat)
areas. The watersheds, where GFS shows relatively smaller bias, are characterized by (1) either
wet climate in a southern hemisphere (Owen Falls), or (2) moderate-wet climate in the northern
hemisphere (Roseires, Jebel Aulia), or (3) dry climate in the northern hemisphere (Tekeze,

Sennar, High Aswan).

Now, let us compare the performance of GFS with the performance of IMERG Early. It
is worth noting that for the Millennium watershed (where GFS overestimates by +47%), the
IMERG Early estimates have better performance with bias of only +8%. However, for the Upper
Atbara & Setit and Khashm EI Gibrat watersheds (where GFS overestimates by +50% and
+42%), the IMERG Early estimates have similar large overestimation bias of +40% and +31%,
respectively. The difference in the relative performance of GFS and IMERG Early over these
three watersheds can be partly explained by the accuracy of the reference rainfall, IMERG Final,
i.e. by the number of rain gauges used in IMERG Early: there were 15 rain gauges in the
Millennium watershed but only 1 rain gauge in each Upper Atbara & Setit and Khashm El Gibrat
watershed. However, for the High Aswan watershed (where GFS has a bias of only -4%),
IMERG Early estimates have large overestimation bias (+34%), which could not be explained by
the number of rain gauges used in IMERG Final, as there were 17 rain gauges used. For the
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remaining watersheds, both GFS and IMERG Early have comparable performance as measured
through the bias. The research-version CHIRPS estimates are within 20% of the IMERG-Final
product, at all sub-basins, indicating that the bias estimate for GFS and IMERG Early may not

change substantially if the reference product were to change from IMERG Final to CHIRPS.

4.2.2 How Well is the Time Series of Daily Precipitation Forecasted?

Figures 4.3 and 4.4 present time series of basin-averaged daily precipitation derived from
the 1-day lead GFS forecasts and various satellite products, focusing on the wet season (i.e. June
— September for all sub-basins, except for the Owen Falls sub-basin whose rainy period is
October — March). Almost all sub-basins (except High Aswan) experience precipitation on a
daily basis during the wet periods. We use the coefficient of variation (CV defined as the

standard deviation normalized by the mean) to measure temporal variation.

According to IMERG Final, the largest temporal variability (CV = 1.33 to 1.43) is
observed for Roseires, Sennar, and Tekeze sub-basins, and the lowest temporal variability (CV;
0.67 to 0.78) for Millennium, Jebel Aulia, and Owen Falls. Compared to IMERG Final, GFS
tends to give smaller variabilities (CVs) at almost all sub-basins but captures well the pattern in
CV variation from one sub-basin to another. IMERG Early has CVs that are very close to
IMERG Final in most cases, except for Tekeze (where GFS has larger CV) and Roseires (where
GFS has lower CV). CHIRPS also has CVs that are very close to IMERG Final in most cases,
except for three sub-basins where CHIRPS shows lower CVs (Roseries, Sennar, and Khashm El

Gibrat).
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Figure 4.3. Time series of sub-basin averaged precipitation total (mm) for the wet period (June —
September 2019 for all sub-basins except for Owen Falls whose wet period is October — March),
derived from various precipitation products, for five sub-basins. The Figure also shows the
coefficient of variation (CV) as a measure of temporal variation.
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Figure 4.4. Same as Figure 3 but for the remaining four sub-basins.
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The performance statistics of various precipitation products (with respect to the IMERG
Final estimates) are presented in Figure 4.5, in terms of Kling-Gupta Efficiency (KGE), Bias
Ratio (BR), correlation (R), variability ratio (y), and root mean square error normalized by
reference precipitation mean (NRMSE). The KGE scores (Figure 4.5, left panel) for the 1-day
lead GFS forecasts are mostly poor (0 < KGE < 0.5), except for a couple of sub-basins where

KGE scores (Owen Falls, High Aswan) are intermediate (0.5 < KGE < 0.75).

The breakdown of the KGE scores (BR, R, and y) reveals the key factors contributing to
the KGE estimates. The GFS tends to overestimate daily precipitation for most sub-basins, as BR
is mostly higher than one. The overestimation is particularly higher for Millennium, Upper
Atbara & Setit, and Khashm El Gibrat. The correlation coefficient between GFS and IMERG
Final varies in the range 0.36 to 0.75. The correlation is higher (> 0.68) for Owen Falls,
Millennium, Jebel Aulia, and High Aswan, whereas it is lower (< 0.50) for Roseires and Sennar.
Higher correlation values are obtained for large watersheds, and lower correlations for small
watersheds, indicating that spatial averaging improves the ability of GFS in capturing the
temporal dynamics of watershed-averaged daily rainfall. The variability ratio of GFS is generally
lower than IMERG Final, as the ratio varies from 0.56 to 0.98, indicating that the temporal

variability of GFS forecasts is general lower compared to those of IMERG Final estimates.
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Figure 4.5. Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR,
correlation R, variability ratio y, and root mean square error normalized by reference
precipitation mean NRMSE) of 1-day lead GFS forecasts and different satellite products, during
the wet periods, at different sub-basins.

The KGE breakdown indicates that the required developments to improve the
representation of daily precipitation in GFS forecasts are specific to each sub-basin. For

Millennium, Upper Atbara & Setit, and Khashm EI Gibrat sites, the low KGE value (0.33 to
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0.41) are mainly due to their large overestimation bias. For Roseries, Sennar, and Tekeze the low
KGE values (0.28 and 0.35) are due to low correlation and also, in the case of Roseries, low
variability. For Jebel Aulia, the lower KGE value (0.51) was mainly due to the low variability.
For Roseries, the lower KGE value (0.28) was due to both low correlation and low variability of
the GFS. For Owen Falls and High Aswan, the KGE value are relatively better (0.72 and 0.74).
High Aswan sub-basin is the driest of all sub-basins, and Owen Falls, located in the southern
hemisphere, has a different wet season (October through March) than the remaining sub-basins

(June through September).

Next, we examined the performance of IMERG Early with respect to IMERG Final,
mainly to assess if we can use the near-real-time IMERG Early product to calibrate and improve
the accuracy of GFS forecasts. The overall KGE scores for IMERG Early varies in the range
0.60 to 0.89. IMERG Early tends to overestimate daily precipitation in the range of 8% to 40%,
depending on the sub-basin. The overestimation is worse in Upper Atbara and Setit (40%), High
Aswan (34%), and Khashm El Gibrat (31%). The correlation and variability ratio between
IMERG Early and IMERGE Final is close to one, as one would expect due to the similarity of
both products. The main difference between the two products is that unlike IMERG Early,
IMERG Final includes monthly rain gauge observations for bias correction. Such monthly-based
bias correction procedures would not alter the temporal pattern of IMERG-Final compared to

IMERG-Early.

We compared the performances of GFS forecasts and IMERG-Early. In terms of standard
error and KGE scores, IMERG Early outperforms GFS in all sub-basins. However, in terms of
bias, there is no clear winner between GFS and IMERG-Early. We also compared CHIRPS with
IMERG Final to assess how the use of different reference products may affect the finding about
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the performance of GFS forecasts. The KGE scores of CHIRPS are good (> 0.75) in all cases,

indicating that CHIRPS and IMERG Final have comparable KGE performance.

4.2.3 Dependence of Forecast Uncertainty on Precipitation Rate

Here, we assess how the performance of GFS forecasts may vary depending on the
magnitude of observed precipitation. Figure 4.6 presents a scatterplot of daily GFS forecasts
versus daily IMERG Final estimates. The GFS performance varies from one sub-basin to the
other. In Owen Falls and High Aswan, GFS forecasts are almost on the 1:1 line with small
spread. In Millennium, Upper Atbara and Setit, and Khashm El Gibrat, GFS overestimates most
of the daily precipitation and shows large spread. In Roseires, GFS overestimates precipitation
smaller than 10 mm/day but underestimates almost all cases with precipitation higher than 10
mm/day. In Sennar, GFS forecasts have large number of false alarms and severely underestimate
precipitation above 10 mm/day. In Jebel Aulia, GFS overestimates precipitation under 5 mm/day
but slightly underestimates precipitation above 5 mm/day. In Tekeze, GFS shows large spread.
The scatterplot of IMERG Early against IMERG Final is shown in Figure 4.7. IMERG Early
estimates are mostly on the 1:1 line with small spread. In sub-basins, where IMERG Early
exhibits large overestimation bias (Sennar, Upper Atbara & Setit, and Khashm El Gibrat, and
High Aswan), high precipitation rates are overestimated, whereas low precipitation rates are well

estimated.
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Figure 4.6. Scatterplot of sub-basin averaged daily precipitation forecast obtained from 1-day lead GFS
forecast against corresponding values from IMERG Final.
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Figure 4.7. Scatterplot of sub-basin averaged daily precipitation forecast obtained from IMERG
Early against corresponding values from IMERG Final.
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4.2.4 Performance of Climatological Bias Correction of IMERG Early

As discussed above, the GFS watershed-averaged daily precipitation forecasts have poor
performance (KGE < 0.5) for seven out of the nine sub-basins, and large overestimation bias for
three sub-basins, indicating the need for exploring ways of improving the accuracy of GFS
forecasts. One of such ways could be post-processing of GFS forecasts using satellite rainfall
observations, particularly near-real time rainfall products, such as, IMERG Early. In order for
this approach to be successful, the accuracy of the near-real time rainfall products must be higher
than the accuracy of GFS. Comparison of the performance of GFS with that of IMERG Early
indicates that while IMERG Early has better bias than the GFS for some basins, it has
comparable and worse bias for other basins. This suggests that the bias in the IMERG Early
products needs to be reduced such that it can be used for post-processing of GFS forecasts. Here,
we explore the possibility of improving the bias in the IMERG Early estimates using a simple
climatologically bias-correction method. We performed climatological bias correction of the
IMERG Early estimates by calculating the bias ratio between the long-term average (2000-2018)
IMERG Final and IMERG Early estimates at each pixel, and multiplying the IMERG Early

estimates during the study period (15 June 2019 — 15 June 2020) by the bias ratio at each pixel.

The performance of the climatologically-bias-corrected IMERG Early estimates is
included in Figures 4.1 —4.5. Climatological bias correction has significantly reduced the bias
for most sub-basins, with only negligible impact for two sub-basins (Roseries and Sennar). The
bias correction has particularly reduced the large bias (from +40% to -5% for Upper Atbara &
Setit, from +31% to -12% for Khashm El Gibrat). However, for the two sub-basins (Sennar and
High Aswan), where IMERG-Early showed worse bias than the GFS forecasts, the bias-
corrected IMERG Early estimates still show worse bias than the GFS, indicating that other bias-
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correction methods need to be considered.

4.2.5 Dependence of Daily Forecast Uncertainty on Lead Time and Spatial Scale

In order to assess the effect of various lead times and spatial scales on forecast
uncertainty, we obtained daily GFS forecasts at various lead times (1-day, 5-day, 10-day, and 15-
day), and aggregated the forecasts at spatial scales from 0.25° to coarser scales (0.5°, 0.75°, and
1°) by averaging grids. The purpose of degrading the resolution is to determine at which
resolution the forecasts have acceptable performance. The KGE value at each spatial resolution
was calculated in the following steps: (i) average the data at the required spatial resolution, (ii)
extract pairs of data (one from IMERG Final, and the other from GFS), (iii) concatenate the pairs
to form one large series of data, and (4) compute a single KGE from this data series. The
resulting KGE values are shown in Figure 4.8 (the KGE components are presented in

Supplemental Figures 4.3).

With regard to the effect of spatial scales, the KGE at the GFS native resolution (i.e.
0.25°) is very low, and varies from 0.10 to 0.39 (for 1-day lead), depending on the site. As the
spatial scale increases, KGE increases, as expected. For instance, for the Owen Falls site, KGE
increases from 0.23 (0.25°, 1-day) to 0.39 (1°, 1-day), and for Tekeze site, KGE increases from
0.35(0.25°, 1-day) to 0.47 (1°, 1-day). The improvement in KGE with increasing spatial scale
comes from improved correlation and variability ratio, as expected due to the effect of averaging

(see Supplemental Figures 1- 3).
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Figure 4.8. Kling-Gupta Efficiency (KGE) for daily precipitation of GFS compared to IMERG

Final, for GFS lead times of 1-day, 5-day, 10-day, and 15-day, and at different spatial scales, for
different Nile sub-basins.
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With regard to the effect of lead time for daily forecasts, KGE decreases significantly as
lead time increases. For instance, for the Owen Falls site, KGE decreases from 0.39 to 0.08 (1°,
1-day), and for Tekeze, it decreases from 0.47 to 0.01 (1°, 1-day). The correlation decreases as
lead time increases. However, both bias ratio and variability ratio remain unaffected by the
change in lead time. This suggests that longer lead time forecasts have similar bias and
variability, but lower correlation compared to shorter lead time forecasts. The effect of spatial
scale decreases with increasing lead time. For instance, for the Owen Falls site, while KGE
increases by 0.16 from 0.23 (0.25°) to 0.39 (1°) for the 1-day lead forecast, it increases by only

0.05 from 0.03 (0.25°) to 0.08 (1°) for the 15-day lead forecast.

In Figure 4.9, we show the 5-day precipitation total, for three different lead periods, 1-5
day, 5-10 day, and 10-15 day. Overall, as the lead time increases, the KGE decreases, as
expected. However, the KGE values for the 1-5 day lead and the 5-10 day lead are close to each
other, while the KGE decreases considerably for the 10-15 day lead. Investigation of the KGE
components reveals that the drop in KGE for the 10-15 day lead comes primarily from the drop

in correlation between the forecasted and observed precipitation fields (see Figure 4.9¢).
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Figure 4.9. Kling-Gupta Efficiency (KGE) and its components for 5-day total rainfall
forecast of GFS for three different lead time periods, 1-5 day, 5-10 day, and 10-15 day.
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4.2.6 Effect of Temporal Aggregation Scale on Forecast Uncertainty

In order to assess the effect of temporal aggregation scale, we obtained the 1-day total, 5-
day total, 10-day total, and 15-day total precipitation forecasts. These multi-day forecasts are
constructed by combining multiple lead-time forecasts. For instance, the 5-day total forecast is
obtained by adding the 1-day lead, 2-day lead, 3-day lead, 4-day lead, and 5-day lead daily
forecasts. Figure 4.10 presents the KGE values for the multi-day-total basin-averaged forecasts

as compared to IMERG Final reference.

In almost all cases (except Tekeze), the bigger the temporal aggregation scale is, the
bigger the KGE. For instance, KGE increases from 0.19 (1°, 1-day-total) to 0.43 (1°, 15-day-
total) for Millennium, and from 0.30 (1°, 1-day-total) to 0.74 for Roseires (1°, 15-day-total). The
individual components of KGE are given in Supplemental Figures 4.4 — 4.6. As the temporal
aggregation scale increases, correlation substantially increases in all cases. For example,
correlation jumps from 0.44 (1°, 1-day-total) to 0.77 (1°, 15-day-total) for Millennium, and from
0.46 (1°, 1-day-total) to 0.85 (1°, 15-day-total) for Roseires. Similarly, the variability ratio
improves with increasing temporal scale. For example, the variability ratio improves from 0.68
(1°, 1-day-total) to 0.99 (1°, 15-day-total) for Millennium, and from 0.57 (1°, 1-day-total) to 0.92
(1°, 15-day-total) for Roseires. On the other hand, the bias ratio remains mostly unaffected by
temporal scale, except for Tekeze sub-basin, where the bias ratio worsens from 1.28 (1°, 1-day-

total) to 1.55 (1°, 1-day-total).
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Figure 4.10. Kling-Gupta Efficiency (KGE) for GFS precipitation compared to IMERG Final,
for accumulation time scales of 1-day, 5-day, 10-day, and 15-day, and at different spatial scales,

for each Nile sub-basin.
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In Figure 4.11, we show performance statistics for 15-day-total basin-averaged forecasts
and estimates. In terms of KGE, two sub-basins show good estimates (High Aswan at 0.82 and
Sennar at 0.80), three sub-basins show intermediate estimates (Roseires, Jebel Aulia, and
Khashm El Gibrat), and four sub-basins show poor estimates (Owen Falls, Millennium, Tekeze,
Upper Atbara and Setit). In terms of bias, five sub-basins show good estimates (Owen Falls,
Roseries, Sennar, Jebel Aulia, and High Aswan), and four sub-basins show poor estimates

(Millennium, Tekeze, Upper Atbara and Setit).
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Figure 4.11. Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR,

correlation R, variability ratio y, and root mean square error normalized by reference

precipitation mean NRMSE), for sub-basin-averaged and 15-day accumulated rainfall derived
from GFS forecasts and different satellite products, at different sub-basins.
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4.2.7 How Well is the Spatial Pattern of Daily Precipitation Forecasted?

The spatial map of annual precipitation from June 2019 to June 2020 is shown in Figure
4.12. According to IMERG Final, the southern and eastern parts of the basin are the wettest,
while the northernmost part is the driest. GFS captures well the overall spatial pattern of annual
precipitation with a correlation coefficient of 0.92 (with IMERG Final) but tends to overestimate
in the wettest parts of the basin (Millennium, Owen Falls, Upper Atbara & Setit, ad Khashm EI
Gibrat). IMERG Early also captures well the spatial pattern with a correlation coefficient of 0.98
but tends to overestimate precipitation in the central part (Jebel Aulia) where the precipitation is
moderate. CHIRPS also shows high correlation (0.95) with IMERG Final, but tends to

underestimate precipitation in the southern part (Owen Falls).

The time series of correlation between the spatial (0.25° grids across the Nile basin)
distribution of IMERG Final reference and the rest of precipitation products is shown for daily
precipitation (Figure. 4.13a) and 15-day-total precipitation (Figure. 4.13b). At the daily time
scale, the correlation between GFS and IMERG Final is mostly around 0.40 + 0.14. For 15-day
accumulation, the correlation between GFS and IMERG Final jumps to 0.76 = 0.09. For IMERG
Early, the correlation with IMERG Final is close to one, for both daily and 15-day accumulation.
Bias correction of IMERG Early would not increase the correlation any further. As far as
CHIRPS is considered, the correlation with IMERG Final is around 0.58 + 0.12 for daily time

scale and 0.86 + 0.04 for 15-day accumulation time scale.
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Figure 4.12. Spatial map of annual precipitation products obtained from (a) IMERG Final, (b) 1-day lead
GFS forecast, (c) IMERG Early, (d) CHIRPS, and (e) Climatologically-bias-corrected IMERG Early

(IMERG Early Cal), across the Nile basin.
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Figure 4.13. Spatial correlation between the daily basin-averaged rainfall products (1-day lead GFS,
IMERG Early, CHIRPS, climatologically-bias-corrected IMERG Early) and IMERG Final, for the
Nile basin.
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4.3 Summary and Conclusions

In this study, we assessed the performance of medium-range (1-day to 15-day lead time)
forecasts available from the Global Forecast System (GFS), for the sub-basins of the Nile River
Basin. The motivation of this work stemmed from the need to evaluate the skills of forecasts so
they can be used in confidence in applications, such as reservoir operation and management, and
to identify strengths and weaknesses of the forecast quality in order to provide insights to
algorithm developers and product users. The Nile River sub-basins are defined here on the basis
of major reservoir dam locations, namely, Owen Falls, Millennium, Roseires, Sennar, Jebel

Aulia, Tekeze, Upper Atbara and Setit, Khashm El Gibra, and High Aswan.

The overall performance of the 1-day lead-time basin-averaged GFS forecast, as
measured through KGE, is poor (0 < KGE < 0.5) for the majority of the sub-basins (7 sub-
basins), namely Millennium, Roseires, Sennar, Jebel Aulia, Tekeze, Upper Atbara and Setit, and
Khashm El Gibra. The KGE is better (KGE of 0.69 and 0.74) for two sub-basins, namely Owen
Falls, and High Aswan. The KGE breakdown indicates that the nature of forecast quality is not
the same for all sub-basins. At the daily timescale, the 1-day lead basin-averaged GFS forecast
has large overestimation bias for three watersheds (Millennium at 47%, Upper Atbara and Setit
at 50%, and Khashm El Gibra at 42%). The correlation between the 1-day lead basin-averaged
GFS and IMERG Final is poor (correlation smaller than 0.60) for five sub-basins, particularly for
Sennar (0.36) and Roseires (0.45), but was good for the remaining four sub-basins (High Aswan
at 0.75, Jebel Aulia at 0.73, Owen Falls at 0.72, and Millennium at 0.68). The variability ratio of
the GFS is close to the reference precipitation for most sub-basins, but is too low (meaning
smoother precipitation variability) for Roseires (variability ratio of 0.56) and Jebel Aulia

(variability ratio of 0.66).
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Overall, the daily and 1-day lead GFS forecast uncertainty varies depending on a
combination of factors, mainly, watershed elevation and area, climatological regime, rain rate,
forecast lead time and accumulation timescale. The wet climatological regimes are located in the
northeastern parts of the Nile (namely, Millennium, Upper Atbara & Setit, and Khashm EI Gibra
watersheds) and the southern part of the Nile (Owen Falls watershed). Results show that the GFS
forecasts have low bias in the drier parts of the basin, and low or high bias in the wet parts of the
basin depending on the hemisphere. The watersheds located in a wet climatic regime in the
northern hemisphere show large overestimation bias, namely, the Millennium watershed (i.e. the
watershed for the newly-built Great Ethiopian Renaissance Dam (GERD)), which is a highly
mountainous area, and the Upper Atbara & Setit as well as the Khashm El Gibra watersheds,
which are adjacent medium-elevation watersheds. Whereas, the watershed located in a wet
climatic regime in the southern hemisphere, i.e., Owen Falls watershed, which is a medium-
elevation watershed, shows low bias. In terms of capturing the temporal dynamics of observed
watershed-averaged precipitation, larger watersheds show better skills (as measured through
correlation) than relatively smaller watersheds. As the lead time increases from 1-day to 15-day,
the forecast accuracy decreases. In particular, the forecast accuracy decreases considerably for
lead times exceeding 10 days. Averaging the forecasts at coarser spatial and temporal scales
leads to increased forecast accuracy. We especially point out that the improvement in accuracy at
bigger temporal averaging periods comes despite the fact that the forecast accuracy decreases

with increasing lead time.

The study also looked into the potential of the near-real-time product IMERG Early for
use to calibrate and further improve the accuracy of GFS forecasts, by simply comparing the

performance of IMERG Early with the performance of GFS forecasts. For Millennium watershed
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(one of the three watersheds showing large overestimation bias in GFS forecasts), IMERG Early
has better bias than the GFS forecast. Whereas, for the Upper Atbara & Setit and Khashm El
Gibrat watersheds, IMERG Early has similar level of bias as with GFS forecasts. The relative
performance of IMERG Early could be partly explained by the number of rain gauges used in the
IMERG Final: 16 rain gauges for the Millennium watershed, but only one rain gauge each for the
Upper Atbara & Setit and Khashm El Gibrat watersheds. In addition, in the case of the driest
watershed in the basin (i.e. the High Aswan), IMERG Early (despite having 16 rain gauges)
shows large overestimation bias, which is worse than the GFS forecasts. The IMERG Early and

GFS forecast have similar bias in the remaining watersheds.

Climatological bias correction of IMERG Early (obtained by calculating the bias between
the long-term average IMERG Final and IMERG Early estimates at each pixel, and adjusting the
IMERG Early estimates during the study period based on the bias) has improved the bias in
IMERG Early, particularly it has reduced the large bias for Upper Atbara & Setit (from +40% to
-5%) and for Khashm El Gibrat (from +31% to -12%). However, the climatological-bias
correction has not improved the bias in IMERG Early for some basins. We recommend
developing methods to improve the accuracy of GFS forecasts, including appropriate post-
processing techniques that use IMERG-Early and IMERG Final products. Post-processing
techniques that could be considered include multi-resolution bias correction through wavelet
analysis or empirical mode decomposition method, and Artificial-based methods such as Feed
Forward Neural Network, Support Vector Machine, and Adaptive Neural Fuzzy Inference

System.
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CHAPTER 5

Evaluation of Medium-Range Forecasts (GFS) over Niger

This chapter has been accepted in the Hydrology and Earth System Sciences. Used with

permission.

Yue, H., Gebremichael, M. and Nourani, V., 2021. Performance of the Global Forecast System's
Medium-Range Precipitation Forecasts in the Niger River Basin. Hydrology and Earth System

Sciences Discussions, pp.1-31, accepted.

5.1 Study Region

The Niger River is the principal river of West Africa, and is shared among nine riparian
countries (Figure. 5.1): Benin, Burkina Faso, Cameroon, Chad, Guinea, Ivory Coast, Mali, Niger
and Nigeria. The basin is facing multiple pressures from increasing population, water abstraction
for irrigation, and risk of extreme hydrological events due to climate change (Sylla et al. 2018).
A number of hydropower dams exist in the region, and additional dam projects are envisaged in

order to alleviate chronic power shortages in the countries of the Niger basin.

The Niger river, with a drainage basin of 2,117,700 Km2, is the third longest river in
Africa. The source of the main river is in the Guinea Highlands, and runs through Mali, Niger,
on the border with Benin and then through Nigeria, discharging through a massive delta, known
as the Niger Delta (the world’s third largest wetland), into the Atlantic Ocean. The rainfall

regimes in the region follow the seasonal migration of the Inter-Tropical Convergence Zone
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(ITCZ), which brings rainfall primarily in the summer season (Animashaun et al. 2020; Sori et
al. 2017). Climatologically, the Niger basin lies in three latitudinal sub-regions (Akinsanola et
al. 2015, 2017): (1) the Guinea coast (latitude 4°—-8°N), which borders the tropical Atlantic
Ocean in the south; (2) the Savannah (latitude 8°—~12°N), an intermediate sub-region; and (3) the
Sahel (latitude > 12°N) to the north. The Guinea coast experiences a bimodal rainfall regime that
is centered in the summer monsoon period of June—September, with August being the period of a
short dry season, while the Savannah and Sahel sub-regions experience a unimodal rainfall
regime, with maximum rainfall occurring in August (Akinsanola and Zhou 2018). The ranges of
annual rainfall amounts are: 400—600 mm in the Sahel, 900-1200 mm in the Savannah; and

1500-2000 mm in the Guinea coast (Akinsanola et al. 2017).

The Niger basin is home to eight major reservoir dams (see Table 5.1 and Figure 5.1): (1)
Selingue Dam in Mali: a primarily hydropower dam, (2) Markala Dam in Mali: a primarily
irrigation dam, serving about 75,000 ha of farmland, (3) Goronyo Dam in Nigeria: a multi-
purpose dam for flood control, provision of downstream water supply and the release of water
for irrigation in the dry season, (4) Bakolori Dam in Nigeria: a primarily irrigation dam with a
command area of about 23,000 ha, (5) Kainji Dam in Nigeria: the largest Dam on the Niger
supplying power for most towns in Nigeria, (6) Jebba Dam in Nigeria: a primarily hydropower
dam, (7) Dadin Kowa Dam: a multi-purpose dam for water supply, electricity and irrigation, (8)
Lagdo Dam in Cameroon: a multi-purpose dam providing electricity to the northern part of the
country and supplying irrigation water for 15,000 hectares of cropland. The watersheds of the
dams are primarily either in the Savanna (Selingue, Markala, Jebba, Dadin Kowa, an Lagdo), or
in the Sahel (Goronyo, Kainji), or partly in both (Bakolori). The watershed sizes vary over a

large range, from 4,887 Km2 (Bakolori Dam) to 1,464,092 Km2 (Kainji Dam). The average
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elevations of the watersheds are close to each other at 500 + 50 m.a.s.l.

In order to make the results of this study meaningful to reservoir managers, the Niger

basin was divided into watersheds according to the locations of the d

am reservoirs (see Fig. 1).

Then the sub-basin of each dam was defined as the drainage between the dam itself and the

upstream dam. For example, the drainage basin of the Markala Dam

drainage basin of the Selingue Dam.

Table 5.1. Selected dams and their watershed characteristics

does not include the

1 %
Count (t?per.'il Capacity  Power _ I"rlmary Purpose ];‘; Z}ia()f Elevation of
Dam ountttonat i pifion (Mw)  Irrigation Flood Hydrg age Drainage
y since m’)* * and Water Contro electric Basin Basin (m)**
* . kmz)**
Supply 1 ity (
Seheng“ Mali 1982 2170 44 x 32685 473
Markala ~ Mali 1947 175 102882 442
Goi)ony Nlie“ 1983 942 X 31547 446
Bal‘i"lor Nlie“ 1978 450 X 4887 519
Kainji Nlie“ 1968 15000 960 X 1464092 406
Jebba Nlie“ 1984 3600 540 X 40268 308
Dadin  Nigeri = g0¢ 2855 35 X X 32936 535
Kowa a

Lagdo ng;fr 1983 7800 72 X X 31352 452

* information obtained from the Global Reservoir and Dam Database (Lehner et al
Organization of the United Nations (FAO)’s Global Information System on Water
** Calculated from HydroSEHDS (Lehner et al. 2008).

5.2 Results and Discussion

5.2.1 Annual Spatial Variability and Seasonal Characteristics

.2011) and Food and Agriculture
and Agriculture (AQUASTAT).

The spatial map of annual (15 June 2019 — 15 June 2020) rainfall from the various

rainfall products is given in Figure 5.2. According to the reference rainfall product (i.e. IMERG

Final), the Niger basin experiences average annual rainfall of 700 mm. The spatial rainfall
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distribution shows north-to-south increasing gradient, with the Sahel region (> 12°N) receiving
on average 346 mm per year, the Savanna region (8°N — 12°N) receiving on average 1,206 mm
per year, and the Guinea region (4°N — 8°N) receiving on average 1,620 mm per year. The
spatial structures (climatology and north-south gradient in rainfall) of GFS, IMERG and
CHIRPS rainfall fields are quite similar to those of IMERG Final. However, the 1-day GFS tends
to overestimate in the wet Guinea region of the basin, whereas both IMERG Early and CHIRPS

give values that are very close to IMERG Final.
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Figure 5.1. Spatial map of annual rainfall (in mm), for the period 15 June 2019 to 15 June

2020, derived from (a) IMERG Final, (b) GFS (1-day lead time), (¢) IMERG Early, and (d)
CHIRPS.

Figure 5.3 shows the seasonal rainfall pattern for each climatological region. According
to the reference IMERG Final, as one goes from north to south, the rainy season expands from 3
months (June — September) in the Sahel to 6 months (March — November) in the Savanna and
Guinea regions. The peak rainfall also shows north-south gradient, with peak rainfall of 130 mm
in the Sahel, to 269 mm in the Savanna, and 350 mm in the Guinea. The rainfall pattern is
unimodal with a peak rainfall value in August for both Sahel and Savanna, but becomes bimodal

with one peak in May and the other in September for Guinea.
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Figure 5.2. Monthly precipitation regime for the three climatological zones of the
Niger river Basin: (a) Sahel, (b) Savanna, and (c¢) Guinea. Analyses are based on
rainfall fields derived from IMERG Final, 1-day-lead GFS. IMERG Early, and
CHIRPS. The time period covers from 15 June 2019 to 15 June 2020.

When validated against IMERG Final, the performance of GFS in capturing the seasonal
rainfall characteristics deteriorates as one goes from north to south. GFS captures both the
seasonal rainfall pattern and rainfall peak in the Sahel, and captures the seasonal rainfall pattern
but tends to moderately overestimate the peak in the Savannah, while it has large overestimation
(almost twice as much as the reference) in the Guinea particularly during summer. As far as the

other satellite products are concerned, IMERG Early tends to slightly overestimate in the Sahel
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across all rainy months, but performs relatively well in the Savannah and Guinea regions.
CHIRPS is very close to IMERG Final in all regions and months, with the exception of modest

overestimation of the July rainfall in Guinea.

5.2.2 How Well do GFS Forecasts Capture Annual Rainfall?

Here, we aggregate the 1-day lead GFS forecasts to annual time scale and compare the
results against corresponding annual precipitation estimates from IMERG Final. Figure 5.4
presents the watershed-averaged annual rainfall for each dam watershed. According to IMERG
Final, the annual rainfall varies from 434 mm (in Kainji) to 1,481 mm (in Selingue). Watersheds
1 (Selingue) and 2 (Markala), located in the western part of the Savannah, receive the largest
amount of rainfall, i.e., 1481 mm and 1406 mm, respectively. Watershed 3 (Markala), located in
the eastern part of the Sahel, receives 741 mm of annual rainfall. Watershed 4 (Bakolori),
characterized by the smallest watershed area compared to the rest of the watersheds, lies partly in
the Sahel and partly in the Savannah region and receives 921 mm of annual rainfall. Watershed 5
(Kainji), characterized by the largest watershed area of all, lies mostly in the Sahel region and
receives the lowest amount of annual rainfall (434 mm). Watersheds 6 (Jebba), 7 (Dadin Kowa),
and 8 (Lagdo), located in the Savannah, receive annual rainfall amounts of 1190 mm, 941 mm,

and 1295 mm, respectively.
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Figure 5.3. Sub-basin averaged annual precipitation (mm) for the period, 15 June 2019 to
15 June 2020, for each of the Niger’s sub-basin, derived from the 1-day lead GFS forecast
and different satellite precipitation products.

Validated against IMERG Final, the GFS tends to overestimate rainfall in all watersheds
located in the Savannah (or watersheds that receive relatively large rainfall amounts), with an
overestimation varying in the range 8% to 33%, with larger bias for watersheds receiving higher
rainfall amount. For watersheds in the Sahel (watersheds receiving low rainfall amount), GFS

gives less bias (-11% for the driest Kainji watershed and +10% for Bakolori).

In contrast, IMERG Early tends to underestimate rainfall in all watersheds located in the
Savannah (with larger negative bias in watersheds with large rainfall amount) but tends to
overestimate in all watersheds located in the Sahel (with very large overestimation bias for the
driest watershed) Therefore, GFS and IMERG Early have different bias characteristics: whereas

GFS outperforms IMERG Early in the Sahelian climate where well-organized convective
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systems dominate the monsoon, IMERG Early outperforms GFS in the Savannah and Guinea
climate which are characterized by short-lasting and localized systems and wet land surface
conditions. CHIRPS estimates are reasonably close to IMERG Final, indicating that the choice of
reference product between CHIRPS and IMERG Final would not substantially affect the findings

on the accuracy of GFS forecasts.

5.2.3 How well is the Time Series of Daily Precipitation Forecasted?

Figures 5.5 and 5.6 present the time series of watershed-averaged daily rainfall, for the
wet period June — October. According to IMERG Final, the temporal variability (as measured
through coefficient of variation or CV) varies from 1.22 to 2.60. Validated against IMERG Final,
the GFS tends to underestimate the temporal variability and particularly underestimate large
spikes in rainfall, at almost all sites except at Kainji. The GFS’s relatively better performance for
Kainji could be attributed to the watershed’s large area that results in relatively smooth temporal
variability. Both IMERG Early and CHIRPS provide CV values that are very close to IMERG

Final.
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Figure 5.4. Time series of sub-basin averaged precipitation total (mm) for the wet period
(June — September 2019 for all sub-basins, derived from various precipitation products, for
five sub-basins. The Figure also shows the coefficient of variation (CV) as a measure of
temporal variation.
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Figure 5.5. Same as in Figure 5.5 but for the remaining three watersheds.

Figure 5.7. displays the performance statistics of watershed-averaged daily rainfall
(validated against IMERG Final) in terms of Kling-Gupta Efficiency (KGE), Bias Ratio (BR),
correlation (R), variability ratio (y), and root mean square error normalized by reference
precipitation mean (NRMSE). First, the performance results for the 1-day lead GFS are
considered. The KGE scores are poor (0.3 < KGE < 0.5) for half of the watersheds considered
(Selingue, Goronyo, Bakolori, and Lagdo) and intermediate (0.5 < KGE < 0.75) for the
remaining half watersheds (Markala, Kainji, Jebba, and Dadin Kowa). The breakdown of the

KGE scores (BR, R, and y) reveals the key factors contributing to the KGE estimates. The GFS
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tends to overestimate daily precipitation for most sub-basins, as BR is higher than one, except for
Kainji. The overestimation is particularly high for Selingue and Markala, where BR is 1.33 and
1.22, respectively. The correlation coefficient between GFS and IMERG Final is mostly low (R
< 0.60), and is particularly lower for Bakolori (R=0.36) and Goronyo (R=0.43). The variability
ratio of GFS is mostly between 0.69 to 0.83 (except for Kainji, where v is 1.09), indicating that
the GFS tends to give lower temporal variability of rainfall. The NRMSE is very high, ranging
from 100% to 266%, and is particularly high for Goronyo (266%) and Bakolori (264%), which

are relatively small-sized watersheds.

Next, the performance of IMERG Early was examined with respect to IMERG Final,
mainly to assess if it is possible to use the near-real-time IMERG Early product to calibrate and
improve the accuracy of GFS forecasts. The IMERG Early performs much better with KGE
values higher than 0.75 (except for Kainji where KGE is 0.69), correlation higher than 0.90, and
variability ratio close to the optimum value. The high performance of IMERG Early is due to its
similarity with the IMERG Final product, as the main difference between the two products is that
IMERG Early, unlike IMERG Final, does not use monthly rain gauge observations for bias
correction. Such monthly bias correction techniques would not alter the pattern and variability of
IMERG Early compared to IMERG Final. Therefore, the performance of IMERG Early should
be evaluated using bias statistics, the other statistics (correlation and variability ratio) are
presented for completeness. IMERG Early overestimates rainfall in most watersheds in the range
11% (Lagdo) to 28% (Kainji) except for two watersheds, where it slightly underestimates by
14% (Selingue) and 11% (Markala). Comparison of the performance of GFS and IMERG Early
indicates that both products have different bias characteristics. In some watersheds (e.g., Kainji),

GFS outperforms IMERG Early in terms of bias, whereas in other watersheds (e.g., Markala),
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IMERG Early outperforms GFS.

CHIRPS was also compared with IMERG Final to assess how the use of different
reference products may affect the finding about the performance of GFS forecasts. The KGE
scores of CHIRPS are higher than 0.75 in all cases, indicating that CHIRPS and IMERG Final
have comparable KGE performance. Therefore, the performance of GFS is expected to be about
the same even if the reference product used this in this study (IMERG Final) changes to

CHIRPS.

5.2.4 Dependence of Forecast Performance on Precipitation Rate

Figure 5.8 presents the scatterplot of 1-day lead GFS forecasts and IMERG Final at daily
and watershed-average scales. The performance of GFS varies between watersheds. In the
Markala and Kainji watersheds, GFS forecasts agree well with IMERG Final at almost all rain
rates. In the Selingue watershed, GFS agrees well with IMERG Final for rain rates under 30
mm/day, but GFS substantially underestimates all rain rates above 30 mm/day. In the remaining
five watersheds, GFS has poor performance, replete with large scatter, high false alarm, and

large underestimation bias of heavy rain rates.
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Figure 5.6. Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR,
correlation R, variability ratio y, and root mean square error normalized by reference rainfall [%],
for the 1-day lead time GFS forecasts and other satellite products. The time period considered
was June 15, 2019 — June 15, 2020.
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Figure 5.7. Scatterplot of watershed-averaged daily precipitation forecast obtained from 1-day lead GFS

forecasts against corresponding values from IMERG Final.
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5.2.5 Dependence of Daily Forecast Performance on Lead Time and Spatial Scale

In order to assess the effect of various lead times and spatial scales on forecast
performance, we obtained daily GFS forecasts at various lead times (1-day, 5-day, 10-day, and
15-day), and aggregated the forecasts at spatial scales from 0.25° to coarser scales (0.5°, 0.75°,
and 1°) by averaging grids. The purpose of degrading the resolution is to determine at which
resolution the forecasts have acceptable performance. The KGE value at each spatial resolution
was calculated in the following steps: (i) average the data at the required spatial resolution, (ii)
extract pairs of data (one from IMERG Final, and the other from GFS), (iii) concatenate the pairs
to form one large series of data, and (4) compute a single KGE from this data series. The

resulting KGE values are shown in Figure 5.9.

With regard to the effect of spatial scales, the KGE at the GFS native resolution (i.e.
0.25°) is very low. As the spatial scale increases, KGE increases, as expected. For instance, for
Markala watershed KGE increases from 0.27 (0.25°) to 0.40 (1°) for a 1-day lead. This indicates
that the variation in KGE values between the watersheds could be partly explained by the
watershed size. For example, based on Figure 5.5, the KGE for the 1-day lead daily GFS forecast
was the highest for the largest Kainji watershed (watershed area of 1,464,092 Km2) and the
lowest for the smallest Bakolori watershed (4,887 Km?2). With regard to the effect of lead time
for daily forecasts, KGE decreases significantly as lead time increases. For instance, for Markala

watershed and a grid size of 1°, KGE decreases from 0.40 (1-day lead) to 0.21 (15-day lead).
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Figure 5.9. Kling-Gupta Efficiency (KGE) of GFS as a function of accumulation time scale (1-
day, 5-day, 10-day, and 15-day) and spatial scale (0.25°, 0.50°, 0.75°, 1.0°).
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5.2.6 Effect of Temporal Aggregation Scale on Forecast Performance

To assess the effect of temporal aggregation scale, we obtained the 1-day total, 5-day
total, 10-day total, and 15-day total GFS precipitation forecasts. These multi-day forecasts are
constructed by combining multiple lead-time forecasts. For instance, the 5-day total forecast is
obtained by adding the 1-day lead, 2-day lead, 3-day lead, 4-day lead, and 5-day lead daily
forecasts. Figure 5.10 presents the KGE values for GFS forecasts over different temporal
aggregation scales, and different grid sizes. Temporal aggregation substantially increases KGE at
all spatial scales. For example, at the grid size of 1° over Markala watershed, the KGE values

jump from 0.40 at daily timescale to 0.73 at 15-day total timescale.

In Figure 5.11, we show the performance statistics of GFS for 15-day accumulated
watershed-averaged rainfall forecast. The KGE values are intermediate (0.5 < KGE < 0.75) for
four watersheds and good (KGE > 0.75) for the remaining four watersheds. Analysis of the
components of KGE reveals that the improvement of KGE at longer timescales comes as a result
of improved correlation and variability ratio. At the 15-day accumulation timescale, IMERG
Early estimates have less bias than GFS at all watersheds, except at Kainji watershed. Figure
5.12 presents the scatterplot of 15-day accumulated GFS forecast vs IMERG Final. In general,
the GFS estimates perform well for low to moderate rain rates, but tend to overestimate higher
rain rates. This is consistent with Wang et al. (2019) who reported the difficulty of capturing the

magnitude of high rain rates in GFS model.
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5.3 Conclusions

This study has evaluated the accuracy of medium-range (1-day to 15-day lead time)
forecasts available from the Global Forecast System (GFS), for the watersheds of large dams in
the Niger river basin. Despite the limited temporal coverage, some consistent features emerged
from this evaluation. The accuracy of GFS forecast depends on climatic regime, lead time,
accumulation timescale, and spatial scale. With regard to the role of climatic regimes, the GFS
forecast has large overestimation bias in the Guinea (wet climatic regime), moderate
overestimation bias in the Savannah (moderately wet climatic regime), but has no bias in the
Sahel (dry climate). With regard to lead time, as the lead time increases, the forecast accuracy
decreases. Averaging the forecasts at coarser spatial scales leads to increased forecast accuracy.
For daily rainfall forecasts, the performance of GFS is very low (KGE < 0.32) at almost all
watersheds except at Markala (KGE = 0.44) and Kainji (KGE = 0.68), both of which have much
larger watershed areas compared to the other watersheds. Averaging the forecasts at longer time
scales also leads to increased forecast accuracy. For 15-day rainfall accumulation timescale, the
KGE values are either “intermediate” (i.e., 0.50 < KGE <£0.75) for half of the watersheds
(Selingue, Goronyo, Bakolori, and Daddin Kowa) or “good” (i.e., KGE > 0.75) for the remaining
half (Markaa, Kainji, Jebba, and Lagdo). With regard to the effect of rainfall rate, the 15-day
accumulated GFS forecasts tend to perform better for low to medium rain rates, but contain large

overestimation bias at high rain rates.

The performance statistics of GFS indicate the need for calibrating GFS forecasts in order
to improve their accuracy. Post-processing calibration of GFS forecasts requires the use of
“relatively better performing” and “available in near-real-time” independent rainfall observations

to correct real-time dynamical GFS model forecasts. This study has compared the performance
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of IMERG Early satellite rainfall products with the performance of GFS in terms of bias. In the
Guinea and Savannah regions, IMERG Early outperforms GFS in terms of bias, while in the dry

Sahel region, IMERG Early is outperformed by GFS.

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
IMERG Final with respect to another independent and high-quality (i.e. satellite-gauge merged)
rainfall product (i.e. CHIRPS). Our results show that IMERG Final and CHIRPS have similar

rainfall characteristics, indicating the robustness of IMERG Final.

Overall, we conclude that the GFS forecasts, at 15-day accumulation timescale, have
acceptable performance, although they tend to overestimate high rain rates. The shorter the time
scale, the lower is the GFS performance. We recommend identifying suitable post-processing
calibration techniques, through the use of near-real time products, such as, IMERG Early, that
could improve the performance of GFS, particularly in the wet Guinea and Savannah regions.
Possible calibration methods that could be explored include: simple bias (multiplicative)
correction, multi-resolution bias correction through wavelet analysis wavelet analysis or
empirical mode decomposition method, and Artificial-based methods such as Feed Forward
Neural Network (FFNN), Support Vector Machine (SVR), and Adaptive Neural Fuzzy Inference

System (ANFIS).
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CHAPTER 6

Evaluation of Medium-Range Forecasts (GFS) over Senegal

6.1 Study Region

The Senegal River basin (Figure. 6.1), located in West Africa with a drainage area of
340, 000 km2, is shared by four countries: Guinea (accounting for 7% of the basin’s area), Mali
(35%), Mauritania (50%), and Senegal (8%) (Gaye et al. 2013). The Senegal River Valley,
extending nearly 2000 km from its source in the Fouta Djalon highlands of Guinea to the
Atlantic Ocean, traverses both the Sudano-Guinean and Sahelian climatic zones, and constitutes
the third largest wetland ecosystem in Africa (Grosenick et al. 1990). Most of the basin has a
sub-Saharan desert climate (Djaman et al. 2017). The basin has three distinct zones: the upper
basin, which is mountainous, the valley, and the delta. Topographic, hydrologic, and climatic
conditions are different in these regions (Djaman et al. 2017). The seasonal movement of the
Inter-Tropical Convergence Zone (ITCZ) north from March to October, and south from
November to February, determines seasonal and spatial variability of rainfall. The basin is home
to three large dams (Table 6.1), the Manantali Dam in Mali (capacity at 11,270 Mm?), the Foum
Gleita Dam in Mauritania (500 Mm?), and the Diama Dam in Senegal (250 Mm?). The Manantali
Dam generates hydropower (200 MW), supplies water for irrigation, and provides adequate flow
for navigation on the Senegal River. The Foum Gleita Dam is primarily irrigation dam. The
Diama Dam prevents saltwater intrusion upstream and supplies water for irrigation of crops. The
Manantali dam, located in the mountainous and southern part of the watershed, has a drainage
area of about 29,000 km2. The Foum Gleita dam, located further north with relatively low

elevation, has a drainage area of about 9,500 km?2. In contrast, the Diama dam, is located at the

97



outlet of the Senegal rover basin, with ad drainage area of about 431,000 km?.

Table 6.1. Selected dams and their watershed characteristics

Purpose* Elevation
Count Operatio  Capacity  Power 5‘;; eiﬁa?gfe of

Dams - .nal (million  (MW)  prigatio  Flood  Hydroel Basin Draingge
since* m3)* * n Control  ectricity — (jmpy** Basin
(m)* *
Manantali  Mali 1988 11270 104 X X 29340 560
Foum — Mauri - gqq 500 X 9513 128

Gleita tania

Diama Se;eg 1986 250 X 431603 199

* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).
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Figure 6.1 Map of Senegal River Basin, with the location of selected dams/reservoirs: (1) Manantali, (2)
Foum Gleita, and (3) Diama, and the drainage basins defined by the dam locations.
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6.2 Results and Discussion
6.2.1 Annual Spatial Variability of Rainfall

Figure 6.2 presents the spatial map of annual (15 June 2019 to 15 June 2020) rainfall
derived from the 1-day lead GFS forecast and satellite products. According to the reference
IMERG Final, the annual rainfall shows a distinct south-north gradient, varying from more than
1,500 mm in the southern part (Savannah climate, and mountainous) to under 250 mm in the
northern part (Sahel climate, and low-elevation). Validated against IMERG Final, the 1-day lead
GFS captures well the spatial pattern of rainfall. The correlation between the spatial distribution

of annual rainfall derived from the 1-day lead GFS and IMERG Final is 0.94.

6.2.2 Monthly Cycle of Rainfall

Figure 6.3 presents the time series of monthly rainfall derived from the 1-day lead GFS
and satellite precipitation products. According to IMERG Final, rainfall in the region has one
rainy season with a peak in August in all three watershed cases. The main mechanism for this
precipitation is the northward migration of the Inter Tropical Convergence Zone (ITCZ) during
summer. The rainy season in the Foum Gleita watershed (dry Sahel climate) is of short period
(July through October), with an amplitude of 100 mm month'!, whereas the rainy season over the
Manantali watershed (wet Savannah climate) is of longer period (May through October) with an
amplitude of around 400 mm month™!. The 1-day lead GFS captures well the seasonal cycle of
rainfall in all three watershed cases but tends to overestimate the monthly rainfall over
Manantali, slightly underestimate over Foum Gleita, and is almost unbiased over the larger

Diama watershed, which integrates both the wet and dry parts of the watershed.
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Figure 6.2. Spatial map of annual rainfall (in mm), for the period 15 June 2019 to 15 June 2020, derived
from (a) IMERG Final, (b) GFS (1-day lead time), (¢) IMERG Early, and (d) CHIRPS.
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watersheds of three dams in the Senegal River Basin: (1) Manantali, (2) Foum Gleita, and (3) Diama.
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6.2.3 Annual Rainfall

Here, we aggregate the 1-day lead GFS forecasts to annual time scale and compare the
results against corresponding annual precipitation estimates from IMERG Final (Figure 6.4).
According to IMERG Final, the annual watershed-average rainfall over the dam watersheds is:
300 mm (Foum Gleita), 600 mm (Diama), and 1400 mm (Manantali). The 1-day lead GFS
overestimates the rainfall over Manantali by 28%, while it slightly underestimates rainfall over

Foum Gleita (by 30%) and Diama (by 11%).
6.2.4 Daily Time series

Figure 6.5 presents the daily time series of watershed-averaged rainfall, derived from 1-
day lead GFS and satellite products. According to IMERG Final, the daily time series of rainfall
is characterized by several spikes in all three watersheds. Over the Manantali and Diama
watersheds, there is rainfall occurrence on a daily basis, whereas over Foum Gleita, there are no-
rain periods during the rainy season. The GFS captures well the daily timeseries rainfall pattern
over all three dam watersheds; however, GFS tends to overestimate the majority of daily rainfall
over Manantali, underestimate spikes over Foum Gleita, and estimates well the magnitudes of

daily rainfall over Diama.
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Figure 6.5. Time series of sub-basin averaged precipitation total (mm) for the wet period (November —
April), for each of the dam watersheds, as derived from various precipitation products. The Figure also

shows the coefficient of variation (CV) as a measure of temporal variation.

103




6.2.5 KGE Statistics

Figure 6.6 presents the performance statistics of various precipitation products (with
respect to the IMERG Final estimates), in terms of Kling-Gupta Efficiency (KGE), Bias Ratio
(BR), correlation (R), variability ratio (y), and root mean square error normalized by reference
precipitation mean (NRMSE). The KGE of the 1-day lead, daily, GFS forecast is 0.29
(Manantali), 0.53 (Foum Gleita), and 0.65 (Diama). The GFS skill is therefore “poor” over the
mountainous and wet watershed (Manantali), while it is “intermediate” over the dry watershed
(Foum Gleita) and the watershed with the largest area (Diama). The low KGE for Manantali can
be attributed to low performances in all components of KGE: high bias (BR = 1.37), low
correlation (R = 0.50), and low variability ratio (y = 0.68), indicating that the GFS over the wet
and mountainous part of the watershed is characterized by large systematic and random error.
For the Foum Gleita watershed, the KGE value (0.53) is mainly affected by both bias (BR =
0.75) and low correlation (R = 0.62). For the Diama watershed, the KGE value (0.65) is affected
mainly by the low correlation (R = 0.66). The root-mean-square-error of the GFS varies in the

range 100% to 300% of the mean rainfall.
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Figure 6.6. Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR, correlation
R, variability ratio y, and root mean square error normalized by reference precipitation mean NRMSE) of
1-day lead GFS forecasts and different satellite products, during the wet periods, at different watersheds.

6.2.6 Dependence of Forecast Performance on Precipitation Rate

Figure 6.7 presents the scatterplot of 1-day lead GFS forecasts against daily IMERG

Final rain rates. At the wet Manantali watershed, the GFS has false alarms, and tends to

overestimate light rainfall and underestimate heavy rainfall. At the dry Foum Gleita watershed,

the GFS captures well light rainfall, but tends to heavily underestimate heavy rainfall. At the

large Diama watershed, there is between agreement between GFS and IMERG Final, but still

with some overestimation of light rainfall and some underestimation of heavy rainfall.
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Figure 6.7 Scatterplot of watershed-averaged daily precipitation forecast obtained from 1-day lead
GFS forecasts against corresponding values from IMERG Final, over each dam watershed in the
Senegal River Basin.
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6.2.7 Effect of Temporal Aggregation Scale on Forecast Performance

Figure 6.8 presents the Kling-Gupta Efficiency (KGE) and its components for 15-day
accumulated GFS rainfall forecast. We obtained the 15-day accumulated forecast by summing up
the daily forecasts at various lead times, starting from 1-day lead all the way to 15-day lead.
Aggregating the forecasts from daily forecasts to 15-day accumulated forecasts has improved the
performance of GFS for the wet Manantali watershed and the larger Diama watershed, whereas
there is no much improvement for the dry watershed, Foum Gleita. Over Manantali watershed,
the 15-day accumulated forecast has shown increases in KGE (0.60 compared to 0.29 at daily
timescale) and correlation (0.90 compared to 0.50 at daily), but no change in bias ratio (BR =
1.38). Over the Diama watershed, the 15-day accumulated rainfall has similarly shown increases

in KGE (0.79 compared to 0.65 at daily) and correlation (0.87 compared to 0.66 at daily).

6.2.8 Comparison of the Performances of IMERG Early and GFS

As discussed above, the skills of 1-day lead, daily, GFS forecasts are poor for Manantali
but medium for Foum Gleita and Diama Dams. One of the possible methods to improve GFS
forecast accuracy is post-processing of GFS using rainfall estimates that have relatively better
accuracy and are available in near-real time. Satellite-only products, such as IMERG Early, are
available in near-real time. In this section, we explore how the performance of IMERG Early
compare with the performance of GFS. Like GFS, IMERG Early captures the spatial pattern of
annual rainfall (Figure. 6.2). Like GFS, IMERG Early captures the seasonal cycle of rainfall
(Figure. 6.3). Over the wet and mountainous Manantali watershed, IMERG Early captures well
the monthly rainfall except for August, where IMERG Early underestimates. Over the other two
watersheds (Foum Gleita and Diama), IMERG Early has similar performance with GFS in terms

of capturing monthly time series. At the annual timescale, over the Manantali watershed (where
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GFS overestimates by 37%), IMERG Early underestimates by 10% (Fig. 4). Over the dry Foum
Gleita watershed, IMERG Early is almost identical to IMERG Final, whereas GFS
underestimates annual rainfall by 30%. Over the large Diama watershed, IMERG Early
overestimates by 10%, whereas GFS underestimates by 11%. The KGE of IMERG Early is
above 0.75 (i.e. “good skill”) and is higher than that of GFS at all three watersheds (Fig. 6).
IMERG Early outperforms GFS in all components of KGE, that is, bias, correlation, and
variability ratio. The root-mean-square-error of IMERG Early is only about 50% of the mean at
the Manantali and Diama watersheds but is high at about 127% at the dry Foum Gleita
watershed. Therefore, our analysis indicates that IMERG Early has better capabilities than GFS,
and is therefore worthy of consideration as input into post-processing techniques aimed at

improving the accuracy of GFS forecasts,

6.2.9 Performance of GFS if the Reference Product is Changed from IMERG Final to

CHIRPS

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
GFS using CHIRPS rainfall products as reference. Table 6.2 shows the performance statistics of
GFS for different lead times, using IMERG FINAL and CHIRPS, separately, rainfall products as
reference. The overall magnitude of GFS performance (as well as the variability of the
performance across watersheds) is similar when either rainfall product is used as a reference.
Both reference products reveal that the GFS forecast has relatively low skill (and very high bias,
and very low correlation) in the wet and mountainous region of Manantali dam watersheds and
the skill improves over the dray watershed of Foum Gleita and the larger watershed of Diama.

Therefore, our results show that the overall performance of GFS remains the same if the
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reference product were to be changed from IMERG Final to CHIRPS, indicating the robustness

of IMERG Final as reference product.

Table 6.2 Performance statistics of daily GFS forecast for various lead times (1-day, 5-day, 10-day, and
15-day) using IMERG Final (CHIRPS) rainfall products as reference, in terms of correlation, bias ratio,
and NRMSE.

Lead time of Correlation Bias Ratio KGE NRMSE (%)
GFS forecast
Manantali
1-day 0.50 (0.56) 1.37 (1.22) 0.29 (0.46) 120.43 (96.36)
5-day 0.43 (0.44) 1.22 (1.09) 0.31(0.39) 119.28 (102.45)
10-day 0.23 (0.41) 1.39 (1.24) 0.07 (0.31) 144.50 (110.58)
15-day 0.09 (0.20) 1.61 (1.44) -0.13 (0.07) 183.55 (150.01)
Foum Gleita
1-day 0.62 (0.58) 0.75 (1.05) 0.53 (0.55) 196.81 (234.39)
5-day 0.34 (0.44) 0.67 (0.93) 0.06 (0.12) 287.39 (326.90)
10-day 0.22 (0.29) 0.78 (1.08) 0.19 (0.28) 273.15 (295.28)
15-day 0.42 (0.30) 0.70 (0.97) 0.33 (0.27) 237.56 (293.25)
Diama
1-day 0.66 (0.68) 0.94 (1.12) 0.65 (0.66) 108.01 (109.38)
5-day 0.60 (0.67) 0.81 (0.96) 0.55 (0.65) 116.49 (104.98)
10-day 0.36 (0.44) 0.94 (1.12) 0.34 (0.42) 143.57 (136.92)
15-day 0.31 (0.30) 0.93 (1.10) 0.30 (0.29) 148.46 (152.85)

6.3 Conclusions

The objective of this study was to evaluate the accuracy of medium-range (1-day to 15-
day lead time) forecasts available from the Global Forecast System (GFS) in the Senegal River
Basin, focusing on some of its major dams, namely, Manantali, Foum Gleita, and Diama. The
watershed of Manantali dam is mountainous and located in a wet climate, with annual rainfall of
1400 mm during the study period. Foum Gleita, on the other hand is located in the dry Sahel,
with annual rainfall of 300 mm during the study period and has a low-elevation terrain. Diama is
a very large watershed and covers the entire basin, with annual rainfall of 600 mm during the

study period. The evaluation is done using the satellite-gauge merged rainfall product IMERG
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Final as reference, and additional analysis is conducted by changing the reference product to
CHIRPS. Additionally, the performance of GFS is compared to the performance of the near-real
time, satellite-only rainfall product, IMERG Early, to see if IMERG Early has the potential to be

used in post-processing of GFS.

The results show that the 1-day lead GFS has lower performance in the mountainous and
wet region of Manantali (KGE = 0.29) and relatively higher performance in the low-elevation
and dry areas of Foum Gleita and Diama (KGE = 0.53 to 0.59). The lower KGE over Manantali
is due to the high overestimation bias (overestimation by 37%) in the GFS forecasts and low
correlation coefficient (R = 0.50) between the daily time series of 1-day lead GFS forecast and

IMERG Final.

Aggregating the forecasts from daily to 15-day accumulation increases the performance
of the GFS forecasts. The KGE of the 15-day accumulated forecast showed “intermediate” skill
(KGE = 0.60) for Manantali, and “good” skill (KGE = 0.79 and 0.87) for Foum Gleita and
Diama watersheds. IMERG Early outperforms GFS in all the watershed cases. In particular,
IMERG Early results in lower bias (underestimation by 10%) compared to the large

overestimation bias (overestimation by 37%) over the Manantali watershed.

Therefore, we conclude that the GFS forecasts in the Senegal River Basin have good
skills at large temporal aggregation scales (~ 15-day), but their short-lead forecasts need further
improvement before they can be used in applications. Given that IMERG Early outperforms
GFS, we recommend testing the suitability of IMERG Early to serve as input into post-
processing of GFS in order to improve the accuracy of GFS forecasts. Possible post-processing
techniques that could be explored include: simple bias (multiplicative) correction (Gumindoga et

al. 2019), multi-resolution bias correction through wavelet analysis (Xu et al. 2019) or empirical
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mode decomposition method (Wang et al. 2020, Prasad et al. 2019), and Artificial Intelligence-
based methods such as Feed Forward Neural Network (Cloud et al. 2019), Support Vector
Machine ((Du et al. 2017; Yu et al. 2017), and Adaptive Neural Fuzzy Inference System

(Jehanzaib et al. 2021).
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CHAPTER 7

Evaluation of Medium-Range Forecasts (GFS) over Volta

7.1 Study Region

The Volta River basin (Figure 7.1) in West Africa covers an area of 409,000 km?2 and is
shared by six riparian countries where Ghana and Burkina Faso make up the largest area of 42%
and 43%, respectively, while the remaining 15% is distributed between Benin, Cote d’Ivoire,
Mali and Togo (Mul et al. 2015; Williams et al. 2016). The physical relief of the basin is
generally low with predominantly undulating topography except for the Akwapim-Togo
mountain ranges located in the eastern part. The climate of the basin is strongly influenced by the
movement of the Inter-Tropical Convergence Zone (ITCZ) which produces low rainfall in the
northern part of the basin and large rainfall in the southern part of the basin (Baah-Kumi &

Ward. 2020).

The Volta River system consists of the Black Volta in the west, the White and Red Volta
(each flowing from Burkina Faso), and the Oti River in the east (draining the highlands of Togo
and Benin), all of which join in Ghana to form the lower Volta before flowing into the Gulf of
Guinea. The Akosombo dam on the Lower Volta formed the Lake Volta, one of the largest man-
made reservoirs in the world, covering 8,500 km?, or 4% of Ghana’s land area (Barry et al.
2021), with a gross storage capacity of 148 Bm3 and an active capacity of 78 Bm?. Akosombo
Dam, with a drainage area of 407,093 km?, is a hydropower dam that generates 1012 MW, of
which around 20% is supplied to the national grid and the remaining 80% is supplied to the

aluminum industry.
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Figure 7.1. Map of the Volta River Basin, with the location of the Akosombo dam.
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7.2 Results and Discussion
7.2.1 Annual Spatial Variability and Seasonal Characteristics

Figure 7.2 presents the spatial map of annual (15 June 2019 to 15 June 2020) rainfall
derived from GFS and three satellite precipitation products. According to the reference rainfall
product (i.e. IMERG Final), the spatial rainfall pattern is characterized by a strong north-south
gradient: 815 mm yr'! in the Sahel to 1,190 mm yr! in the Savannah to 1,300 mm yr! in the
Guinea Coast zone. The 1-day lead GFS forecast captures the overall spa-tial pattern, but with
large underestimation in the dry Sahel (656 mm yr'! on average) and large overestimation in the
Guinea Coast (1,300 mm yr'!' on average), while producing a relatively more accurate result in

the Savannah (1,130 mm yr! on average).

The uncalibrated IMERG Early estimates capture the overall spatial pattern, but result in
large overestimation in the Sahel (1,000 mm yr'! on average), while providing more accu-rate
results in both Savannah and Guinea Coast. Comparison of the performance of GFS and IMERG
Early, when both are validated against IMERG Final, show that the GFS out-performs IMERG
Early in the Guinea Coast, but both provide highly biased estimates in the dry Sahel region with
contradicting bias characteristics (i.e. large negative bias by GFS, but large positive bias by
IMERG Early). The CHIRPS estimates capture well not only the overall spatial pattern, but also

the actual magnitudes.
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Figure 7.2. Spatial map of annual rainfall (in mm), for the period 15 June 2019 to 15 June 2020, derived
from (a) IMERG Final, (b) GFS (1-day lead time), (¢) IMERG Early and (d) CHIRPS.
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Figure 7.3 presents the monthly time series of climatological-zone averaged rainfall
derived from the 1-day lead GFS and three satellite precipitation products. Let us look at results
in the Sahel region. According to the reference rainfall (i.e. IMERG Final), the rainy season is
six months long, from May until November. The rainfall peak is about 220 mm/month during
July and August. The 1-day lead GFS forecast shows similar seasonal pattern but tends to
underestimate in all months except in August. In contrast, IMERG Early is close to the reference
product in almost all months but has large overestimation bias in two months (August and
September). The CHIRPS estimates capture well the seasonal pattern as well as the actual
magnitude of rainfall. In the Savannah region, the rainfall starts early in March, and large rainfall
accumulations occur over four months (July to October). In the first half of the rainy season
(March through July), GFS underestimates rainfall, whereas in the second half, GFS captures
well the monthly rainfall values, and GFS overestimates in August. In contrast, IMERG Early
provides more accurate results in the first half of the rainy season including August, but it
overestimates rainfall in September and October. Therefore, in the first half of the rainy season
including August, IMERG Early outperforms GFS, but in the second half GFS outperforms
IMERG Early. The CHIRPS estimates are al-most identical to the IMERG Final estimates.
Guinea Coastal zone is characterized by similar rainfall season as in Savannah but with large
rainfall accumulations starting from as early as March. GFS performs well in the first half of the
rainy season but tends to over-estimate in the second half. In contrast, IMERG Early performs
well in almost all months, except for October when it overestimates. CHIRPS monthly estimates

are almost identical to IMERG Final.
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Figure 7.3. Monthly precipitation regime for the following regions of Volta River Basin: (a) Sahel
climate, (b) Savannah climate, (c) Guinea Coastal climate, and (d) watershed of the Akosombo dam.
Analyses are based on rainfall fields derived from IMERG Final, 1-day-lead GFS, IMERG Early, and

CHIRPS. The time period covers from 15 June 2019 to 15 June 2020.
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Averaging rainfall over the watershed of the Akosombo dam (i.e. averaging across all
three climate zones) shows that the GFS forecasts capture well the seasonal rainfall pat-tern, but
with some underestimation in the first few months of the rainy season, some overestimation in
August, and almost perfect agreement from September until November. The GFS’
overestimation bias in August was the result of overestimation bias in all climatological zones.
The GFS’ underestimation bias in the first few months of the rainy season was also the result of
similar underestimation bias in al climatic zones. However, the GFS’ almost perfect agreement
with IMERG Final in the second half of the rainy season (September to November) comes as a
result of the cancellation of the negative bias in the dry Sahel zone by the positive bias in the wet
Guinea Coastal zone. In contrast to GFS, IMERG Early provide accurate results in the first half
of the rainy season including August, but overestimates in the second half. Therefore, while
IMERG Early outperforms GFS in the first half of the rainy season, GFS outperforms IMERG

Early in the second half.

7.2.2 Dependence of Forecast Performance on Precipitation Rate

Figures 7.4a and 7.4b present the evaluation metrics of 1-day lead GFS using IMERG
Final as reference, for the first half (March through July) and the second half (August through
October) of the rainy season using basin-averaged values for Akosombo watershed. During
March through July, GFS tends to underestimate by 21% overall. Moreover, the bias de-pends on
the rain rate: the GFS is almost unbiased and close to the reference at low rain rates (< 5
mm/day), but has large underestimation bias for moderate and high rain rates. The overall RMSE
is 113% of the mean rain rainfall rate. The linear correlation coefficient between GFS and
IMERG Final is 0.59, indicating some agreement between the daily fluctuations of GFS and

IMERG Final rainfall. The KGE is 0.48, which is on the border line between “poor” and
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“intermediate” skills for GFS in terms of its ability in capturing the basin-averaged daily rainfall

values as expressed through the KGE statistics.

During the second half of the rainy season (August through October), GFS tends to
overestimate by 14% overall, and moreover, the bias varies depending on the rain rate: the GFS
has large overestimation bias at low rain rates (< 5 mm/day) and large underestimation bias at
high rain rates (> 15 mm/day), but is unbiased at moderate rain rates (5 - 15 mm/day). The
overall RMSE is 89% of the mean rainfall rate, the correlation between GFS and IMERG Final is
0.44, and the KGE of GFS is 0.44. Therefore, the GFS shows different bias characteristics during

the first half and the second half of the rainy season.
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Figure 7.4. Scatterplot of sub-basin averaged accumulated precipitation forecast obtained
from GFS forecast against corresponding values from IMERG Final, for various forecast
lead times (1-day, 5-day, 10-day, and 15-day), and the first half (march through July) and
the second half (August — October) rainy season.




7.2.3 What is the Effect of Lead Time on the GFS Forecast Performance?

Figures 7.4c through 7.4h present the evaluation metrics of daily rainfall forecast for 5-
day, 10-day, and 15-day lead times, for the first half and second half of the rainy season. As the
lead time increases, the forecast performance decreases. During March through Ju-ly, KGE
decreased from 0.48 for 1-day lead, to 0.25 for 15-day lead; R decreased from 0.59 (1-day lead)
to 0.26 (15-day lead); and NRMSE deteriorated from 113% (1-day lead) to 159% (15-day lead).
Similarly, during August through October, KGE decreased from 0.42 (1-day lead), to 0.18 (15-
day lead); R decreased from 0.44 (1-day lead) to 0.21 (15-day lead); and NRMSE deteriorated
from 87% (1-day lead) to 93% (15-day lead). The reduction in performance from the 1-day lead
to 5-day lead is very small, but is substantial at 10-day lead time forecast and beyond. The
difference in performance between short and long-lead forecasts may be partly attributed to the
data assimilation used in GFS (which improves initial conditions for short-lead forecasts) and
lack of coupling with an ocean model as GFS uses only prescribed sea surface temperature (this

would affect the performance of long-lead forecasts).

7.2.4 What is the Effect of Accumulation Timescale on the Forecast Performance?

Figure 7.5 presents the performance statistics of GFS rainfall forecast for 1-day, 5-day,
10-day, and 15-day accumulation timescales. For the March through July period, KGE in-
creased from 0.48 for daily rainfall, to 0.74 for 15-day accumulated rainfall; R increased from
0.59 (daily) to 0.89 (15-day accumulation); and NRMSE improved from 113% (daily) to 32 (15-
day accumulation). Similarly, for the August through October period, KGE in-creased from 0.42
(daily), to 0.88 (15-day accumulation); R increased from 0.44 (daily) to 0.89 (15-day
accumulation); and NRMSE improved from 87 (daily) to 15 (15-day accumulation). Therefore,

the GFS forecast performance substantially increases with the temporal aggregation scale. We
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point out that aggregation over longer temporal scales involves the use of data from both short-
lead and long-lead forecasts, a situation that leads to two contradictory error natures. On the one
hand, introducing data from long-lead times brings larger errors but, on the other hand, the
temporal aggregation tends to average out the errors. This study shows that the effect of
averaging out the errors outweighs the additional error introduced by the use of long-lead
forecast. The rate of improvement in forecast accuracy with increasing lead time is bigger at
short timescales than at long timescales. As the aggregation timescale increases from 1 day to 5
days, the NRMSE drops from 113% to 50%, and KGE jumps from 0.48 to 0.69. On the other
hand, as aggregation timescale in-creases from 10 days to 15 days, NRMSE changes only

slightly from 36% to 32% and KGE from 0.75 to 0.74.
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Figure 7.5. Scatterplot of sub-basin averaged accumulated precipitation forecast
obtained from GFS forecast against corresponding values from IMERG Final, for
various aggregation temporal scales (1 day, 5 days, 10 days, and 15 days), and the
first half (March through July) and the second half (August — October) rainy
season.
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7.2.5 Comparison of the performance of IMERG Early and GFS

The performance statistics of GFS indicate the need for calibrating GFS forecasts in order
to improve their accuracy. One way to achieve this could be through the use of post-processing
techniques that involve rainfall estimates that have relatively better accuracy and are available in
near-real time. Here, we assess the performance of IMERG Early, and compare it with the
performance of GFS. Figure 7.6 provides the scatterplot of IMERG Early against IMERG Final,
for 1-day, 5-day, 10-day, and 15-day aggregation temporal scales. As expected, due to the
similarity of both algorithms, the correlation between the two estimates is very high, in excess of
0.90. However, IMERG Early tends to underestimate by about 20% in the first half of the rainy
season, and overestimate by about 20% in the second half of the rainy season. The
underestimation by IMERG Early in the first half of the rainy season is primarily due to the
underestimation of medium rainfall rate. On the other hand, the overestimation of IMERG Early
in the second half of the rainy season is due to its overestimation of high rain rate. Comparison
of the performance statistics of GFS and IMERG Early indicates that the KGE statistics is higher
than that for GFS, which is attributable to the high correlation (and variability ratio) of IMERG
Early and IMERG Final due to the similarity of both algorithms. In terms of the bias statistics,
IMERG Early outperforms GFS during the first half of the rainy season, but GFS outperforms
IMERG Early during the second half. Therefore, IMERG Early has better capabilities in
reproducing the temporal dynamics of rainfall, however, in terms of bias, it is better than GFS in

some months but worse than GFS in some other months.

125



Rainfall Estimate in mm (IMERG Early) for various temporal aggression scales

1 Day

5 Days

10 Days

15 Days

Mar to Jul Aug to Oct
31(a) 1(b)
- |R=0.93 |R=0.95
~1BR=0.89 . BR=1.19
S 1KGE=0.87 1KGE=0.80

NRMSE=52% NRMSE=36%

w . " o ~e
e ya

9 4 . 4 I.= .

0o 3. 7 5

o ’ -

6 é 1|0 1I5 2!0 2l5 3]0 6 é 1IO 1|5 2‘0 2[5 3|0
&1(c) 1(d)

R=0.93 R=0.93 .

- |BR=0.89 . |BR=1.21 .
© |KGE=0.83 . KGE=0.78 .

NRMSE=30% * NRMSE=28% ’
o ZE N _ 20
N e R

av . RV
S "E.{'.' | . Soe
e '5'
o A ’ -

(|) Zb 4I0 6I0 8|0 6 2I0 4I0 60 80
S {(e) ()
g |[R=0.94 |R=0.92 P
< 1BR=0.89 BR=1.21 oo
3 1 KGE=0.80 |KGE=0.77 ¥ 7%

NRMSE=25% * ¢ NRMSE=28%, .’
3 AR ) . .-'

s’ A
i 3 i o
st
S N | .',’
o A -

6 2|O 4|0 GIO 8b 160 150 6 2l0 4IO 6]0 810 160 1éO
2.9 .- [(h) ;
< 1R=0.94 K3 R=0.93 o>

BR=0.89 < BR=122 *
o |KGE=0.79 KGE=0.77 ,* :
2 INRMSE=23% -/<. TNRMSE=28%..;

.. ,-\:‘ o F
0" [y
o | ".:.’: ] K
© o’ .
(o r'..
o A -
6 5|0 1 (I)O 1 éO (]) SIO 1(I)0 150

Rainfall Estimate in mm (IMERG Final)

126

Figure 7.6. Same as in Figure 5 but for IMERG Early evaluation.



7.2.6 How is the Performance of GFS Affected if the Reference Product is Changed From

IMERG Final to CHIRPS?

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
GFS using CHIRPS rainfall products as reference. Table 7.1 shows the performance statistics of
GFS for different lead times, using IMERG FINAL and CHIRPS, separately, rainfall products as
reference. The pattern of GFS performance with respect to lead time is similar when either
rainfall product is used as a reference. The correlation and KGE statistics of GFS obtained using
IMERG Final as reference are very close to those statistics of GFS obtained using CHIRPS as
reference. In terms of bias and NRMSE statistics, the performance of GFS computed using the
two products as reference have some differences in actual magnitudes. The NRMSE statistics
computed using CHIRPS as reference are lower than those obtained using IMERG Final as
reference. The bias statistics computed using CHIRPS as reference could be better or worse than
those obtained using IMERG Final as reference, depending on the month. Therefore, our results
show that the overall performance of GFS remains the same if the reference product were to be
changed from IMERG Final to CHIRPS, indicating the robustness of IMERG Final as reference

product.
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Table 7.1 Performance statistics of GFS forecast for various lead times (1-day, 5-day, 10-day, and 15-
day) using IMERG Final (CHIRPS) rainfall products as reference, in terms of correlation, bias ratio, and
NRMSE.

Lead time of GFS forecast Correlation Bias Ratio KGE NRMSE (%)
Time Period: March through July
1-day 0.59 (0.57) 0.79 (0.65) 0.48 (0.44) 113 (87)
5-day 0.57 (0.50) 0.89 (0.73) 0.50 (0.42) 116 (91)
10-day 0.16 (0.17) 0.92 (0.76) 0.14 (0.11) 162 (121)
15-day 0.26 (0.30) 1.01 (0.83) 0.25(0.22) 159 (118)
Time Period: August through October
1-day 0.44 (0.50) 1.14 (1.00) 0.42 (0.49) 89 (71)
5-day 0.39 (0.39) 0.90 (0.79) 0.36 (0.36) 83 (72)
10-day 0.22 (0.18) 0.98 (0.86) 0.19 (0.17) 93 (81)
15-day 0.21 (0.21) 0.91 (0.80) 0.18 (0.19) 93 (80)

7.3 Conclusion

This study has evaluated the accuracy of medium-range (1-day to 15-day lead time) fore-
casts available from the Global Forecast System (GFS), for the watershed of Akosombo dam in
the Volta basin, west Africa, using satellite-gauge merged IMERG Final and CHIRPS rainfall
products. Additionally, the performance of GFS is compared to the per-formance of the satellite-
only IMERG Early product to see if the latter can potentially be used in the post-processing of

GFS.

The performance statistics of 1-day lead watershed-averaged GFS forecast are: KGE =
0.42 to 0.49, correlation = 0.44 to 0.59, NRMSE = 71% to 114%. The performance of GFS
depends on climate zone, month, rain intensity, lead time, and temporal aggregation scale. The
GFS tends to underestimate (by 20%) in the dry Sahel region, overestimate (by 16%) in the
Guinea Coastal region, while producing a relatively more accurate result in the Savannah region.
Averaging rainfall over the watershed of the Akosombo dam (i.e. averaging across all three

climate zones) shows that the GFS forecasts capture well the seasonal rainfall pattern, but tend to
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underestimate rainfall (by 21%) in the first half of the rainy season (March through July) and
overestimate rainfall (by 14%) in the second half of the rainy season (August through October).
In the first half the rainy season, the GFS is unbiased at low rain rates, but has large
underestimation bias for moderate and high rain rates. In the second half of the rainy season, the
GFS has overestimation bias at low rain rates and large underestimation bias at high rain rates,
but is unbiased at moderate rain rates. The GFS forecast performance decreases with increasing
lead time. The reduction in forecast performance from the 1-day lead to 5-day lead is very small,
but is substantial at 10-day lead time forecast and beyond. The GFS forecast performance
substantially increases with the temporal aggregation scale. The rate of improvement in forecast
accuracy with in-creasing lead time is bigger at short timescales than at long timescales. The 15-
day total GFS forecast has the following performance statistics: KGE = 0.74 to 0.88, correlation
= 0.89, and bias ration = 0.86 and 1.01. Overall, we conclude that the GFS forecasts, at 15-day
accumulation timescale, have acceptable performance, although they tend to underestimate
moderate and high rain rates during March to July. IMERG Early products can be considered for

use in post-processing of GFS products to improve the bias during March to July.
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CHAPTER 8

Evaluation of Medium-Range Forecasts (GFS) over Congo

8.1 Study Region

The Congo River Basin (Figure8.1), located in the equatorial region of Africa, is the
second larger river system in the world, both in terms of drainage area (~3.7 106 km2) and
discharge (mean annual flow of ~ 40,500 m3/sec) (Laraque et al. 2009, 2013). The basin is one
of the three main convective centers in the Tropics and receives an average annual rainfall of
about 1,500 mm/yr (Hastenrath 1985). The basin is also the second largest rain forest area in the
world (after Amazon) with its 45% of the land area covered with forecasts (Verhegghen et al.
2012; Lossow 2017). The Congo Basin is a transboundary river basin that encompasses the
following riparian countries: Democratic Republic of the Congo (accounting for 62% of the
basin’s area), Central African Republic (11%), Angola (8%), the Republic of the Congo (7 %),
Zambia (5 %), Tanzania (4 %), Cameroon (2 %), and Gabon, Burundi and Rwanda (< 1%)

(Wohl, 2007).

The main seasonal peak in precipitation falls around December-March in the basin areas
well south of the equator, and around July-October in the regions north of the equator (Mahe et
al. 2013). The north-south movement of rainfall has been assigned to the seasonal migration of
the Intertropical Convergence Zone (ITCZ) and mesoscale convective systems bounded by the
seasonally migrating Northern and Southern Africa Easterly Jets and enhanced by orography,
i.e., the Bowel like topography of the Congo Basin (Jackson et al. 2009). The high flow rate and
steep gradients created enormous opportunities for the Congo River and its tributaries to generate

hydropower, although to date, less than 3% of this potential has been tapped. For this study, we
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selected four dams, all hydropower, that represent different parts of the basin (Fig. 1, Table 1):
Inga I dam in Democratic Republic of the Congo (DRC) (20 Mm3 storage capacity, and
generates 58.5 MW power), Djoue Dam in Republic of the Congo (8.5 Mm3, 5 MW), Ruzizi [

dam in DRC (1.5 Mm3, 27 MW), and Koni dam in DRC (28 Mm3, 42 MW).
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Figure 8.1 Map of Congo River Basin, with the location of selected dams/reservoirs: (1) Inga I, (2) Djoue,
(3) Ruzizi 1, and (4) Koni, and the drainage basins defined by the dam locations (see the colored areas
between dams).
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Table 8.1. Selected dams and their watershed characteristics

Da Country Operationa %;I:ﬁil)tg Power Area of Drainage D]raiier:];ttao}g;sfin
ms | Since* ; (MW)*  Basins (km?)** g
Inga Dechratic
I Republic of the 1972 20 58.5 2566 443
Congo
Djo
e Congo 1956 8.5 5 3605001 732
Ruz Dechratic
il Republic of the 1959 1.46 27.3 7833 1776
Congo
Kon Dechratic
; Republic of the 1949 28 42.12 12604 1287
Congo

* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).

8.2 Results and Discussion

8.2.1 Monthly Cycle of Rainfall

Figure 8.2 presents the monthly time series for watershed-averaged rainfall derived from
the 1-day lead GFS forecast and satellite products (IMERG Final, IMERG Early, and CHIRPS),
for each of the dams. For the Inga I dam, whose watershed is located in the western part of the
watershed and around 5°S latitude, IMERG Final shows rainy season from October through
April, with dry period of four months (May through September), and peak rainfall slightly under
300 mm. The GFS over Inga I shows similar pattern, but tends to overestimate monthly rainfall,
with large overestimations in October through December. For the Ruzizi I dam, whose watershed
is located in the eastern part and relatively close to the Equator (2.5°S), the IMERG Final
reference product shows a similar seasonal pattern as for Inga I. The GFS over Ruzizi I gives
very large overestimation bias with forecasts as much as twice the reference, for a number of

months. For the Koni dam, whose watershed sits in the southern east around 14°S, IMERG Final
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shows rainfall season from November through March, with a peak rainfall of around 250 mm in
December, and extended dry period, from April until October. The GFS over Koni gives very
large overestimation bias (with peaks reaching 500 mm/month from December through March).
For the Djoue watershed, which covers a very large watershed (with drainage area of 3.5 million
km?2), IMERG Final shows bimodal rainfall pattern covering most of the year, and relatively
short low-rainfall (but still wet) period. The GFS over Djoue captures the time series with some
overestimation bias throughout the year. Overall, the GFS forecasts show overestimation over all
dam watersheds, but the overestimations are larger at the Ruzizi I and Koni watersheds, located

in the eastern and southeastern parts of the watershed.
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Figure 8.2. Monthly time series of sub-basin averaged precipitation (mm), for the
period 15 June 2019 to 15 June 2020, derived from IMERG Final, GFS (1-day lead
time), IMERG Early, and CHIRPS, for watersheds of four dams: (1) Inga I, (2)
Djoue, (3) Ruzizi I, and (4) Koni.
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Figure 8.3. Sub-basin averaged annual precipitation (mm) for the period, 15 June 2019 to 15 June 2020,
for each of the Congo’s sub-basins, derived from the 1-day lead GFS forecast and different satellite
precipitation products.

8.2.2 Annual Rainfall

Here, we aggregate the 1-day lead GFS forecasts to annual time scale and compare the
results against corresponding annual precipitation estimates from IMERG Final (Figure 8.3).
According to IMERG Final, the annual watershed-average rainfall is 1224 mm (Inga I), 1564
mm (Djoue), 975 mm (Koni), and 1613 mm (Ruziz I). The 1-day lead GFS forecasts
overestimate the annual rainfall in all cases, with bias ratios ranging from 36% (Djoue), to 51%
(Inga I), to 134% (Koni, and to 101% (Ruziz I). The overestimation is relatively small for the
largest watershed (Djoue) and the watershed located in the western part (Inga I), while it is larger

for the small watersheds located in the eastern (Ruzizi I) and southern (Koni) parts of the
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watershed.

8.2.3 Daily Time Series of Rainfall

Figure 8.4 presents the daily time series of watershed-averaged rainfall. According to
IMERG Final, the daily rainfall pattern over Inga I has a number of large spikes (well above 300
mm/day), but the GFS misses the majority of these large spikes and gives relatively smooth
fluctuation. The IMERG Final-derived daily rainfall pattern over Ruzzi I dam watershed is as
also spiky - the corresponding GFS forecast also gives spiky daily rainfall pattern but there is a
mismatch in the spike occurrences between GFS and IMERG Final. For the Koni watershed,
IMERG Final shows a few spikes in daily rainfall - the corresponding GFS shows large
substantial overestimation in most of the cases. For the Djoue watershed, IMERG Final shows
low values of daily rainfall, with no pronounced spikes - the corresponding GFS forecasts

capture well this pattern.
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138



Daily Rainfall Estimate in mm (IMERG Final)

(1) Inga | (2) Djoue
o | o |
wn T}
KGE=-0.01 KGE=0.45
o |R=0.21. o |R=0.72
¥ 1BR=1.46 ¥ 1BR=1.42
o | o
o e o
— O o |
A N .. . N
O _ | fun . Mot
o | ™, N o -
€ v 2 e e v .
S A A =
C oM s * . o
: 0 10 20 30 40 50 0 10 20 30 40 50
o (3) Ruzizi | (4) Koni
O o | o |
L T} e}
= KGE=-0.32 KGE=-0.51
“ o |R=0.37 o |R=0.49
s ¥ |BR=2.10 Y |BR=2.39 .
> o , o | .
= ® . ™ A
© .
()] Lt L.
o Laa. o | ¢ ome
Nl E N NS
PRI O : el .
S—s?%:.-:é' g 52—5,‘-':.“ : .
gl oA L
o - f4 . o - S ot
0 10 20 30 40 50 0 10 20 30 40 50

Figure 8.5. Scatterplot of watershed-averaged daily precipitation forecast obtained from the 1-day lead
GFS forecast against corresponding values from IMERG Final, for four dam watersheds.
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8.2.4 Dependence of Forecast Performance on Precipitation Rate

Figure 8.5 presents the scatterplot of 1-day lead GFS forecasts and IMERG Final at daily
and watershed-average scales. Over the Inga I dam watershed, the GFS underestimates the large
rainfall events (above 25 mm/day) gives large false alarms, and has large scatter around light to
moderate rainfall, resulting a correlation of only 0.21 and KGE of -0.01, indicating that the GFS
has very poor skill in capturing daily watershed-averaged rainfall. Over the Ruzizi | dam
watershed, the GFS has substantial overestimation for almost the majority of the daily rainfall,
with correlation coefficient of 0.37, resulting in KGE < 0, indicating very poor skill in capturing
daily watershed-averaged rainfall. Similarly, over the Koni watershed, the GFS shows poor
agreement with IMERG Final, with large false alarms, overestimation bias in almost all cases,
and overall large negative KGE, indicating very poor skill. Over the Djoue watershed, the GFS
shows relatively good agreement with the IMERG Final, with a KGE of 0.45, but with

overestimation by about 40%.
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Figure 8.6. Scatterplot of watershed-averaged daily precipitation forecast obtained from the 1-day lead
GFS forecast against corresponding values from IMERG Final, for four dam watersheds.
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8.2.5 Effect of Temporal Aggregation Scale on Forecast Performance

Figure 8.6 presents the scatterplot of watershed-averaged 15-day total rainfall obtained
from the GFS forecasts against IMERG Final estimates, for each dam watershed. The 15-day
total forecast is obtained by adding multiple lead-time daily forecasts: 1-day lead, 2-day lead,
and all the way up to 15-day lead. Over the Inga I dam watershed, the 15-day total GFS forecast
has better correlation (R = 0.51 compared to R = 0.18 for daily rainfall), better bias (BR = 1.08
compared to 1.46), resulting in better KGE (0.56 compared to -0.01), indicating "intermediate"
skill in capturing the 15-day total rainfall as reported by IMERG Final. Over the Ruzizi |
watershed, the 15-day total GFS forecast has better performance statistics compared to daily, but
still the resulting KGE (-0.03) is about borderline between very poor and poor skill. Over the
Koni watershed, the 15-day total GFS shows some improvement (yet unsatisfactory) over the
daily forecast performance, with still negative KGE and very high overestimation bias for all rain
rates. Over the Djour watershed, the 15-day total GFS shows improvement in performance (KGE

= 0.54 compared to 0.45 at daily timescale), resulting in “intermediate” skill for GFS forecasts.

8.2.6 Effect of Lead Time on Forecast Performance

In Figure 8.7, we show the Kling-Gupta Efficiency (KGE) and its components for 5-day
total rainfall forecast of GFS for three different lead time periods, 1-5 day, 6-10 day, and 10-15
day. The KGE values at 1-5 day lead time are almost identical to those at 11-15 day lead time.
The KGE values at 6-10 day lead time are slightly higher. The breakdown of the KGE scores
(BR, R and y) reveals that the BR and y statistics remain the same across all lead times.

However, the correlation R statistic decreases with increasing lead time.
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Figure 8.7. Kling-Gupta Efficiency (KGE) and its components for 5-day total rainfall
forecast of GFS for three different lead time periods, 1-5 day, 5-10 day, and 10-15 day, for
each dam watershed.
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8.2.7 Comparison of the Performances of IMERG Early and GFS

The low performance statistics of GFS (e.g., KGE < 0 at three watersheds and KGE of
0.45 at Djoue, for 1-day lead) suggest the need for exploring ways of improving the GFS forecast
accuracy. One such method is post-processing of GFS forecasts using rainfall estimates that have
relatively better accuracy and are available in near-real time. Satellite-only products, such as
IMERG Early, are available in near-real time. In this section, we explore how the performance of
IMERG Early compare with the performance of GFS. The monthly timeseries of IMERG Early
is more accurate than GFS (Figure 8.2). The annual values also indicate much better performance
for IMERG Early than for GFS (Figure 8.3). IMERG Early also better capability in capturing the
daily time series of rainfall than for GFS (Figure 8.4). The KGE values for IMERG Early (0.69
to 0.88) are higher than those for GFS (-0.51 to 0.45) in all dam watersheds (Figure 8.8). All the
three components of KGE (bias, correlation, and variability ratio) are also higher for IMERG
Early than for GFS (Figure 8.8). Therefore, all performance measures indicate that the IMERG
Early has better performance than the GFS, which implies that the IMERG Early products could

be considered for post-processing of GFS in order to improve the accuracy of GFS forecasts.
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Figure 8.8. Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR, correlation
R, variability ratio y, and root mean square error normalized by reference precipitation mean NRMSE) of
1-day lead GFS forecasts and different satellite products, during the wet periods, at different watersheds.

Table 8.2 Performance Statistics of 1-day Lead Daily GFS Forecast using IMERG Final (CHIRPS)
Rainfall Products as Reference, in terms of Correlation, Bias ratio, and NRMSE.

Dam Correlation Bias Ratio KGE NRMSE (%)
Inga | 0.21 (0.33) 1.46 (1.48) -0.01 (0.15) 192 (155)
Djoue 0.72 (0.72) 1.42 (1.43) 0.45 (0.45) 56 (57)
Ruzizi | 0.37 (0.30) 2.10 (2.51) -0.32 (-0.72) 172 (221)
Koni 0.49 (0.57) 2.39 (1.98) -0.51 (-0.10) 238 (181)
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8.2.8 Performance of GFS if the Reference Product is Changed from IMERG Final to

CHIRPS

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
GFS using CHIRPS rainfall products as reference. Table 2 shows the performance statistics of
GEFS for different lead times, using IMERG Final and CHIRPS, separately, rainfall products as
reference. The overall magnitude of GFS performance (as well as the variability of the
performance across watersheds) is similar when either rainfall product is used as a reference.
Both reference products reveal that the GFS forecast has very low KGE in the small three
watersheds, and relatively higher KGE in the largest watersheds (Djoue). In addition to KGE, the
KGE breakdown components remain about the same regardless of the reference product used.
Therefore, our results show that the overall performance of GFS remains the same if the
reference product were to be changed from IMERG Final to CHIRPS, indicating the robustness

of IMERG Final as reference product.

8.3 Conclusion

This study has evaluated the accuracy of medium-range (1-day to 15-day lead time)
forecasts available from the Global Forecast System (GFS), for the watershed of four major
dams in the Congo basin, using satellite-gauge merged IMERG Final and CHIRPS rainfall
products. Three of watersheds are small in size (2,570 to 12,600 km2), but are located spread in
the eastern (Ruzizi I), western (Inga I), and southern (Koni) parts of the watershed. The 4th

watershed (Djoue) is very large (3.6 million km2).

The 1-day lead GFS shows large overestimation bias in almost all cases, except for Inga I
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(where it still overestimates half of the cases). The overestimation is particularly very high (more
than twice of the monthly as well as annual rainfall values) for the Ruzizi I and Koni watersheds,
located in the eastern and southern parts of the watershed. The GFS shows large number of false

alarms for all the three small watersheds.

The KGE for 1-day lead daily rainfall forecast is below zero for all three small
watersheds, indicating very poor performance in capturing daily watershed-averaged rainfall. In
contrast, the KGE for the largest watershed was relatively high (KGE of 0.45), but still on the

borderline between "poor" and "intermediate" skill.

The KGE increases with aggregating the forecasts over larger timescales. The increase in
KGE performance is larger for Inga I (KGE increased from -0.01 at daily timescale to 0.56 at 15-
day total timescale), while the increase for the remaining two small watersheds is still
unsatisfactory (KGE increased from -0.32 to -0.03 for Ruzizi I, from -0.51 to -0.09 for Koni).
The largest increase for Inga watershed was due to the large random error in the daily GFS
forecast, which averages out at larger accumulation timescales, whereas the errors in the other

two watersheds are mostly dominated by bias.

Therefore, we conclude that the performance of GFS in the Congo basin is largely a
function of watershed area, location of the watershed, and accumulation timescales. GFS shows
better performance for very large watersheds. In the case of small-sized watersheds, GFS shows
low performance at daily timescales, however, its performance at larger accumulation timescales
depends on the location of the watershed: for the Inga I watershed, located in the western part of
the watershed, the KGE is 0.56 at 15-day rainfall aggregation timescale, but for the Ruzizi I and
Koni watersheds located in the eastern and southern parts of the watershed, the KGE at 15-day

timescale is still very low.
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The performance metrics indicate that IMERG Early (satellite-inly rainfall product
available in near-real time has much better performance compared to GFS, indicating that
IMERG Early has the potential to be used in post-processing of GFS in order to improve the
accuracy of GFS forecasts. We recommend exploring the possibility of using IMERG Early in
post-processing of GFS forecasts, and for this purpose, a number of post-processing techniques
could be explored, such as, simple bias (multiplicative) correction (Gumindoga et al. 2019),
multi-resolution bias correction through wavelet analysis (Xu et al. 2019) or empirical mode
decomposition method (Wang et al. 2020, Prasad et al. 2019), and Artificial Intelligence-based
methods such as Feed Forward Neural Network (Cloud et al. 2019), Support Vector Machine
(Duetal. 2017; Yu et al. 2017), and Adaptive Neural Fuzzy Inference System (Jehanzaib et al.

2021).
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CHAPTER 9
Evaluation of Medium-Range Forecasts (GFS) over Zambezi

9.1 Study Region

The Zambezi River Basin (Figure. 9.1), the fourth-longest river in Africa, has a basin area
of 1.37 million km?, and is shared by eight riparian countries: Zambia (42% of the basin area),
Angola (18%), Zimbabwe (16%), Mozambique (12%), Malawi (7.5%), Tanzania (2%),
Botswana (1.5%), and Namibia (1%) (Kling et al. 2014). Two large hydropower dams are
located in the main Zambezi River, which are the Cohora Bassa Dam (2,075 MW) in
Mozambique and further upstream in the Kariba Sam (2130 MW) at the border of Zambia and
Zimbabwe. There is another dam, Itezhi-Tezhi Dam on the Kafue River, which is the most
regulated tributary of the Zambezi River, that generates 120 MW. Table 9.1 provides more
information about these dams. The elevation of the Zambezi basin ranges from 152 m above sea
level to sea level. The basin lies in the tropics between 10 and 20°S, and is characterized by one
distinct wet and one dry season. The movement of the Inter-Tropical Convergence Zone (ITCZ)
in the Southern Hemisphere results in the peak rainy season that occurs during the summer
(October to April) and the dry winter months (May to September) (Schlosser and Strzepek

2015).
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Figure 9.1. Map of Zambezi River Basin, with the location of selected dams/reservoirs: (1) Itezhi-Tezhi,
(2) Kariba, and (3) Cahora Bassa, and the drainage basins defined by the dam locations (see the colored

areas between dams).
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Table 9.1. Major reservoir dams in the Zambezi River Basin

Purpose*

Count Operatio  Capacity  Power . Area of Elevation of
Dams nal (million ~ (Mw) Irri  Flood  Hydroe Drainage Drainage Basin
ry Since* m?)* * gati  Contr lectricit Buging (km?)** (m)**
on ol y

Itezhi Zamb

- . 1978 4925 120 X 161815 1174

. ia

Tezhi
Ka;“b Zi;nb 1959 94000 1626 X 729901 1113
Cahor Moza

a mbiq 1974 52000 2075 X X X 250862 896

Bassa ue
* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).

9.2 Results and Discussion

9.2.1 Annual Spatial Variability of Rainfall

Figure 9.2 presents the spatial map of annual (15 June 2019 to 15 June 2020) rainfall
derived from the forecast and satellite products. According to the reference IMERG Final, most
of the basin receives annual rainfall under 1,000 mm except for pockets of areas in the northwest
and northeast. The other research-quality product, CHIRPS, show similar spatial pattern of
rainfall as with IMERG Final. Validated against IMERG Final, the 1-day lead GFS shows large
overestimation bias in much of the upper parts of the basin, but captures well rainfall in the lower

part.
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Figure 9.2. Spatial map of annual rainfall (in mm), for the period 15 June 2019 to 15 June 2020, derived
from IMERG Final, GFS (1-day lead time), IMERG Early, and CHIRPS, for the Limpopo River Basin.

9.2.2 Monthly Cycle of Rainfall

Figure 9.4 presents the time series of monthly rainfall derived from the 1-day lead GFS
and satellite precipitation products. According to IMERG Final, the region is characterized by a
distinct wet season, November to March, and a dry season, April to October. The 1-day lead GFS

forecasts captures the overall pattern but tends to overestimate monthly rainfall.
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Figure 9.3 Monthly time series of sub-basin averaged precipitation (mm), for the period 15 June 2019 to
15 June 2020, derived from IMERG Final, GFS (1-day lead time), IMERG Early, and CHIRPS, for
watersheds of three dams in the Zambezi River Basin: (1) Itezhi-Tezhi, (2) Kariba, and (3) Cahora Bassa.
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Figure 9.4. Sub-basin averaged annual precipitation (mm) for the period, 15 June 2019 to 15 June 2020,
for each of the Congo’s sub-basins, derived from the 1-day lead GFS forecast and different satellite
precipitation products.

9.2.3 Annual Rainfall

Here, we aggregate the 1-day lead GFS forecasts and satellite rainfall products to annual
time scale (Figure. 9.4). According to IMERG Final, the annual watershed-average rainfall is in
the range 750 to 800 mm yr! in all three watersheds. The CHIRPS rainfall values are a bit higher
and indicate annual rainfall in the range 760 to 860 mm yr! in all three watersheds. The 1-day
lead GFS has large overestimation bias at all sites, with overestimation by 87% (66%), 58%
(47%), 59% (60%), at the Itezhi-Tezhi, Kariba, and Cahora Bassa watersheds, respectively,

compared to IMERG Final (CHIRPS) estimates.

9.2.4 Daily Time series
154



Figure 9.5 presents the daily time series of watershed-averaged rainfall, derived from 1-
day lead GFS and satellite products. The GFS forecasts capture well the temporal variability of

daily rainfall, but tend to overestimate the majority of daily rainfall at all sites.
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Figure 9.5. Time series of sub-basin averaged precipitation total (mm) for the wet period (November —
April), for each of the dam watersheds, as derived from various precipitation products. The Figure also
shows the coefficient of variation (CV) as a measure of temporal variation.
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9.2.5 KGE Statistics

Figure 9.6 presents the performance statistics of various precipitation products (with
respect to the IMERG Final estimates), in terms of Kling-Gupta Efficiency (KGE), Bias Ratio
(BR), correlation (R), variability ratio (y), and root mean square error normalized by reference
precipitation mean (NRMSE). The KGE of 1-day lead GFS at all sites is within the range 0.00 to
0.27, which indicates “poor” skills in forecasting daily rainfall. The KGE can be decomposed
into three statistics: bias ratio (BR), correlation (R), and variability ratio (y). The GFS tends to
overestimate daily rainfall by about 60% to 64% across the sites. The GFS has low correlation (R
between 0.60 and 0.66) with IMERG Final, indicating that between 35% and 45% of the daily
fluctuation in IMERG Final can be captured by GFS. The variability ratio for Itezhi-Tezhi and
Cahora Bassa is about 0.75, and is close to one for Kariba. Therefore, the low KGE are primarily
due to high bias and low correlation coefficient in the 1-day lead GFS forecasts. The root-mea-

squared-error of GFS is in the range 100% to 152% of the mean rainfall rate.
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Figure 9.6 Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR, correlation R,
variability ratio y, and root mean square error normalized by reference precipitation mean NRMSE) of 1-day
lead GFS forecasts and different satellite products, for different dam watersheds in the Zambezi River Basin.

157



9.2.6 Dependence of Forecast Performance on Precipitation Rate

Figure 9.7 presents the scatterplot of 1-day lead GFS forecasts against daily IMERG
Final rain rates. The 1-day lead GFS forecast tends to overestimate the majority of daily rainfall,

at almost all rain rates.

9.2.7 Effect of Lead Time on Forecast Performance

Figure 9.8 presents the Kling-Gupta Efficiency (KGE) and its components for 5-day total
rainfall forecast of GFS for three different lead time periods, 1-5 day, 6-10 day, and 10-15 day.
As lead time increases, the KGE decreases. The KGE breakdown indicates that it is the
correlation statistic (GFS with IMERG Final) that is mostly affected by the change in lead time.

Similar findings are also obtained for a daily timescale (see Table 9.2).
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Figure 9.7 Scatterplot of watershed-averaged daily precipitation
forecast obtained from 1-day lead GFS forecasts against
corresponding values from IMERG Final, over each dam
watershed in the Zambezi River Basin.



9.2.8 Effect of Temporal Aggregation Scale on Forecast Performance

Figure 9.9 presents the scatterplot of watershed-averaged 15-day accumulated rainfall
obtained from the GFS forecasts against IMERG Final estimates, for each dam watershed. The
15-day total forecast is obtained by adding multiple lead-time daily forecasts: 1-day lead, 2-day
lead, and all the way up to 15-day lead. Over all the watersheds, the 15-day accumulated rainfall
shows slight increase in performance compared to the daily timescale (KGE changed from 0.0 at
daily to 0.07 at 15-day accumulation for Itezhi-Tezhi, from 0.27 to 0.42 for Kariba, and from
0.24 to 0.23 for Cahora Bassa). We point out that aggregation over longer temporal scales
involves the use of data from both short-lead and long-lead forecasts, a situation that leads to two
contradictory error natures. On the one hand, introducing data from long-lead times brings larger
errors (see Section 3.7) but, on the other hand, the temporal aggregation tends to average out the
errors. This study shows that the effect of averaging out the errors outweighs the additional error

introduced by the use of long-lead forecast.
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Figure 9.8. Kling-Gupta Efficiency (KGE) and its components for 5-day total rainfall
forecast of GFS for three different lead time periods, 1-5 day, 5-10 day, and 10-15
day, for each dam watershed.
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9.2.9 Comparison of the Performance of IMERG Early and GFS

The poor skills of 1-day lead GFS at all three watersheds suggest the need for exploring
ways of improving the GFS forecast accuracy. One such method is post-processing of GFS
forecasts using rainfall estimates that have relatively better accuracy and are available in near-
real time. Satellite-only products, such as IMERG Early, are available in near-real time. In this
section, we explore how the performance of IMERG Early compare with the performance of
GFS. The spatial distribution of IMERG Early has better correlation with IMERG Final (R =
0.84), compared to GFS, and does not suffer from the large overestimation bias in the upper part
of the watershed like GFS (Figure. 9.2). In terms of monthly and annual rainfall values (Figures.
9.3 and 9.4), IMERG Early outperforms GFS over all three watersheds as it has much lower bias
compared to GFS. IMERG Early has KGE values around 0.75, which is much higher than the
KGE of 1-day lead GFS (Figure. 9.6). The higher KGE for IMERG Early is the result of its
better bias and correlation with respect to IMERG Final. Therefore, all performance measures
indicate that the IMERG Early has better performance than the GFS, which implies that the
IMERG Early products could be considered for post-processing of GFS in order to improve the

accuracy of GFS forecasts.
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Figure 9.9 Scatterplot of watershed-averaged 15-day accumulated
precipitation forecast obtained from GFS forecasts against
corresponding values from IMERG Final, over each dam watershed in
the Zambezi River Basin.



9.2.10 Performance of GFS if the Reference Product is Changed from IMERG Final to

CHIRPS

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
GFS using CHIRPS rainfall products as reference. Table 9.2 shows the performance statistics of
GFS for different lead times, using IMERG FINAL and CHIRPS, separately, rainfall products as
reference. The overall magnitude of GFS performance (as well as the variability of the
performance across watersheds) is similar when either rainfall product is used as a reference.
Both reference products reveal “poor” skills for 1-day lead GFS forecast for all three watersheds,
with KGE ranging from 0.0 to 0.27 with IMERG Final as reference, and KGE from 0.19 to 0.38,
with CHIRPS as reference. The GFS performance with IMERG Final as reference is found to be
slightly worse than with CHIRPS as reference. Therefore, our results show that the overall
performance of GFS remains about the same if the reference product were to be changed from

IMERG Final to CHIRPS, indicating the robustness of IMERG Final as reference product.
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Table 9.2 Performance statistics of daily GFS forecast for various lead times (1-day, 5-day, 10-day, and
15-day) using IMERG Final (CHIRPS) rainfall products as reference, in terms of correlation, bias ratio,

and NRMSE.
Lead time of GFS Correlation Bias Ratio KGE NRMSE (%)
forecast
Itezhi-Tezhi
1-day 0.60 (0.68) 1.89 (1.67) 0.00 (0.19) 152 (123)
5-day 0.39 (0.48) 1.78 (1.57) -0.03 (0.14) 154 (132)
10-day 0.42 (0.50) 1.81 (1.60) -0.04 (0.14) 156 (134)
15-day 0.28 (0.31) 1.93 (1.71) -0.22 (-0.06) 178 (160)
Kariba
1-day 0.66 (0.73) 1.64 (1.52) 0.27 (0.38) 101 (84)
5-day 0.58 (0.64) 1.44 (1.33) 0.39 (0.47) 88 (77)
10-day 0.41 (0.53) 1.47 (1.36) 0.25 (0.39) 107 (92)
15-day 0.31 (0.28) 1.55(1.43) 0.12 (0.13) 115 (112)
Cahora Bassa
1-day 0.64 (0.71) 1.61 (1.60) 0.24 (0.27) 125 (116)
5-day 0.48 (0.56) 1.68 (1.68) 0.08 (0.12) 146 (137)
10-day 0.45 (0.51) 1.76 (1.76) -0.01 (0.02) 154 (147)
15-day 0.31 (0.38) 1.73 (1.73) -0.07 (-0.03) 165 (159)

9.3 Conclusions

In this study, medium-range (1-day to 15-day lead time) precipitation forecasts available
from the Global Forecast System (GFS) have been evaluated in the Zambezi River Basin,
focusing on some of its major dams: Itezhi-Tezhi, Kariba, and Cahora Bassa. The evaluation is
done using the satellite-gauge merged rainfall product IMERG Final as reference, and additional
analysis is conducted by changing the reference product to CHIRPS. Additionally, the
performance of GFS is compared to the performance of the near-real time, satellite-only rainfall
product, IMERG Early, to see if IMERG Early has the potential to be used in post-processing of

GFS.

Our results indicate that the 1-day lead GFS overestimates rainfall over the vast majority
of the basin. For the three dam watersheds considered, the 1-day lead GFS overestimates rainfall

by 89%, 64%, and 61%, for Itezhi-Tezhi, Kariba, and Cahora Bassa, respectively. The
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correlation coefficient between the 1-day lead, daily, GFS forecast and IMERG Final is in the
range 0.60 to 0.66, for all three watersheds. The skill of the 1-day lead GFS forecast is poor
(KGE =0to 0.27) at all three dam watersheds, indicating the need to improve the accuracy of
these forecasts. The breakdown of KGE indicates that the low KGE value is due to the high bias
of GFS. Aggregating the forecasts from daily to longer timescale slightly increases the GFS
forecast accuracy. IMERG Early has better performance than GFS over all three watersheds,
primarily because IMERG Early has low bias compared to GFS. Therefore, we conclude that the
accuracy of GFS forecasts in the Zambezi River Basin is low, mostly due to high bias. Given that
IMERG Early outperforms GFS, we recommend testing the suitability of IMERG Early to serve

as input into post-processing of GFS in order to improve the accuracy of GFS forecasts.
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CHAPTER 10
Evaluation of Medium-Range Forecasts (GFS) over Limpopo

10.1 Study Area

The Limpopo River Basin (Figure 10.1) has a drainage area of 415,000 km? and a river
length of 1,750 km, and is shared by four countries: South Africa (45% by area), Botswana
(20%), Mozambique (20%), and Zimbabwe (15%). The river originates from the highlands that
separate South Africa from Botswana and Zimbabwe and flows through and between these
countries before it enters Mozambique and finally drains into the Indian Ocean (FAO 2004). It
serves as a border for about 640 km, separating South Africa to the southeast from Botswana to
the northwest and Zimbabwe to the north. The terrain of the basin consists largely of an

undulating landscape of plains, punctuated with ranges of hills and mountains (CGIAR 2014).
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Figure 10.1. Map of Limpopo River Basin, with the location of selected dams/reservoirs: (1) Gaberone,
(2) Mokolo, (3) Hartbeespoort, (4) Loskop, and (5) Massingir, and the drainage basins defined by the dam
locations (see the red watershed boundary).

There are many dams in the Limpopo River Basin. For this study, we selected five dams
located in different parts of the basin (Figure 10.1, Table 10.1). The selected dams have drainage
areas ranging from 4,991 km? (Hartbeespoort Dam) to 68,779 km2 (Massingir). The Massingir
Dam in Mozambique has the largest storage capacity in the basin at 2,800 Mm?, and is a multi-
purpose irrigation and hydropower project (Barros 2009). The Loskop Dam in South Africa is
the second largest dam in the basin, with a storage capacity of 375 Mm?®. The Mokolo Dam (also

known as the Hans Strijdom Dam) as has a storage capacity of has a capacity of 145 Mm?, and
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mainly serves for municipal and industrial purposes. The Gaborone dam in Botswana has a

storage capacity of 144 Mm?, and supplies water to the capital city of Gaborone.

Table 10.1. Major reservoir dams in the Limpopo River Basin

*
Count Operat  Capacity Porwe . Purpose S‘;; ?2;2 Elevation of
Dams OUM " ional  (million Irrig Flood  Hydroe 1ag Drainage
Since* m’)* (MW)  atio  Contr lectricit Baszlns Basins (m)**
* n ol y (km?)**
Gaborone 3% 1985 144 X 5,353 1,183
wana
South
Mokolo Afric 1980 146 X 5,195 1,305
a
South
Hartbeesp  ypic 1960 1946 X 4,991 1,492
oort .
South
Loskop Afric 1979 361 X 15,162 1,544
a
Moza
Massingir  mbiq 1976 2,256 60 X X X 68,779 910
ue

* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).

10.2 Results and Discussion

10.2.1 Annual Spatial Variability and Seasonal Characteristics

Figure 10.2 presents the spatial map of annual (15 June 2019 to 15 June 2020) rainfall
derived from the 1-day lead GFS forecast and satellite products. According to the reference
rainfall (i.e. IMERG Final), the annual rainfall varies mostly between 300 mm and 800 mm, with
an increasing rainfall gradient in the north-south direction, with 300 to 400 mm in the north to
700 to 800 mm in the south. The 1-day lead GFS forecast also shows a north-south gradient, but
there are clear differences in magnitude from the reference rainfall observations. GFS tends to

underestimate in the northern (dry) part of the watershed, but overestimate in the southernmost
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(wet and mountainous) parts of the watershed. The overall correlation between the spatial map of
annual GFS forecast and IMERG Final is 0.70, indicating that GFS can only capture about half
of the spatial pattern in IMERG Final. As far as the performance of the other satellite rainfall
products is concerned, the near-real-time product IMERG Early captures the overall spatial
pattern better than the GFS forecast especially in the western part of the watershed, but tends to
have comparable bias with IMERG Early. The other research-quality, satellite-gauge products,
CHIRPS show lower spatial correlation with IMERG Final (correlation of 0.54), mainly in the

eastern part (relatively low-elevation) of the watershed.

170



(a) IMERG Final

>800

800

N
w

o
2]

700

Latitude

600
500
(c) IMERG Early

400

300

200

Latitude

100

26°E 28°E 30°E 32°E 34°E 26°E 28°E 30°E 32°E 34°E 0 mm
Longitude Longitude

Figure 10.2. Spatial map of annual rainfall (in mm), for the period 15 June 2019 to 15 June 2020,
derived from IMERG Final, GFS (1-day lead time), IMERG Early, and CHIRPS, for watersheds
of five dams: (1) Gaborone, (2) Mokolo, (3) Hartbeespoort, (4) Loskop, and (5) Massingir.

Figure 10.3 presents the monthly time series of watershed-averaged rainfall derived from
the 1-day lead GFS and three satellite precipitation products, for each of the dam watersheds.
The rainfall season lasts six months, from November to April. In the three dam watersheds
(Mokolo, Hartbeespoort, and Loskop), which are characterized by mountainous terrain and
relatively large rainfall, GFS forecasts have large overestimation bias. In the two dam watersheds
(Gaborone and Massingir), which are characterized by medium-elevation terrain and moderate

rainfall, GFS has relatively low bias in almost all months. IMERG Early performs better than
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GFS in capturing monthly rainfall in almost all watersheds and months, except in November,
where IMERG Early has large overestimation bias in all cases. CHIRPS estimates are almost
identical to IMERG Final, except for the Mokolo watershed, where CHIRPS gives much higher

rainfall than IMERG Final.
10.2.2 How Well is the Time Series of Daily Precipitation Forecasted?

Figure 10.4 presents the time series of watershed-averaged daily rainfall, for the wet
period November — April, for each of the dam watersheds. According to IMERG Final, the
temporal variability (as measured through coefficient of variation or CV) of watershed-averaged
daily rainfall varies from 1.54 to 2.41. The GFS tends to overestimate CV in Gaborone and
Mokolo and underestimate CV in Hartbeespoort and Loskop, except for the largest watershed
(Massingir) where GFS provides similar CV as IMERG Final. In terms of CV, IMERG Early
outperforms GFS in almost all subbasins but is outperformed by GFS in Massingir. As far as

CHIRPS is considered, its CV estimates are higher than IMERG Final in all subbasins.
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Figure 10.3. Monthly precipitation regime for the five watersheds of the Limpopo river
Basin: (1) Gaborone, (2) Mokolo, (3) Hartbeespoort, (4) Loskop and (5) Massingir.
Analyses are based on rainfall fields derived from IMERG Final, 1-day-lead GFS.
IMERG Early, and CHIRPS. The time period covers from 15 June 2019 to 15 June

2020.
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Figure 10.4. Time series of sub-basin averaged precipitation total (mm) for the wet period (November —
April), for each of the dam watersheds, as derived from various precipitation products. The Figure also

shows the coefficient of variation (CV) as a measure of temporal variation.
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10.2.3 Dependence of Forecast Performance on Precipitation Rate

Figure 10.5 presents the scatterplot of watershed-averaged daily rainfall obtained from
the 1-day lead GFS forecast against IMERG Final estimates, for each dam watershed. The 1-day
lead GFS forecast has bias ranging from -12% (Gaborone), to 4% (Massingir), to 9% (Mokolo),
to 29% (Loskop), and to 40% (Hartbeespoort). The bias is worse for the two highly mountainous
watersheds, Loskop and Hartbeespoort. In all watersheds, the bias is mostly positive for light and
moderate rainfall, but negative for heavy rainfall. The correlation between the GFS forecast and
IMERG Final is about 0.50 for all watersheds, except for the Massingir watershed where the
correlation jumps to 0.66. The highest correlation for the Massingir watershed could be partly
attributed to its large watershed size. The KGE is about 0.50 (borderline between “poor” and
“intermediate” skill) for all watersheds, except for the Massingir watersheds where it jumps to

0.66 (“intermediate” skill).
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Figure 10.5. Scatterplot of watershed-averaged daily precipitation forecast obtained
from the 1-day lead GFS forecast against corresponding values from IMERG Final,

for five dam watersheds.
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10.2.4 What is the Effect of Accumulation Timescale on the Forecast Performance?

Figure 10.6 presents the scatterplot of watershed-averaged 15-day total rainfall obtained
from the GFS forecasts against IMERG Final estimates, for each dam watershed. The 15-day
total forecast is obtained by adding multiple lead-time daily forecasts: 1-day lead, 2-day lead,
and all the way up to 15-day lead. For the two highly mountainous watersheds, the 15-day total
GFS forecast has the following performance statistics: high overestimation bias (66% at
Hartbeespoort and 70% at Loskop), almost insignificant correlation coefficient (0.07 at
Hartbeespoort and 0.25 at Loskop), and very poor skill (KGE < 0). The performance statistics for
the medium-elevation watersheds are a bit higher: bias of 13% and 33%, correlation of 0.24 and
0.46, and KGE 0of 0.05 and 0.19, at Gaborone and Mokolo watersheds, respectively. For the
largest watershed, Massingir, the performance statistics improve to a bias of 23%, correlation of
0.56, and KGE of 0.5 (borderline between “poor” and “intermediate” skill). In all cases, the 15-
day total GFS forecast shows inferior performance compared to the daily GFS forecast. We point
out that aggregation over longer timescales (from daily to 15-day total) is subject to two different
error natures: effect of averaging on forecast errors, and effect of lead time on forecast errors.
We anticipate that the effects of lead time on errors to dominate as averaging over longer time

scale is expected to reduce random errors.
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10.2.5 What is the Effect of Lead Time on the GFS Forecast Performance?

In Figure 10.7, we show the Kling-Gupta Efficiency (KGE) and its components for 5-day
total rainfall forecast of GFS for three different lead time periods, 1-5 day, 6-10 day, and 10-15
day. The KGE values are much higher at short lead times (1 to 5 day) than at longer lead times (6
to 10 day, and 11 to 15 day). The KGE values at short lead times are higher by about 0.50
compared to the longer lead times. The KGE values fall sharply at 5-day lead time, and KGE
does not change much beyond a lead time of 5 days. The breakdown of the KGE scores (BR, R
and y) reveals the key factors contributing to the differences in KGE estimates across lead times.
The main differences in KGE statistics across the lead times can be primarily attributed to the
correlation statistics: the correlation between the 6-10 day (or the 11-15 day) and the IMERG
Final is under 0.25 in all watersheds, but jumps to 0.50 to 0.75 for the correlation between 1-5
day and IMERG Final, in all watersheds. Therefore, in order to improve the accuracy of GFS
forecasts at longer lead times, the temporal fluctuation of GFS forecasts needs to be improved

further to match that for IMERG Final.
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Figure 10.7. Kling-Gupta Efficiency (KGE) and its components for 5-day total rainfall
forecast of GFS for three different lead time periods, 1-5 day, 5-10 day, and 10-15 day, for
each dam watershed.
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10.2.6 Comparison of the Performance of IMERG Early and GFS

The low performance statistics of GFS indicate the need for calibrating GFS forecasts in
order to improve their accuracy. One way to achieve this could be through the use of post-
processing techniques that involve rainfall estimates that have relatively better accuracy and are
available in near-real time. Here, we assess the performance of IMERG Early, and compare it
with the performance of GFS. Figure 10.8 presents the performance statistics of daily and
watershed-averaged derived from IMERG Early, CHIRPS, and 1-day lead GFS forecast (with
respect to the IMERG Final estimates), in terms of Kling-Gupta Efficiency (KGE), Bias Ratio
(BR), correlation (R), variability ratio (y), and root mean square error normalized by reference
precipitation mean (NRMSE). The KGE values for IMERG Early (0.57 to 0.86) are higher than
those for GFS (0.66 to 0.38) in all watersheds. The correlation statistics for IMERG Early are
very high (between 0.75 and 1) compared to GFS (0.50 to 0.75), and this is expected due to the
similarity of the algorithm of the two IMERG products. In terms of bias ratio, IMERG Early
outperforms GFS in some watersheds (Mokolo and Loskop), but is outperformed by GFS in
other watersheds (Gaborone) or has similar performance as GFS (Massingir). In terms of the
variability ratio, IMERG Early outperforms GFS in some watersheds (Mokolo, Loskop, and
Gaborone), or is outperformed by GFS (Massingir), or has similar value as GFS (Hartbeespoort).
As far as NRMSE is considered, the RMSE of daily GFS is about 200% of the IMERG mean
rainfall rate for four watersheds and is about 150% for the Massingir watershed. In comparison,
IMERG Early’s RMSE is about 100% of the IMERG mean rainfall rate at four watersheds and is

about 170% at the Gaborone watershed.
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Figure 10.8. Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR, correlation
R, variability ratio y, and root mean square error normalized by reference precipitation mean NRMSE) of
1-day lead GFS forecasts and different satellite products, during the wet periods, at different watersheds.

10.2.7 How is the Performance of GFS Affected if the Reference Product is Changed from

IMERG Final to CHIRPS?

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
GFS using CHIRPS rainfall products as reference. Table 10.2 shows the performance statistics of
GFS for different lead times, using IMERG FINAL and CHIRPS, separately, rainfall products as

reference. The overall magnitude of GFS performance (as well as the variability of the
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performance across watersheds) is similar when either rainfall product is used as a reference.
Both reference products reveal that the GFS forecast has low skill in the two highly mountainous
watersheds (Hartbeespoort and Loskop), but relatively better skill in the larger watershed,
Massingir. The GFS forecasts show slightly lower performance when CHIRPS is used as a
reference compared to having IMERG Final as reference. Therefore, our results show that the
overall performance of GFS remains the same if the reference product were to be changed from

IMERG Final to CHIRPS, indicating the robustness of IMERG Final as reference product.

Table 10.2. Comparison of the performance statistics of the 1-day lead GFS forecast when using IMERG
Final (CHIRPS) as reference, for each of the dam watershed.

Watershed Correlation Bias Ratio KGE
Gaborone 0.53 (0.35) 0.88 (0.95) 0.51 (0.35)
Mokolo 0.51 (0.54) 1.09 (0.91) 0.48 (0.53)
Hartbeespoort 0.53 (0.46) 1.40 (1.45) 0.39 (0.28)
Loskop 0.49 (0.39) 1.29 (1.30) 0.38 (0.27)
Massingir 0.66 (0.54) 1.04 (1.09) 0.66 (0.52)

* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).

10.3 Conclusions

The accuracy of medium-range (1-day to 15-day lead time) precipitation forecasts
available from the Global Forecast System (GFS) were evaluated in the Limpopo River Basin,
focusing on the watersheds of five major dams in the basin: Gaborone (watershed area of 5,353
km?2, mean elevation of 1,183 m.a.s.l.), Mokolo (5,195 km2, 1,305 m.a.s.l.), Hartbeespoort
(4,991 km2, 1,492 m.a.s.1.), Loskop (15,162 km2, 1,544 m.a.s.l.), and Massinger (68,779 km?2,
910 m.a.s.l.). The evaluation was made using two satellite-gauge rainfall products as reference,
IMERG Final and CHIRPS. The performance of watershed-average 1-day lead GFS forecasts as

measured through the KGE statistics varies within the range 0.27 to 0.66. The KGE values are
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relatively low at 0.39 (0.28) and 0.38 (0.27) for IMERG Final (CHIRPS) reference rainfall
product, for the two high-elevation watersheds, Hartbeespoort and Loskop, respectively. The
KGE is relatively high at 0.66 (0.52) for the large and relatively low-elevation watershed
(Massinger). The KGE for the medium-elevation and small-sized watersheds, Gaborone and

Mokolo watersheds, ranges from 0.35 to 0.53.

The performance of GFS decreases with increasing lead time, and this is attributed to the
decreasing ability of the forecast to capture the temporal fluctuation of daily rainfall as portrayed
by IMERG Final and CHIRPS. The performance of GFS also decreases with increasing the
temporal aggregation scale. The KGE values fall sharply at about 5-day lead time. IMERG Early
captures the temporal fluctuation of daily rainfall, and therefore, it can be considered as a data
source to post-process GFS forecasts in order to improve the accuracy of GFS forecasts,
especially at long lead times. Finally, we point out that this study is based on one year of data,
which does not represent a full range of climate conditions, however, the key findings of this

study could be considered for further improvement of the accuracy of GFS products.
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CHAPTER 11
Evaluation of Medium-Range Forecasts (GFS) over Orange

11.1 Study Region

The Orange River Basin (Figure. 11.1), with a drainage area of about 950,000 km?2,
stretches over four countries — Lesotho, South Africa, Botswana, and Namibia (Cambray et al.
1986; Benade 1988). The riparian countries’ contribution to the water supply in the Orange River
is as follows (Lange et al. 2007): Lesotho (34%), South Africa (64%), Namibia (2%), and
Botswana (1%). The contribution in terms of drainage area land is as follows (Lange et al. 2007):
Lesotho (3%), South Africa (64%), Namibia (25%), and Botswana (4%). We note that, Lesotho,
the most upstream country that falls entirely within the basin and occupies only 3.4% of the
basin area, contributes 34% of the water supply in the Orange River. The Orange River rises in
the east in the steep mountains of Lesotho, flows through the savannah grasslands of the central
plateau, and to the desert conditions in the west, near the Atlantic Ocean (Bohensky et al. 2004).
The Orange River plays an important role in the South African economy by providing water for
irrigation and hydroelectric power. Several dams were built in the Orange River system and as a
result the Orange River is the most regulated system in South Africa (Benade 1988). For this
study we selected four major dams on account of their size and spatial representativeness (Table
1). The Hardap Dam, located in the western part of the watershed, is the largest dam Namibia
primarily used for irrigation and flood control. The Kalkfontein, Erfenis, and Vaal dams are
located in the eastern parts of the watershed. The Kalkfontein Dam and Erfenis dams in South
Africa are primarily used for irrigation, while the former is also used for flood protection. The

Vaal Dam in South Africa is primarily used for domestic and industrial water supply, as well as
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for flood protection. The watershed areas of these dams vary within the range of about 6,000

km?2 to about 49,000 km?2.
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Figure 11.1. Map of Orange River Basin, with the location of selected dams/reservoirs: (1) Hardap, (2)
Kalkfontein, (3) Erfenis, and (4) Vaal, and the drainage basins defined by the dam locations (see the
colored areas between dams).

For this study, we selected four dams located in different parts of the basin (Figure 11.1,
Table 11.1). The selected dams have drainage areas ranging from 6,182 km? (Erfenis Dam) to
48,791 km? (Vaal Dam). The Vaal Dam in South Africa has the largest storage capacity in the

basin at 2536 Mm?, and is a dam built mainly for flood control. The Hardap Dam in Namibia,
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with a storage capacity of 294.6 Mm?, is a multi-purpose dam built for irrigation and flood
control. The Kalkfontein Dam has a capacity of 258.3 Mm?, and mainly serves for irrigation and
flood control. The Erfenis Dam in South Africa has a storage capacity of 212.3 Mm?, and

supplies water to the agriculture region.

Table 11.1 Major reservoir dams in the Limpopo River Basin

3 %

Operat Capacit - Purpose Area of Elevation of
Dams  Country  ional (miﬁion Irrig  Flood Hydroel Drainage Drainage Basin

Since* md)* aﬂo COIlltl'O ectricity  Basins (km?)** (m)**
Ha;da Naz“b‘ 1962 2946  x X 16128 1421
Kalkf South 77 553 x 13601 1423
ontein  Africa
Erfeni — South 550 553 6182 1484

S Africa

Vaal i‘;ﬁz}; 1985 2536 X 48791 1675

* information obtained from the Global Reservoir and Dam Database (Lehner et al. 2011) and Food and Agriculture
Organization of the United Nations (FAO)’s Global Information System on Water and Agriculture (AQUASTAT).
** Calculated from HydroSEHDS (Lehner et al. 2008).

11.2 Results and Discussion
11.2.1 Annual Spatial Variability of Rainfall

Figure 11.2 displays the spatial map of annual (15 June 2019 to 15 June 2020) rainfall
derived from the 1-day lead GFS forecast and satellite precipitation products. The reference
product, IMERG Final, shows rainfall gradient in the west to east direction, with the western part
characterized by very low rainfall (< 100 mm yr!) and the eastern part by relatively higher
rainfall (> 100 mm yr!). Validated against IMERG Final, the 1-day lead GFS captures the

overall gradient, but tends to underestimate rainfall in the dry (western) parts of the watershed

187



and overestimate rainfall in the wet (eastern) parts. The correlation between the spatial
distribution of GFS forecast and IMERG Final, at annual timescale, is only 0.17, indicating that

GFS has difficulty capturing the spatial distribution of precipitation.
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Figure 11.2. Spatial map of annual rainfall (in mm), for the period 15 June 2019 to 15 June 2020,
derived from IMERG Final, GFS (1-day lead time), IMERG Early, and CHIRPS, for watersheds
of five dams: (1) Hardap, (2) Kalkfontein, (3) Erfenis, and (4) Vaal.
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11.2.2 Monthly Cycle of Rainfall

Figure 11.3 presents the time series of monthly rainfall derived from the 1-day lead GFS
and satellite precipitation products. According to IMERG Final, the region is characterized by a
distinct wet season, November to April, and a dry season, May to October. The GFS monthly
time series agrees with IMERG Final, but tends to overestimate in the wettest parts of the

watershed (i.e. Vaal dam).

11.2.3 Annual Rainfall

Here, we aggregate the 1-day lead GFS forecasts and satellite rainfall estimates to annual
time scale (Figure 11.4). According to IMERG Final, the annual watershed-average rainfall is
197 mm (Hardap), 485 mm (Kalkfontein), 519 mm (Erfenis), and 557 mm (Vaal). The 1-day
lead GFS captures well the annual rainfall in the western part (Hardap) and some parts

(Kalkfontein) of the watershed, but overestimates over Erfenis (by 18%) and Vaal (by 54%).
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Figure 11.3 Monthly time series of sub-basin averaged precipitation (mm), for the period 15 June 2019 to
15 June 2020, derived from IMERG Final, GFS (1-day lead time), IMERG Early, and CHIRPS, for
watersheds of four dams: (1) Hardap, (2) Kalkfontein, (3) Erfenis, and (4)Vaal.
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Figure 11.4. Sub-basin averaged annual precipitation (mm) for the period, 15 June 2019 to 15 June 2020,
for each of the Orange’s sub-basin, derived from the 1-day lead GFS forecast and different satellite
precipitation products.

191



11.2.4 Daily Time Series

Figure 11.5 presents the daily time series of watershed-averaged rainfall, derived from 1-
day lead GFS and satellite products. According to IMERG Final, the coefficient of variation
(CV) of daily rainfall varies in the range 1.66 to 2.13 in the eastern (and relatively wet) parts of
the watershed, while it is 2.40 in the western and dry parts. The GFS produces similar CV in the
eastern part, but overestimates CV in the western part, and misses observed peaks and produces

false alarms in the western part.

11.2.5 KGE Statistics

Figure 11.6 presents the performance statistics of various precipitation products (with
respect to the IMERG Final estimates), in terms of Kling-Gupta Efficiency (KGE), Bias Ratio
(BR), correlation (R), variability ratio (1), and root mean square error normalized by reference
precipitation mean (NRMSE). The KGE of 1-day lead GFS forecast varies in the range 0.24 to
65. The KGE is poor (0.24 and 0.37) in Hardeep (where the GFS overestimates the coefficient of
variation) and Vaal (where the GFS has high overestimation bias). The KGE of GFS is
intermediate (0.65 and 0.52) in Kalkfontein and Erfenis watersheds. The breakdown of the KGE
scores (BR, R, and y) reveals the key factors contributing to the KGE estimates. The bias of GFS
is worse for Vaal (large overestimation). The correlation coefficient between GFS and IMERG
Final is very low for Hardap. The variability ratio for GFS is worse for Hardap. The normalized
RMSE is very high at around 300% of the mean for Hardap, and it is around 180% for all three
dam watersheds. The KGE breakdown indicates that the required developments to improve the
representation of daily precipitation in GFS forecasts is improving the bias in the case of Vaal

watershed and improving the temporal and spatial fluctuation in the case of Hardap.
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Figure 11.5. Time series of sub-basin averaged precipitation total (mm) for the wet period (November —
April), for each of the dam watersheds, as derived from various precipitation products. The Figure also

shows the coefficient of variation (CV) as a measure of temporal variation.
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Figure 11.6 Summary of performance statistics (Kling-Gupta Efficiency KGE, Bias Ratio BR,
correlation R, variability ratio y, and root mean square error normalized by reference precipitation
mean NRMSE) of 1-day lead GFS forecasts and different satellite products, during the wet
periods, at different watersheds.

11.2.6 Dependence of Forecast Performance on Precipitation Rate

Figure 11.7 presents the scatterplot of 1-day lead GFS forecasts against daily IMERG
Final rain rates. Over Hardap (a dry region), the GFS has very low correlation with IMERG Final
(R = 0.27) and underestimate all rain rates exceeding 5 mm day™'. Over Vaal (the wettest
region), the GFS has moderate correlation (R = 0.67), but high false alarm and large
overestimation at light and medium rain rates. Over Erfenis and Kalkfontein, the GFS forecasts

have large scatter around IMERG Final estimates.
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11.2.7 Effect of Lead Time on Forecast Performance

Figure 11.8 presents the Kling-Gupta Efficiency (KGE) and its components for 5-day
total rainfall forecast of GFS for three different lead time periods, 1-5 day, 6-10 day, and 10-15
day. The KGE values are higher at short lead times (1 to 5 day) than at longer lead times (6 to 10
day, and 11 to 15 day). The KGE values at short lead times are higher by about 0.50 compared to
the longer lead times. The KGE values fall sharply at 5-day lead time, and KGE does not change
much beyond a lead time of 5 days. The breakdown of the KGE scores (BR, R and y) reveals the
key factors contributing to the differences in KGE estimates across lead times. The main
differences in KGE statistics across the lead times can be primarily attributed to the correlation
statistics: the correlation between the 6-10 day (or the 11-15 day) and the IMERG Final is under
0. 45 in all watersheds, but jumps to 0.45 to 0.75 for the correlation between 1-5 day and IMERG
Final, in all watersheds. Therefore, in order to improve the accuracy of GFS forecasts at longer
lead times, the temporal fluctuation of GFS forecasts needs to be improved further to match that

for IMERG Final.

195



S (1) Hardap S 1(2) Kalkfontein
KGE=0.24 KGE=0.65
o |R=0.26 o |R=0.65
“ | BR=0.87 “ | BR=1.01
NRMSE=320% NRMSE=198% -
2 &1 3
S 3
E o o '.
E b b b T . .
.E . o ::. LrS
2 w ti. ° e -
% o : .. . o 5 .‘.’.\
§ 0 10 20 30 40 0 10 20 30 40
L 2 {(3) Erfenis 2 {(4) Vaal
£ KGE=0.52 KGE=0.37 :
= 9 |R=0.55 S |R=0.67
e © |BR=1.17 BR=1.53
> NRMSE=200% NRMSE=200%
© : .
0 K- Sh
o. ol.ln)
? . F -{’:‘: .
. AN
3 ) ..:. -de <. .
o . .. o Cew

T

0 10 20 30 40 0 10 20 30 40
Daily Rainfall Estimate in mm (IMERG Final)

Figure 11.7. Scatterplot of watershed-averaged daily precipitation forecast obtained from the 1-day lead
GFS forecast against corresponding values from IMERG Final, for five dam watersheds.
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11.2.8 Effect of Temporal Aggregation Scale on Forecast Performance

Figure 11.9 presents the scatterplot of watershed-averaged 15-day accumulated rainfall
obtained from the GFS forecasts against IMERG Final estimates, for each dam watershed. The
15-day total forecast is obtained by adding multiple lead-time daily forecasts: 1-day lead, 2-day
lead, and all the way up to 15-day lead. Over all the watersheds, the 15-day accumulated rainfall
shows inferior performance compared to the daily GFS forecast (KGE deteriorated from 0.24 at
daily to 0.18 at 15-day accumulation for Hardap, from 0.65 to 0.49 for Kalkfontein, from 0.52 to
0.43 for Erfenis, and from 0.37 to 0.05 for Vaal). We point out that aggregation over longer
timescales (from daily to 15-day total) is subject to two different error natures: effect of
averaging on forecast errors, and effect of lead time on forecast errors. We anticipate that the
effects of lead time on errors to dominate as averaging over longer time scale is expected to

reduce random errors.
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11.2.9 Comparison of the Performances of IMERG Early and GFS

The poor skills of GFS at Hardap and Vaal watersheds and the intermediate skills of GFS
at Kalkfontein and Erfenis watersheds suggest the need for exploring ways of improving the GFS
forecast accuracy. One such method is post-processing of GFS forecasts using rainfall estimates
that have relatively better accuracy and are available in near-real time. Satellite-only products,
such as IMERG Early, are available in near-real time. In this section, we explore how the
performance of IMERG Early compare with the performance of GFS. The spatial distribution of
IMERG Early has better correlation with IMERG Final (R = 0.91), compared to GFS, but suffers
from large overestimation bias over the entire eastern (and wet) part of the watershed (Figure
11.2). In terms of monthly rainfall values (Figure. 11.3), IMERG Early outperforms GFS over
the two watersheds where GFS has relatively poor performance (Hardap and Vaal), but GFS
outperforms IMERG Early over the other two watersheds where GFS has intermediate skill
(Kalkfontein and Erfenis). In terms of annual rainfall values (Figure. 11.4), IMERG Early has
overestimation bias at all sites, with GFS outperforming IMERG Early at all watersheds except
for Vaal watershed where IMERG Early has lower overestimation bias then IMERG Early. As
far as the daily time series of rainfall is concerned, IMERG Early has good agreement with
IMERG Final (Figure. 11.5). In terms of KGE, IMERG Early outperforms GFS over the two
watersheds (Hardap and Vaal) where GFS shows poor skills, but GFS outperforms IMERG Early
over the other two watersheds (Kalkfontein and Erfenis) where GFS shows intermediate skills.
The reason for the relatively low performance of IMERG Early over Kalkfontein and Erfenis can

be attributed to the high bias in IMERG Early.
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11.2.10 Performance of GFS if the Reference Product is Changed from IMERG Final to

CHIRPS

We acknowledge that the reference dataset used in our evaluation (i.e., IMERG Final) has
its own estimation errors. We conducted additional assessment to evaluate the performance of
GFS using CHIRPS rainfall products as reference. Table 11.2 shows the performance statistics of
GEFS for different lead times, using IMERG Final and CHIRPS, separately, rainfall products as
reference. The overall magnitude of GFS performance (as well as the variability of the
performance across watersheds) is similar when either rainfall product is used as a reference.
Both reference products reveal that the GFS forecast has low skill in the Hardap and Vaal
watersheds, but relatively better skill in the Kalkfontein and Erfenis watersheds. The GFS
performances using IMERG Final and CHIRPS are similar for the three watersheds located in
the eastern (and wet) parts of the watershed. However, the GFS performance with CHIRPS as
reference is found to be worse than with IMERG Final as reference for the western (and dry)
watershed, Hardap, which has very low skill even with IMERG Final as reference. Therefore,
our results show that the overall performance of GFS remains the same if the reference product
were to be changed from IMERG Final to CHIRPS, indicating the robustness of IMERG Final as

reference product.
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Table 11.2 Performance statistics of daily GFS forecast over the four major dam watersheds of the
Orange River Basin. for various lead times (1-day, 5-day, 10-day, and 15-day) using IMERG Final
(CHIRPS) rainfall products as reference, in terms of correlation, bias ratio, and NRMSE.

Lead time of GFS  Correlation Bias Ratio KGE NRMSE (%)
forecast
Hardap
1-day 0.25(0.21) 0.86 (1.95) 0.21 (-0.24) 270 (575)
5-day 0.06 (0.20) 0.54 (1.22) -0.21 (0.11) 311 (508)
10-day 0.15(0.15) 0.94 (2.14) 0.12 (-0.42) 336 (656)
15-day 0.13 (0.06) 0.79 (1.78) 0.10 (-0.23) 300 (558)
Kalkfontein
1-day 0.64 (0.68) 1.01 (1.10) 0.64 (0.66) 180 (179)
5-day 0.38 (0.22) 0.81 (0.89) 0.35(0.22) 214 (246)
10-day -0.02 (-0.03) 0.78 (0.85) -0.04 (-0.04) 267 (276)
15-day 0.05 (0.05) 0.89 (0.98) 0.04 (0.04) 273 (285)
Erfenis
1-day 0.53 (0.55) 1.17 (1.22) 0.50 (0.50) 182 (185)
5-day 0.25 (0.26) 1.46 (1.52) 0.12 (0.09) 260 (269)
10-day -0.02 (-0.03) 1.25 (1.30) -0.04 (-0.07) 274 (285)
15-day -0.09 (-0.08) 1.39 (1.45) -0.16 (-0.17) 287 (294)
Vaal

1-day 0.65 (0.64) 1.53 (1.42) 0.36 (0.44) 185 (173)
5-day 0.45 (0.45) 2.05(1.91) -0.21 (-0.09) 259 (242)
10-day 0.12 (0.11) 1.93 (1.80) -0.28 (-0.20) 324 (306)
15-day 0.01 (0.07) 1.99 (1.85) -0.44 (0.31) 288 (265)

11.3 Conclusions

We evaluated the accuracy of medium-range (1-day to 15-day lead time) forecasts
available from the Global Forecast System (GFS) in the Orange River Basin, focusing on some
of its major dams, namely, Hardap, Kalkfontein, Erfenis, and Vaal. While Hardap is located in
the dry (and western) parts of the watersheds, the remaining three dams are located in the wet
(and eastern) parts of the watershed. The evaluation is done using the satellite-gauge merged
rainfall product IMERG Final as reference, and additional analysis is conducted by changing the
reference product to CHIRPS. Additionally, the performance of GFS is compared to the
performance of the near-real time, satellite-only rainfall product, IMERG Early, to see if IMERG

Early has the potential to be used in post-processing of GFS.
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Our results show the following:

The 1-day lead GFS forecast captures the west-east gradient in rainfall, but tends
to overestimate in the eastern parts of the region. The 1-day lead GFS
overestimates over the watershed located in the far eastern part of the watershed
(Vaal) by about 53%, while the bias over the other three watersheds is in the
range -13% to 17%.

The correlation between the daily watershed-averaged 1-day lead GFS forecast
and IMERG Final is relatively high in the eastern (and wet) watersheds
(Kalkfontein, Erfenis, and Vaal), with correlation ranging from 0.55 to 0.67, but is
low in the western (and dry) watershed (Hardap) with correlation of 0.26.

The KGE of 1-day lead GFS forecast is low (KGE = 0.24) in the western
(Hardap) due to the low correlation and (KGE = 0.37) in the far eastern (Vaal)
due to its high bias, whereas it is relatively higher (KGE = 0.52 and 0.65) in the
remaining two watersheds (Erfenis and Kalkfontein, respectively).

The KGE forecast accuracy decreases as the lead time increases. The KGE values
are relatively high for 1-day lead time, and drop sharply about 5-day lead time,
beyond which they remain about the same.

Aggregating the forecasts from daily to longer timescales (say 15-day
accumulation) decreases the performance of GFS forecasts. This indicates that the
reduction in random error expected by aggregating forecasts over long time scale
is dominated by the increasing error that comes with introducing the lead time of

forecasts.
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e While IMERG Early has better performance than GFS over the two watersheds
where GFS gives low KGE values (Hardap and Vaal), IMERG Early has lower
performance than GFS over the watersheds where GFS gives higher KGE values
((Erfenis and Kalkfontein) due to the high bias of IMERG Early estimates over

the latter two watersheds.

Therefore, we conclude that the accuracy of GFS forecasts in the Orange River Basin
depends on the location of the watershed as well as the lead time and aggregation temporal scale.
The accuracy is relatively low over the dry (western) and far eastern (wet) parts of the watershed,
while it is relatively higher in the eastern parts of the watershed. The high bias of IMERG Early
in the eastern watershed implies that bias removal of IMERG Early needs to be conducted before

its usage in any potential post-processing of GFS forecasts based on IMERG Early datasets.
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CHAPTER 12

Conclusion

The main objective of this dissertation was to improve the understanding of the
performance of recently updated short-range and medium-range precipitation forecasts: (1) the
assessment of HRRR, a short-range precipitation forecasts product for early extreme events
warning in US, and (2) the assessment of GFS, a medium-range precipitation forecasts product
for reservoir management in Africa. The motivation of this dissertation arises from the need to
evaluate the skills of short-range and medium-range forecasts so they can be used in confidence
in applications, such as early flood warning and reservoir management, and to identify the
strengths and drawbacks of the current forecast quality in order to provide valuable insights to
algorithm developers and product users. In this section, a summary of the conclusion drawn from

the research described in Chapter 3 through Chapter 11 is presented.

12.1 Conclusion from the Evaluation of Short-Range Forecasts

This study evaluated the accuracy of short-range (lead times ranging from 1 h to 18 h)
forecasts, for five extreme events in the United States which covered two frontal storms and two
hurricanes: the September 21-23, 2016, frontal storms in lowa, (2) the April 28-May 1, 2017,
frontal storms in the Southern Midwestern US, (3) the August 25-31, 2017, Hurricane Harvey
storms in Texas, (4) the September 13-17, 2018, Hurricane Florence storms, and (5) the
September 4-6, 2019, Hurricane Dorian storms in the Carolinas. The basis of the investigation
was the HRRR operational forecasts, which are used as input into the National Weather Service’
National Water Model (NWM). Evaluation of the forecasts was carried out by comparison with

high-quality and independent rainfall observational products known as the gauge-corrected
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Multi-Radar/Multi-Sensor (MRMS-GC). The main results are summarized as follows.

There was a good agreement between area-averaged forecasts and observations,
on an hourly scale. However, the forecasts were mostly biased. The forecasts tend
to overestimate rainfall for both hurricanes. However, the forecasts tend to
underestimate the frontal storm in Iowa but produced almost unbiased estimates
for the Southern Midwestern US.

The forecasts were able to capture the spatial pattern of hurricanes, albeit with
overestimation. However, the forecasts produced too many, localized, high-rain
intensities for the frontal storms. In addition, the forecasts have difficulty locating
the single supercell for the frontal storm in lowa.

With regard to the effect of lead time, the 1 h lead forecast had lower accuracy
compared to the other lead-time forecasts. For lead times ranging from 2 h to 18
h, there was not much systematic difference in accuracy among the various lead-
time forecasts.

The bias estimates for the small spatial scale varied quite a lot, mostly within the
range of -100% to +100%, indicating that the bias estimates obtained at large
scale (hundreds of km grids) are not applicable to bias estimates at smaller spatial
scales, and vice versa. The bias did not also show significant reduction as the

rainfall averaging grid increases from 2 km x 2 km all the way to 32 km x 32 km.

In conclusion, the results of our investigation show that the forecasts captured well the

temporal variability of observed precipitation, indicating that the HRRR forecasts provide

relatively reliable forecasts. In comparison, the forecasts have better accuracy for predicting

hurricanes compared to frontal storms, particularly those frontal storms with single super cells.
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Our results also show that the 1-h lead forecasts showed generally lower accuracy than the other

lead-time forecasts.

Finally, we point out that, although the selected storm cases are interesting from
meteorological perspective, they are small in number. Thus, the findings of this study can only
provide a first insight into the accuracy of HRRR forecasts for extreme precipitation. Additional
analysis involving more storm cases and mechanistic approaches needs to be carried out in order

to generalize the results.

12.2 Conclusion from the Evaluation of Medium-Range Forecasts

In Chapter 4 through Chapter 11, the performance of Global Forecast System (GFS) was
evaluated over eight transboundary river basins (Nile, Niger, Volta, Senegal, Congo, Zambezi,
Limpopo and Orange River Basin) in Africa using satellite-gauge merged precipitation
observations, namely IMERG and CHIRPS. A couple of sub-basins in each river basin are
defined here on the basis of major reservoir dam locations. The main results are summarized as

follows.

e The performance of GFS varies in different regions. GFS forecasts have
“intermediate” or “poor” skills over West Africa, East Africa and Southern Africa
while GFS has “very poor” KGE scores over Central Africa (see also Figure.
12.1).

e The GFS has large overestimation bias in most cases, except for the watersheds in

the dry regions (see also Figure. 12.2).
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In terms of capturing the temporal dynamics of observed watershed-averaged
precipitation, the majority of the watersheds show “intermediate” or “poor”
correlation for GFS (see also Figure. 12.3).

The GFS forecast accuracy decreases as the lead time increases, but the rate of
decrement depends on the region.

Aggregating the forecasts at temporal scales (1-day to 15-day) may increase or
decrease the performance of GFS forecasts, depending on the region (see Figure.
12.4).

IMERG Early has complimentary advantages over GFS in most basins (see
Figure. 12.5). Given that IMERG Early outperforms GFS, we recommend testing
the suitability of IMERG Early to serve as input into post-processing of GFS in

order to improve the accuracy of GFS forecasts.
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Figure 12.1 Summary of Kling-Gupta Efficiency KGE of 1-day lead GFS forecasts for different dam
watersheds in Africa.

209



40° S

20°S
Bias Ratio

Q ® 04~0.8
3 08~12
g 0 12~16
- e 16~24

20°S

20°W 0 20°E 20°E

Longitude

Figure 12.2 Summary of bias ratio of 1-day lead GFS forecasts for different dam watersheds in Africa.
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Figure 12.3 Summary of correlation of 1-day lead GFS forecasts for different dam watersheds in Africa.
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Figure 12.4 Comparison of KGE scores of 1-day lead GFS and 15-day accumulated GFS
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Figure 12.5 Comparison of KGE scores of 1-day lead GFS and IMERG Early
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Appendix A

This appendix provides supporting information for Chapter 2.
This chapter has been accepted in the Journal of Hydrometeorology. © American Meteorological

Society. Used with permission.

Yue, H., Gebremichael, M. and Nourani, V., 2021. Evaluation of Global Forecast System (GFS)
Medium-Range Precipitation Forecasts in the Nile River Basin. Journal of Hydrometeorology.

accepted. doi: 10.1175/JHM-D-21-0110.1
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Figure A6. Variability ratio for GFS precipitation compared to IMERG Final, for accumulation

time scales of 1-day, 5-day, 10-day, and 15-day, and at different spatial scales, for each Nile sub-
basin.
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