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Chapter 1

Introduction

The objective of this study is to evaluate precipitation gage network al-
ternatives for the New York City Department of Environmental Protection
(DEP). The study area covers the six west-of-Hudson (WOH) catchments in
the Catskill Mountains.

The evaluation of precipitation gage networks examines three sets of al-
ternatives: (1) random networks, (2) stratified networks, and (3) site-specific
networks. Random siting of precipitation gages within the study area is the
least efficient way of sampling precipitation (i.e., largest number of gages for
a specified level of estimation uncertainty). In contrast, constructing a strati-
fied network with precipitation gages located on a uniform grid is an efficient
way of sampling. Although neither of these two alternatives is achievable
in practice, the results show the approximate bounds to the estimation un-
certainty associated with various network densities. Site-specific networks
were also evaluate three cases corresponding to (1) the existing network of
hydrometeorological stations, (2) the siting of additional gages at convenient
locations (schools) through the watershed, and (3) the siting of gages where
existing DEP rainspotters make measurements of daily precipitation.

A simulation approach is used to evaluate precipitation gage network al-
ternatives. First, the true precipitation field over the catchments is simulated
for a collection of storm events. The locations of the precipitation gages for a
network alternative are used to simulate the measured precipitation at each
gage. The gage measurements are then used to estimate precipitation accu-
mulations for the catchments in the WOH study area. The gage estimates
are compared to the true precipitation accumulations to evaluate the errors
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and uncertainty for each network alternative.

The true precipitation field for the catchments are simulated using radar
precipitation data sets. The data sets were developed as part of this project
using data from three WSR-88D (Weather Surveillance Radar-1988 Doppler)
radars. These radars are part of the National Weather Service (NWS)
NEXRAD (Next Generation Weather Radar) system of weather radars that
were recently installed and commissioned (in 1995) as part of the moderniza-
tion of the NWS. This report serves as a demonstration of the use of these
radar precipitation data sets in water resource applications.
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Chapter 2

Experimental Design

Precipitation gage network design is a problem that has received considerable
attention [for review, see Bras and Rodriguez-Iturbe, 1985]. Recently, two
major technological advances have occurred which necessitate reexamination
of the network design problem: (1) the advent of sophisticated Geographic
Information Systems (GIS); and (2) the deployment of the NEXRAD network
of WSR-88D (Weather Surveillance Radar - 1988 Doppler) rainfall radars
across the United States [Klazura and Imy, 1993]. GIS facilitates the use of
information on topography, roads, land use, land ownership, etc., to constrain
raingage locations for a given network design. WSR-88D radars may serve
both as a source of test data for raingage-only estimation or as a source of
supplementary data which may be combined with the gage data [for example,
see Krajewski, 1987].

In this study, both GIS and WSR-88D technologies are employed in a
simulation approach to evaluate precipitation gage network alternatives. The
network alternatives include exhaustive sets of configurations developed for
a wide range of gage densities. The results for these alternatives help to
define the variations in precipitation estimation uncertainty as a function of
gage density. Other alternatives examine existing networks and additional
gages that are being considered for augmenting the existing network. The
following sections briefly summarize relevant previous work and describe the
technical methods used in the simulation study and the precipitation gage
network alternatives that are examined.
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2.1 Literature Review

Past work on raingage network design has focused either on hypothetical
models of the rainfall process [Rodriguez-Iturbe and Mejfa, 1974; Peters-
Lidard and Wood, 1994] or on high resolution rainfall data from dense net-
works or rainfall radars [Huff, 1970; Seed and Austin, 1990; Fontaine, 1991].
These and other previous work found that area average rainfall intensity
estimated by a raingage network is subject to various sources of error: 1.
inadequate temporal resolution, 2. inadequate spatial coverage or configura-
tion, 3. inadequate gage density, and 4. instrument error. Instrument error,
caused by such factors as wind, turbulence and local topography, can never
be completely avoided, but careful, consistent placement and design of rain-
gages can significantly decrease the magnitude of instrument errors relative
to those from other sources. As Huff [1970] discusses, spatial and temporal
errors vary with areal mean precipitation, storm duration, sampling area and
gage density within each grouping. Fontaine [1991] further concludes that
“gage density appears to be the most influential factor in areal mean precipi-
tation error”, but that gage arrangement is also significant. Using radar data
in Florida and South Africa, Seed and Austin [1990] found that estimation
error variance increases with a random raingage network relative to a regu-
lar one. They also found that the mean standard error is a function of both
network and rainfield characteristics, i.e. gage density, areal rain fraction and
the ratio of the standard deviation to the mean of the non-zero fraction of
the rainfield.

Rodriguez-Iturbe and Mejia [1974] applied a hypothetical analytical model
of rainfall to present estimates of estimation variance as a function of gage
density, area of interest, correlation length scale of the rainfall process and
variance of the rainfall process. Their work considers both long-term and
event rainfall as well as both stratified and random sampling designs. Peters-
Lidard and Wood [1994] extended the work of Rodriguez-Iturbe and Mejia
[1974] to include events with anisotropic, time-dependent correlation struc-
tures and hierarchical clustering behavior. Both of these theory-based inves-
tigations corroborate the data-based investigations above by demonstrating
that for a given area of interest, errors decrease with increasing gage density
and increasing correlation length of the precipitation process. Simply stated,
the more homogeneous the rainfall pattern (i.e. frontal versus convective)
and the denser the network, the better the rainfall estimate will be.
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2.2 Technical Methods

Based on previous work as described above, we designed a set of experiments
based on three principles: (1) using gage density as the major design variable
since that has been shown to be the most significant factor in determining
network accuracy; (2) examining the range of errors produced by random,
stratified and site-specific networks; and (3) looking at estimation error for
large events such as would be primary candidates as input to rainfall-runoff,
erosion, sediment transport and water quality models. The experiments car-
ried out to evaluate precipitation gage network alternatives are based on
simulation. The idea is to evaluate the performance of the network assuming
that the gages are in place and in operation. If observations at the gages were
available, and if the true precipitation field were known, then the errors in
the estimates of areal average precipitation for specific watersheds or regions
could be determined.

Of course, no gage observations are available until after the gages have
been installed. Also, the true precipitation is never known. Still, it is pos-
sible to generate realistic precipitation fields, which for the purposes of the
experiment, are assumed to be the “true precipitation”. In addition, realistic
“observations” for the gages can be assigned based on the true precipitation
field. Therefore, in this hypothetical world with where the true precipitation
field is known and gage observations are available, the errors in the areal
average precipitation estimates for the precipitation gage network can be de-
termined exactly. By characterizing the errors for networks with different
numbers of gage and strategies for gage siting, the tradeoffs between gaging
costs and desired accuracy can be assessed. The steps required to carry out
the experiments are described below.

Simulate the true precipitation field for storm events.  As discussed
above, previous authors have employed stochastic rainfall generation models
[e.g. Peters-Lidard and Wood, 1994] or high-resolution gage or radar data
[e.g. Seed and Austin, 1990] for this purpose. In this study, radar precipita-
tion data sets from NEXRAD weather radars are used to simulate the true
precipitation field. This task is discussed in Chapter 3.

Identify the location of precipitation gages for each hypothetical
network. In order to examine a range of possible estimation errors, three
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CHAPTER 2. EXPERIMENTAL DESIGN 8

sets of networks were chosen. The random networks consist of gages randomly
sited within the region. The stratified networks consist of a uniform grid of
gages sited within the region. The site-specific networks consist of a collection
of existing gages, as well as a collection of sites identified by DEP where

new gages are being considered. These networks are discussed later in this
chapter.

Simulate the gage precipitation for each storm. The precipitation
measurement at each gage is simulated based on the true precipitation field.
The simulation accounts for the mismatch between the true areal average pre-
cipitation (obtained using the NEXRAD radar precipitation) and the point

sampling of a gage. The simulation of the gage precipitation is discussed in
Chapter 3.

Estimate the areal average precipitation for subcatchment areas.
A variety of methods can be used to estimate mean area precipitation using
a set of gage measurements. These include the Thiessen polygon method,
distance weighting methods, and optimal spatial interpolation methods (e.g.,
kriging). However, the method used for estimation will have less an impact on
the uncertainty of precipitation estimates than the location and the density
of the gages. Therefore, we used a distance weighting method (like those
used in NEXRAD precipitation processing) for the experiments.

Compare the areal average precipitation estimates with the true
precipitation. The comparison is based on both various statistical char-
acteristics (i.e., the bias, RMSE) and economic factors. The comparison also
evaluates how these characteristics depend on the density of precipitation
gages within the study area.

2.3 Network Configurations

Over 554 different precipitation gage networks are evaluated for the WOH
catchments using the experimental framework. The three sets of networks
examined are described below.
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2.3.1 Random Networks

Random networks are networks where gages are sited within the region at
random. No consideration is given to whether the site is suitable for gage
installation. Hence, randomly sited gages may be located at places that are
not easily accessible, on property where permission for installing a gage may
be difficult or impossible to obtain, or at sites with dense vegetation that may
adversely affect gage measurement. Furthermore, random gage siting can
result in clustering of two or more gages in close proximity, or in vast areas
where gages are absent. Still, considering random network alternatives is
important for determining the bounds of precipitation estimation uncertainty.
Random gage siting is an inefficient strategy for sampling precipitation; other
strategies are able to provide precipitation estimates with similar accuracy
with fewer gages. Therefore, the results for random networks provide an
upper limit to estimation uncertainty.

Table 2.3.1 shows the random network alternatives evaluated in this
study. Network alternatives are examined for 10 gage densities ranging from
0.00148 to 0.05318 gages/km?® (674.26 to 18.80 km?/gage). For each gage
density, between 10 and 40 alternatives are examined. This is done by gener-
ating multiple realizations of gage locations for each gage density. Figure 2.1
shows a single realization for a random network at the 0.05318 gages/km?
(highest density). Figure 2.2 shows a single realization for a random network
at the 0.00148 gages/km? (lowest density).

2.3.2 Stratified Networks

Stratified networks are networks where gages are sited within the region on
a uniform grid. As with random siting of network gages, no consideration is
given to whether the site is suitable for gage installation. However, stratified
networks avoid clustering of gages or areas with inadequate gage sampling.
As a result, stratified gage siting is an efficient strategy for sampling precipi-
tation; for regions without orographic or climatic variations in precipitation,
stratified network sampling is the most efficient strategy. Therefore, con-
sidering stratified network alternatives is also important for determining the
bounds of precipitation estimation uncertainty. The results for stratified net-
work provide an estimate of the fewest number of gages required to meet a
desired level of estimation uncertainty.
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(highest density).

Figure 2.1: Gage locations for a single realization for a random network with
2

a gage density of 0.05318 gages/km
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CHAPTER 2. EXPERIMENTAL DESIGN 11

Figure 2.2: Gage locations for a single realization for a random network with
a gage density of 0.00148 gages/km? (lowest density).
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Gage Approximate Approximate
Density Number of Gages Spacing
(#/km?) (km?/gage) Alternatives  in WOH (km)
0.00148 674.2600 40 6 25.97
0.00222 449.5067 40 9 21.20
0.00267 374.5889 40 11 19.35
0.00297 337.1300 40 12 18.36
0.00356 280.9417 40 15 16.76
0.00430 232.5034 40 18 15.25
0.00519 192.6457 40 21 13.88
0.00667 149.8356 40 27 12.24
0.01330 75.2100 15 55 8.67
0.05318 18.8025 10 218 4.34

Table 2.1: Random Gage Networks.

Table 2.2 shows the stratified network alternatives evaluated in this study.
Network alternatives are examined for 8 gage densities ranging from 0.00086
to 0.0548 gages/km? (1,166.86 to 18.25 km?/gage). For each gage density,
between 1 and 64 alternatives are examined. This is done by shifting the
location of the uniform grid in space to generate multiple realizations of gage
locations for each gage density. Figure 2.3 shows a single realization for
a stratified network at the 0.0548 gages/km? (highest density). Figure 2.4
shows a single realization for a stratified network at the 0.00086 gages/km?
(lowest density).

2.3.3 Site-Specific Networks

In addition to the random and stratified networks, six site-specific networks
are evaluated. The six networks are described in Table 2.3.

The first site-specific network is the historical gage network. It contains
gages that have been in operation and have compiled long records that could
be used for hydrologic analyses. Figure 2.5 shows the location of the gages
from the historical gage network. The available gages consist of cooperative
observer gages and a few hourly precipitation gages. Data from these gages
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Gage Approximate Approximate
Deunsity Number of (Gages Spacing

(#/km?) (km?/gage) Alternatives  in WOH (km)
0.00086  1166.8611 64 4 34.16
0.00120 833.3333 49 5 28.87
0.00152 657.8947 36 6 25.65
0.00219 456.6210 25 9 21.37
0.00343 291.5452 16 14 17.07
0.00609 164.2036 9 25 12.81
0.01370 72.9927 4 56 8.54
0.05480 18.2482 1 225 4.27

Table 2.2: Stratified Gage Networks.

Approximate

Number Deunsity

Case of Gages  (#/km?)  Description
1 23 0.00561 Historical Gage Network
2 16 0.00366 Gage Siting at Schools
3 28 0.00682 Gage Siting at Rainspotter Locations
4 39 0.00926 Historical and Schoo! Sites
3 a3l 0.01240 Historical and Rainspotter Sites
6 67 0.01610 Historical, School, and Rainspotter Sites

Table 2.3: Site-Specific Gage Networks.
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Figure 2.3: Gage locations for a single realization for a stratified network
E with a gage density of 0.05480 gages/km? (highest density).
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Figure 2.4: Gage locations for a single realization for a stratified network
with a gage density of 0.00086 gages/km? (lowest density)
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are compiled and maintained by the National Climatic Data Center.

Figure 2.5: Gage locations for the historical gage network (Site-Specific Net-
work No. 1).

The second site-specific network consists of gages located at schools within
the WOH watershed. Figure 2.6 shows the location of the gages in this net-
work. This network scenario implies the siting of new gages in areas with
easy access, near existing roads and structures, and in open areas near rel-
atively developed portions of the watershed. These sites are usually located
in the valleys rather than at high elevation, which can affect sampling char-
acteristics.

The third site-specific network contains a set of gages located approxi-
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Figure 2.6: Gage locations for a network at schools in the watershed (Site-
¢ Specific Network No. 2).
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mately at current DEP rainspotter sites. The DEP rainspotters are water-
shed residents and groups who collect daily precipitation data and report ob-
servations to DEP. Figure 2.7 shows the location of the gages in this network.
The data collected from this volunteer group varies in quality. Installation of
additional gages at these sites could improve data quality. However, there are
also more difficulties in siting gages at some of these locations, which could
require some effort to win approval and permission for using these sites.

Figure 2.7: Gage locations for a network at DEP rainspotter sites (Site-
Specific Network No. 3).

The final three site-specific networks are combinations of the first three
networks. The fourth network consists of the historical gages and the gages
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located at schools within the WOH watershed (Cases 1 and 2). The fifth
network consists of the historical gages and the gages located at current DEP
rainspotter sites (Cases 1 and 3). The sixth network consists the historical

gages and the gages located at both the schools and the rainspotter sites
(Cases 1, 2, and 3).
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Chapter 3

Precipitation Simulation

This chapter describes the precipitation data sets and the methods used to
simulate precipitation fields for this precipitation gage network design study.
The “true” precipitation fields for storm events are simulated using NEXRAD
radar precipitation estimates. The NEXRAD estimates for three radars are
combined to represent the spatial precipitation patterns for the storm events.
Hourly gage precipitation for existing gages in the Catskill Mountains near
the WOH catchments are used to adjust radar accumulations to account for
systematic underestimation by the radars. The gage observations are also
used to estimate model parameters for simulating precipitation for at gages
for the network alternatives. Climatological precipitation estimates of mean
monthly and annual precipitation from an statistical-topographic analysis of
existing gage observations are used to evaluate the potential biases in gage
precipitation estimates over the region. The following sections describe the
precipitation data sets and the simulation methods in detail.

3.1 NEXRAD Radar Precipitation Data Sets

The Catskill Mountains are under the umbrella of three WSR-88D (Weather
Surveillance Radar - 1988 Doppler) radars (see Figure 3.1). The radars are
located at National Weather Service (NWS) Forecast Offices at Albany (East
Berne), Binghamton, and New York City (Upton) (see Table 3.1). The Al-
bany and Binghamton radars are located in the Appalachian Mountains at
relatively high elevations. The New York City radar is located on Long Is-

20
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land, and its 230 km range extends into the Catskill Mountains over a portion
of the WOH catchments. These three radars are part of the NEXRAD (Next
Generation Weather Radar) system of weather radars, and were recently in-
stalled and commissioned (in early 1995) as part of the modernization of the

NWS.

Figure 3.1: Topography surrounding the Binghamton (BGM), Albany
(ENX), and New York City (OKX) radars.

WSR-88D radars produce enormous amounts of data on precipitation and
other weather-related phenomena. Crum et al. [1993] describe the collection
and archiving of WSR-88D data by the NWS, and Klazura and Imy [1993]
provide a detailed list of WSR-88D products that are produced. Hourly
digital precipitation (HDP) products [Smith et al., 1996a] collected over a
24-month period from August 5, 1996, through July 31, 1998, are used in this
precipitation gage network design study. The HDP product is a radar-only
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Operations Elev
ID  Radar Begin Latitude Longitude (m)
ENX Albany 4/14/95  42° 35 11" N 74° 03’ 50" W 557

BGM Binghamton 3/16/95  42° 11' 59" N 75° 59’ 05" W 490
OKX New York City 1/26/95 41° 51’ 56" N 72° 51 50" W 26

Table 3.1: WSR-88D weather radars covering the Catskill Mountains and
the West-of-Hudson catchments.

estimate of hourly accumulation. Estimates are made over the NWS Hydro-
logic Rainfall Analysis Project (HRAP), where each grid cell is approximately
4x4 km. The HRAP grid is a polar stereographic projection that conforms
to a 1/40th limited fined mesh (LFM) grid used by the NWS in numerical
weather prediction [Reed and Maidment, 1998]. The HDP products used in
this study are compiled and archived at Princeton University. To facilitate
data analyses, the HDP products were converted to a compact run-length
encoded format [Kruger and Krajewski, 1997]. The encoded product has
been distributed to the DEP as part of this project.

3.1.1 NEXRAD Radar Precipitation Evaluation

An evaluation of the HDP products for these three radars has been carried
out by Young et al. [1998] and Bradley et al. [1998]. These investigations
show that the complex mountainous terrain significantly affects radar precip-
itation estimation. One issue for the radars sited in the mountains (Albany
and Binghamton) is beam blockage due to surrounding terrain. Poor radar
detection of precipitation is another concern for the mountain radars. The
radar often misses periods of precipitation, especially during the cold season
and at long ranges from the radar. When precipitation is detected, radar-only
precipitation estimates often underestimate accumulations. This underesti-
mation occurs for all three radars, and has been observed in other regions as
well [Smith et al., 1996a).

The results of the evaluation have implications for use of the HDP prod-
ucts in the precipitation gage network design study. First, precipitation
detection problems are most prevalent when the precipitation is light. Light
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precipitation is often associated with low shallow clouds near the earth’s
surface. The radar beam overshoots the precipitating clouds due to beam
blockage and increases in the beam altitude with range from the radar. How-
ever, with heavier precipitation resulting from deep clouds, beam overshoot
is less likely and the precipitation detection is higher. Since precipitation
estimates for heavier precipitation events are more reliable, this study will
utilize a set of events made up of the largest observed accumulations to sim-
ulate the precipitation fields over the region. Fortunately, these events are
most important for the design of a precipitation gage network, and are also
of greatest interest for characterizing hydrologic and water quality conditions
in the WOH catchments.

A second consideration is the effect of beam blockage over the Catskill
Mountains. Each radar suffers from some form blockage, including the New
York City radar, which is blocked by a tower located near the radar antenna.
The radar precipitation estimates also have biases that vary with range from
the radar. Therefore, merging of the radar precipitation estimates over the
Catskill region may help in dealing with these spatially variable biases, and
improve simulation of precipitation fields over the area. Experiments are
carried out to examine the sensitivity of the precipitation gage network design
estimates to these potential biases of simulated precipitation fields.

Finally, the underestimation of the precipitation by the radar-only prod-
ucts affects the magnitude of precipitation over the WOH catchments. To
compensate for systematic biases, NWS River Forecast Centers (RFCs) use
procedures for merging radar and gage precipitation. The resulting multi-
sensor precipitation product is used for operational hydrologic analyses. In
this study, gage precipitation was used near the Catskill Mountain region to
scale radar precipitation totals to account for the mean field biases over the
region. Although more sophisticated methods are needed for quantitative
precipitation estimation, the simple bias correction scheme should provide
reasonable precipitation values for use in precipitation gage network design.

3.1.2 Selection of Events for Network Design

The gage network design study utilizes a set of 13 storm events to examine
precipitation estimation over the WOH catchments. The storms are listed
in Table 3.2. The selection of these events was done through an analysis of
the radar precipitation accumulations. First, independent storm events were







