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s u m m a r y

Hydrologic model forecasts are commonly biased in watersheds where water use and regulation activi-
ties cause flow alterations. Furthermore, direct accounting of such biases in forecast preparation is
impractical as the information required is extensive and usually unavailable. This article introduces a
new method to characterize the aggregate flow alteration biases and associated uncertainty in water-
sheds with important but largely undocumented water use and regulation activities. It also uses these
assessments to adjust the ensemble streamflow predictions at downstream locations. The method
includes procedures to (a) detect the presence of significant upstream regulation and water use influ-
ences; (b) correct the ensemble streamflow predictions and associated uncertainty for any biases in peri-
ods when such influences are detectable; and (c) assess the adjusted forecast reliability improvements.
Applications in three watersheds of the American River in California demonstrate that the new method
leads to significant forecast skill improvements and is also readily applicable to other regions.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

In watersheds with appreciable water use and regulation
(including storage reservoirs, in-stream withdrawals, and/or inter-
basin water transfers), the development of reliable Ensemble
Streamflow Predictions (ESP) at downstream locations requires
characterization and incorporation of the expected streamflow
alterations from natural conditions and their associated uncer-
tainty. Streamflow alterations can be incorporated if, as part of the
ESP forecast generation process, water use and regulation activities
are represented with sufficient accuracy. This approach can be
effective in watersheds where flow alterations occur due to large,
main stem river projects and well documented water use activities,
but it becomes impractical where flow alterations result from many
small and/or medium scale storage projects and water use activities
distributed throughout the watershed. In the latter cases, compre-
hensive information on reservoir filling and depletion, water with-
drawals and returns, and/or water transfers is both not readily
available and subject to change from year to year, adding bias and

uncertainty to the flow forecasts. This article introduces procedures
to characterize the aggregate flow alteration biases and uncertainty
in watersheds in the latter category and incorporate them in ensem-
ble streamflow predictions at downstream points. The research fol-
lows recent National Research Council recommendations for
making hydrometeorological forecasts more valuable for decision
makers (e.g., NRC, 2006). The value of reliable uncertainty measures
for downstream regulation has been shown in several earlier stud-
ies of the authors (e.g., Graham and Georgakakos, 2010;
Georgakakos and Graham, 2008; Georgakakos and Krzysztofowicz,
2001; Georgakakos et al., 1998; Yao and Georgakakos, 2001;
Kistenmacher and Georgakakos, in preparation).

The approach includes procedures to (a) detect the presence of
significant upstream regulation and water use influences; (b) cor-
rect the ensemble streamflow predictions and associated uncer-
tainty for any biases during periods when upstream regulation
and water use influences are detected; and (c) assess the forecast
reliability improvements. Validation results are reported for three
California watersheds. The forecast adjustment approach has been
developed for operational use in routine forecast operations of the
U.S. National Weather Service River Forecast Centers.

The following sections describe the modeling framework, case
study basins and available hydrologic and forecast data, procedure
to detect whether upstream storage effects and transfers are signif-
icant, models used to account for upstream water use and

http://dx.doi.org/10.1016/j.jhydrol.2014.06.044
0022-1694/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +1 (404)894 2240.
E-mail addresses: Aris.Georgakakos@ce.gatech.edu (A.P. Georgakakos), Huaming.

Yao@ce.gatech.edu (H. Yao), KGeorgakakos@hrc-lab.org (K.P. Georgakakos).
1 Tel.: +1 (404)894 0313.
2 Tel.: +1 (858)461 4560.

Journal of Hydrology 519 (2014) 2952–2966

Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier .com/locate / jhydrol

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2014.06.044&domain=pdf
http://dx.doi.org/10.1016/j.jhydrol.2014.06.044
mailto:Aris.Georgakakos@ce.gatech.edu
mailto:Huaming.Yao@ce.gatech.edu
mailto:Huaming.Yao@ce.gatech.edu
mailto:KGeorgakakos@hrc-lab.org
http://dx.doi.org/10.1016/j.jhydrol.2014.06.044
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol


regulation influences and bias adjustment, and validation results
for three watersheds of the American River in California. The article
concludes with a summary of research findings and
recommendations.

2. Typical data and modeling framework

The need for forecast modification comes about because of the
cumulative flow alteration that distributed water uses (within a
watershed) exert on watershed outflow. Typical water uses may
include water supply for irrigation, domestic, or industrial use;
small hydro-plant operation; and low flow augmentation for envi-
ronmental and ecosystem sustainability. Some of the uses are con-
sumptive, having direct impact on the quantity of available water,
while others modify the timing of the natural flows. Our approach
addresses situations where such water uses are enabled by (a)
direct water withdrawals and use without storage facilities, (b)
water transfers in or out of the watershed, and (c) several small
and/or medium size storage facilities distributed across the
watershed. Watersheds in which seasonal or over-year water use
and regulation occurs primarily at a few major storage facilities
or other water works can also be addressed, but this approach is
not expected to be as effective as detailed simulation of the phys-
ical plants and regulation procedures Figs. 1 and 2 show the unim-
paired (blue3 line) and observed daily outflows (red line) for a
typical year at the outlets of the Middle and North Fork watersheds
on the American River (California). The unimpaired flow (also
referred to as full natural flow) data series represents watershed out-
flow that would have occurred in the absence of upstream water use
and regulation, and it is usually generated by hydrologic models dri-
ven by observed precipitation and evapotranspiration sequences.
Unimpaired flows can also be reconstructed from observed flows
by adding back known net water withdrawals and regulation effects.

These figures illustrate (a) the type of information that is gener-
ally available for assessing the presence of upstream regulation
and (b) the need for a general modeling approach applicable to
watersheds with and without apparent upstream regulation. Typ-
ically, the available information includes:

- Daily or sub-daily flow observations at the watershed outlet.
- Unimpaired watershed outflow sequences, either model

generated (based on contemporaneous data of watershed

precipitation, temperature, evapotranspiration, and flow) or
reconstructed from observed outflows and knowledge of exist-
ing water uses.

- Anecdotal or quantitative information (obtained by water agen-
cies and other stakeholders) on the nature, timing, and quanti-
ties of water uses and transfers (be they exports or imports),
release rules for some of the existing storage facilities, and
instream flow requirements.

The approach described herein aims to be widely applicable and
relies primarily on the first two information categories. If available,
information of the third category can be used to further ascertain
and validate the exploratory data analysis.

Furthermore, Figs. 1 and 2 show that forecast adjustment can be
beneficial for watersheds with and without upstream regulation.
The North Fork watershed in Fig. 2 exemplifies a case without obvi-
ous upstream regulation effects, while the Middle Fork watershed
in Fig. 1 clearly exhibits significant seasonal regulation.

As mentioned earlier, upstream regulation may also include
flow alterations that do not entail storage regulation such as direct
water use, imports, and/or exports. Such alterations become part of
the biases between observed and ‘‘natural’’ outflows and are not
easily distinguishable. In such cases, Regression and/or Neural Net-
work models are well suited for bias removal and forecast correc-
tion (Wilks, 2006).

The watershed of Fig. 1 exhibits three distinct time periods: a
spring storage filling period where unimpaired flows consistently
exceed observed flows, a summer storage release period where
observed flows are clearly augmented with respect to unimpaired
flows, and the rest of the year where observed and unimpaired
flows are not appreciably different. In such watersheds, the extent
and duration of flow augmentation depends on the available aggre-
gate storage, which, in turn, depends on the antecedent hydrologic
conditions. This type of dynamic flow alteration involves more
than seasonal flow biases and cannot be fully captured by Regres-
sion and Neural Network models. In this work, such cases are han-
dled by an aggregate storage model calibrated to represent the
watershed storage filling and depletion process and the transfer
of water from the wet to the dry season. Regression and Neural
Network models are still potentially useful in the third period,
where storage regulation effects are insignificant.

Thus, the proposed modeling framework is designed to utilize
different modeling approaches depending on the existing
upstream regulation type and time of the year. Fig. 3 schematically
summarizes the modeling framework logic and main components.
The modeling framework includes (i) testing for the existence, if

Fig. 1. Comparison of unimpaired and observed outflows; Middle Fork, 1987.

3 For interpretation of color in Figs. 1, 2, 6 and 7, the reader is referred to the web
version of this article.
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