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CHAPTER 1 

INTRODUCTION 

T h e object ive of this s tudy is to evaluate precipi ta t ion gage network al­
te rna t ives for t h e New York City D e p a r t m e n t of Env i ronmenta l Pro tec t ion 
( D E P ) . T h e s tudy area covers t he six west-of-Hudson ( W O H ) ca t chmen t s in 
t h e Catski l l Mounta ins . 

T h e evaluat ion of precipi ta t ion gage networks examines th ree sets of al­
te rna t ives : (1) r andom networks, (2) stratified networks, and (3) site-specific 
ne tworks . R a n d o m siting of precipi ta t ion gages within t he s tudy area is t he 
least efficient way of sampling precipi ta t ion (i.e., largest n u m b e r of gages for 
a specified level of es t imat ion uncer ta in ty) . In contras t , cons t ruc t ing a s t ra t i ­
fied network wi th precipi ta t ion gages located on a uniform grid is an efficient 
way of sampl ing. Al though nei ther of these two a l ternat ives is achievable 
in prac t ice , t he results show the approx imate bounds to t he es t imat ion un­
cer ta in ty associated with various network densities. Site-specific networks 
were also evaluate three cases corresponding to (1) the exist ing network of 
hydrometeorological s ta t ions , (2) t h e siting of addi t ional gages at convenient 
locat ions (schools) th rough the watershed, and (3) t h e si t ing of gages where 
exist ing D E P ra inspot te rs m a k e measurements of daily precipi ta t ion. 

A s imulat ion approach is used to evaluate precipi ta t ion gage network al­
te rna t ives . Fi rs t , t he t rue precipi ta t ion field over t he ca tchments is s imulated 
for a collection of s to rm events . T h e locations of t he precipi ta t ion gages for a 
network a l t e rna t ive are used to s imulate the measured precipi ta t ion at each 
gage. T h e gage measu remen t s are then used to e s t ima te precipi ta t ion accu­
mula t ions for t he ca t chmen t s in t h e W O H s tudy area. T h e gage e s t ima te s 
are compared to t h e t rue precipi ta t ion accumulat ions to evaluate t he errors 
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CHAPTER 1. INTRODUCTION 4 

and uncer ta in ty for each network a l ternat ive . 
T h e t rue precipi ta t ion field for the ca tchments are s imula ted using radar 

precipi ta t ion d a t a sets. T h e d a t a sets were developed as pa r t of this project 
using d a t a from th ree WSR-88D (Weather Surveil lance Rada r -1988 Doppler) 
radars . These radars are pa r t of t h e Nat ional Weather Service (NWS) 
N E X R A D (Next Genera t ion Weather Rada r ) sys tem of weather r ada r s t h a t 
were recent ly installed and commissioned (in 1995) as pa r t of t h e moderniza­
t ion of t h e N W S . Th i s repor t serves as a demons t ra t ion of t h e use of these 
radar precipi ta t ion d a t a sets in water resource applicat ions. 



CHAPTER 2 

EXPERIMENTAL DESIGN 

Precipitation gage network design is a problem that has received considerable 
attention [for review, see Bras and Rodn'guez-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 N E X R A D 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. 

5 



CHAPTER 2. EXPERIMENTAL DESIGN 6 

2 . 1 L ITERATURE R E V I E W 

Pas t work on ra ingage network design has focused ei ther on hypothe t ica l 
models of t h e rainfall process [Rodriguez-I turbe and Mejia, 1974; Peters-
Lidard and Wood, 1994] or on high resolution rainfall d a t a from dense net­
works or rainfall radars [Huff, 1970; Seed and Aust in , 1990; Fonta ine , 1991]. 
These and o ther previous work found tha t a rea average rainfall intensi ty 
e s t ima ted by a ra ingage network is subject to various sources of error: 1. 
inadequa te t e m p o r a l resolution, 2. inadequa te spat ial coverage or configura­
t ion, 3. inadequa te gage density, and 4. ins t rument error. In s t rumen t error , 
caused by such factors as wind, tu rbulence and local topography, can never 
be complete ly avoided, but careful, consistent p lacement and design of rain-
gages can significantly decrease the magn i tude of ins t rument errors relat ive 
to those from o ther sources. As Huff [1970] discusses, spat ial and t empora l 
errors vary wi th areal mean precipi ta t ion, s to rm dura t ion , sampl ing area and 
gage densi ty wi thin each grouping. Fontaine [1991] further concludes t h a t 
"gage densi ty appears to be t he most influential factor in areal m e a n precipi­
ta t ion er ror" , b u t t h a t gage a r rangement is also significant. Using radar d a t a 
in Flor ida and South Africa, Seed and Aust in [1990] found t h a t es t imat ion 
error variance increases with a r andom raingage network relative to a regu­
lar one. T h e y also found t h a t t h e m e a n s t andard error is a function of bo th 
network and rainfield characteris t ics , i.e. gage density, areal rain fraction and 
the ra t io of t he s t a n d a r d deviat ion to t he m e a n of t he non-zero fraction of 
the rainfield. 

Rodr iguez- I turbe and Mejia [1974] applied a hypothet ica l analyt ical model 
of rainfall to present es t imates of es t imat ion variance as a function of gage 
density, a rea of interest , correlation length scale of t h e rainfall process and 
variance of the rainfall process. Their work considers bo th long- term and 
event rainfall as well as bo th stratified and r andom sampl ing designs. Peters-
Lidard and Wood [1994] ex tended the work of Rodr iguez-I turbe and Mejia 
[1974] to include events with anisotropic, t ime-dependent correlat ion s t ruc­
tures and hierarchical clustering behavior . Bo th of these theory-based inves­
t igat ions corrobora te t he data-based investigations above by demons t r a t ing 
t h a t for a given a rea of interest , errors decrease wi th increasing gage densi ty 
and increasing correlation length of the precipi ta t ion process. Simply s t a t ed , 
t he more homogeneous t h e rainfall p a t t e r n (i.e. frontal versus convective) 
and the denser the network, t he be t t e r t he rainfall e s t ima te will be. 
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2 . 2 T E C H N I C A L M E T H O D S 

Based on previous work as described above, we designed a set of exper iments 
based on th ree principles: (1) using gage densi ty as t h e major design variable 
since t h a t has been shown to be the most significant factor in de te rmin ing 
network accuracy; (2) examining t h e range of errors produced by r a n d o m , 
stratified and site-specific networks; and (3) looking a t es t imat ion error for 
large events such as would be p r imary candida tes as input t o rainfall-runoff, 
erosion, sediment t r anspor t and water quali ty models . T h e exper iments car­
ried out to evaluate precipi ta t ion gage network al ternat ives are based on 
s imulat ion. T h e idea is t o evaluate t h e performance of t he network assuming 
tha t t he gages are in place and in opera t ion . If observations a t t h e gages were 
available, and if the t rue precipi ta t ion field were known, then the errors in 
t he e s t ima tes of areal average precipi ta t ion for specific watersheds or regions 
could b e de te rmined . 

Of course, no gage observations are available unt i l after t h e gages have 
been installed. Also, t he t rue precipi ta t ion is never known. Still , it is pos­
sible to genera te realist ic precipi ta t ion fields, which for t he purposes of the 
exper iment , are assumed to be t h e " t rue precipi ta t ion" . In addi t ion, realist ic 
"observat ions" for t h e gages can be assigned based on the t rue prec ip i ta t ion 
field. Therefore, in this hypothet ica l world with where t he t rue precipi ta t ion 
field is known and gage observations are available, t he errors in t h e areal 
average prec ip i ta t ion es t imates for t h e precipi ta t ion gage network can be de­
t e rmined exactly. By character izing the errors for networks with different 
numbers of gage and s trategies for gage siting, t he tradeoffs between gaging 
costs and desired accuracy can be assessed. T h e steps required to carry out 
the expe r imen t s are described below. 

S i m u l a t e t h e t r u e p r e c i p i t a t i o n field for s t o r m e v e n t s . As discussed 
above, previous au thors have employed s tochast ic rainfall generat ion models 
[e.g. Pe ters -Lidard and Wood, 1994] or high-resolution gage or r adar d a t a 
[e.g. Seed and Aust in , 1990] for this purpose. In this s tudy, r adar precipi ta­
t ion d a t a sets from N E X R A D weather radars are used to s imula te the t rue 
prec ip i ta t ion field. Th i s task is discussed in Chap te r 3. 

I d e n t i f y t h e l o c a t i o n of p r e c i p i t a t i o n g a g e s fo r e a c h h y p o t h e t i c a l 
n e t w o r k . In order to examine a range of possible es t imat ion errors , th ree 
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sets of networks were chosen. T h e random networks consist of gages randomly 
sited wi thin t he region. The stratified networks consist of a uniform grid of 
gages sited wi thin the region. T h e site-specific networks consist of a collection 
of exist ing gages, as well as a collection of sites identified by D E P where 
new gages are being considered. These networks are discussed la ter in th is 
chapter . 

Simulate the gage precipitation for each storm. The precipi ta t ion 
m e a s u r e m e n t a t each gage is s imula ted based on the t rue precipi ta t ion field. 
T h e s imula t ion accounts for t h e mi sma tch between t h e t r u e areal average pre­
cipi ta t ion (obta ined using the N E X R A D radar precipi ta t ion) and t h e point 
sampl ing of a gage. T h e s imulat ion of the gage precipi ta t ion is discussed in 
C h a p t e r 3. 

Estimate the areal average precipitation for subcatchment areas. 
A variety of m e t h o d s can be used to e s t ima te m e a n area prec ip i ta t ion using 
a set of gage measu remen t s . These include t he Thiessen polygon m e t h o d , 
d is tance weighting m e t h o d s , and opt imal spatial in terpolat ion me thods (e.g., 
kriging). However, t he m e t h o d used for es t imat ion will have less an impac t on 
t he uncer ta in ty of precipi ta t ion es t imates t h a n the locat ion and t h e densi ty 
of t he gages. Therefore, we used a dis tance weighting me thod (like those 
used in N E X R A D precipi ta t ion processing) for t he exper iments . 

Compare the areal average precipitation estimates with the true 
precipitation. T h e comparison is based on b o t h various s ta t is t ica l char­
acterist ics (i .e. , t h e bias, RMSE) and economic factors. The comparison also 
evaluates how these characteris t ics depend on the densi ty of precipi ta t ion 
gages within t he s tudy area. 

2.3 Network Configurations 
Over 554 different precipi ta t ion gage networks are evaluated for t he W O H 
ca tchmen t s using the exper imenta l framework. T h e three sets of networks 
examined are described below. 
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2 . 3 . 1 RANDOM NETWORKS 

R a n d o m networks are networks where gages are sited wi thin t he region at 
r andom. No considerat ion is given to whether t h e site is su i table for gage 
instal la t ion. Hence, r andomly sited gages may be located at places t h a t a re 
not easily accessible, on proper ty where permission for install ing a gage may 
be difficult or impossible to obta in , or at sites wi th dense vegetat ion t h a t may 
adversely affect gage measurement . Fur the rmore , r andom gage sit ing can 
result in cluster ing of two or more gages in close proximity, or in vast areas 
where gages are absent . Still, considering r andom network a l ternat ives is 
i m p o r t a n t for de te rmin ing the bounds of precipi ta t ion es t imat ion uncer ta in ty . 
R a n d o m gage siting is an inefficient s t ra tegy for sampling precipi ta t ion; other 
s trategies are able to provide precipi ta t ion es t imates wi th similar accuracy 
with fewer gages. Therefore, the results for r andom networks provide an 
upper l imit to es t imat ion uncer ta inty. 

Table 2.3.1 shows t h e r andom network al ternat ives evaluated in this 
s tudy. Network a l ternat ives are examined for 10 gage densities ranging from 
0.00148 to 0.05318 g a g e s / k m 2 (674.26 to 18.80 k m 2 / g a g e ) . For each gage 
density, between 10 and 40 al ternat ives are examined. This is done by gener­
a t ing multiple realizations of gage locations for each gage density. F igure 2.1 
shows a single realization for a r andom network at the 0.05318 g a g e s / k m 2 

(highest dens i ty) . Figure 2.2 shows a single realization for a r andom network 
at the 0.00148 g a g e s / k m 2 (lowest densi ty) . 

2 .3 .2 STRATIFIED NETWORKS 

Stratified networks are networks where gages are sited wi thin the region on 
a uniform grid. As wi th r andom sit ing of network gages, no considerat ion is 
given to whe ther the site is sui table for gage instal la t ion. However, stratified 
networks avoid cluster ing of gages or areas with inadequa te gage sampling. 
As a resul t , stratified gage siting is an efficient s t ra tegy for sampl ing precipi­
ta t ion; for regions wi thout orographic or cl imatic variat ions in precipi ta t ion, 
stratified network sampl ing is t he mos t efficient s trategy. Therefore, con­
sidering stratified network a l ternat ives is also impor t an t for de te rmin ing the 
bounds of precipi ta t ion es t imat ion uncer ta inty. The results for stratified net­
work provide an e s t ima te of the fewest number of gages required to meet a 
desired level of es t imat ion uncertainty. 
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Figure 2 .1 : Gage locations for a single realization for a r a n d o m network with 
a gage densi ty of 0.05318 g a g e s / k m 2 (highest densi ty) . 
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Gage 
Density 

( # / f c m 2 ) (Arm 2/gage) 
Number of 

Al ternat ives 

Approx ima te 
Gages 

in W O H 

Approx ima te 
Spacing 

(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 : R a n d o m Gage Networks. 

Table 2.2 shows t h e stratified network al ternat ives evaluated in th is s tudy. 
Network a l ternat ives are examined for 8 gage densit ies ranging from 0.00086 
to 0.0548 g a g e s / k m 2 (1,166.86 t o 18.25 k m 2 / g a g e ) . For each gage density, 
between 1 and 64 a l te rnat ives are examined. This is done by shifting t h e 
location of t he uniform grid in space to genera te multiple realizations of gage 
locations for each gage density. Figure 2.3 shows a single real izat ion for 
a stratified network at the 0.0548 g a g e s / k m 2 (highest densi ty) . Figure 2.4 
shows a single realization for a stratified network at the 0.00086 g a g e s / k m 2 

(lowest dens i ty) . 

2.3.3 Site-Specific Networks 

In addi t ion to t h e r andom and stratified networks, six site-specific networks 
are evalua ted . T h e six networks are described in Table 2.3. 

T h e first site-specific network is the historical gage network. I t contains 
gages t h a t have been in opera t ion and have compiled long records t h a t could 
be used for hydrologic analyses. F igure 2.5 shows t h e location of t h e gages 
from the historical gage network. T h e available gages consist of cooperat ive 
observer gages and a few hourly precipi ta t ion gages. D a t a from these gages 
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Gage 
Densi ty 

(#/fcm 2) (ArmVpifie) 
Number of 

Al ternat ives 

Approx ima te 
Gages 

in W O H 

Approx ima te 
Spacing 

(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. 

Case 
N u m b e r 
of Gages 

Approx ima te 
Densi ty 

(#/km>) Description 
1 23 0.00561 Historical Gage Network 
2 16 0.00366 Gage Siting at Schools 
3 28 0.00682 Gage Siting at Ra inspo t te r Locations 
4 39 0.00926 Historical and School Sites 
5 51 0.01240 Historical and Rainspot te r Sites 
6 67 0.01610 Historical, School, and Ra inspo t te r 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 
wi th a gage densi ty of 0.05480 g a g e s / k m 2 (highest dens i ty) . 
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Figure 2.4: Gage locations for a single realization for a stratified network 
with a gage densi ty of 0.00086 g a g e s / k m 2 (lowest densi ty) 
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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-

are compiled and maintained by the National Climatic Data Center. 
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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). 



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-

2 0 
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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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ID Radar 
Operations 

Begin Latitude Longitude 
Elev 
(m) 

ENX Albany 
BGM Binghamton 
OKX New York City 

4/14/95 42° 35' 11" N 74° 03' 50" W 557 
3/16/95 42° 11' 59" N 75° 59' 05" W 490 
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 l/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 N E X R A D 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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precipi ta t ion is often associated wi th low shallow clouds near the ea r th ' s 
surface. T h e radar b e a m overshoots the precipi ta t ing clouds due to b e a m 
blockage and increases in the b e a m a l t i tude wi th range from t h e radar . How­
ever, wi th heavier prec ip i ta t ion result ing from deep clouds, b e a m overshoot 
is less likely and t h e precipi ta t ion detect ion is higher. Since prec ip i ta t ion 
e s t ima tes for heavier prec ip i ta t ion events are more reliable, this s tudy will 
util ize a set of events m a d e u p of the largest observed accumula t ions to sim­
ula te t he prec ip i ta t ion fields over t he region. For tunate ly , these events are 
most i m p o r t a n t for the design of a precipi ta t ion gage network, and are also 
of grea tes t interest for character izing hydrologic and water qual i ty condi t ions 
in t h e W O H ca t chmen t s . 

A second considerat ion is t he effect of b e a m blockage over t h e Catskil l 
Mounta ins . Each radar suffers from some form blockage, including the New 
York City radar , which is blocked by a tower located near t he radar an tenna . 
T h e radar precipi ta t ion es t imates also have biases t h a t vary wi th range from 
the radar . Therefore, merging of t he r ada r precipi ta t ion es t imates over t h e 
Catskil l region m a y help in dealing wi th these spatial ly variable biases, and 
improve s imula t ion of precipi ta t ion fields over t h e area. Expe r imen t s are 
carr ied out to examine the sensitivity of t h e precipi ta t ion gage network design 
es t imates to these potent ia l biases of s imulated precipi ta t ion fields. 

Finally, t he underes t imat ion of t he precipi ta t ion by the radar-only prod­
ucts affects t h e m a g n i t u d e of precipi ta t ion over t he W O H ca t chmen t s . To 
compensa t e for sys temat ic biases, N W S River Forecast Centers (RFCs ) use 
procedures for merging radar and gage precipi ta t ion. T h e resul t ing mul t i -
sensor prec ip i ta t ion p roduc t is used for opera t ional hydrologic analyses. In 
this s tudy, gage precipi ta t ion was used near t he Catskil l Mounta in region to 
scale r adar precipi ta t ion tota ls t o account for the mean field biases over t he 
region. Al though more sophist icated me thods are needed for quan t i t a t i ve 
prec ip i ta t ion es t imat ion , t h e s imple bias correct ion scheme should provide 
reasonable prec ip i ta t ion values for use in precipi ta t ion gage network design. 

3 .1 .2 SELECTION OF EVENTS FOR NETWORK DESIGN 

T h e gage network design s tudy utilizes a set of 13 s to rm events to examine 
prec ip i ta t ion es t imat ion over t he W O H ca tchments . T h e s to rms are listed 
in Table 3.2. T h e selection of these events was done th rough an analysis of 
t he radar prec ip i ta t ion accumula t ions . Firs t , independent s to rm events were 
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defined as wet periods separated by at least six dry hours. The total storm 
precipitation for the entire WOH catchment area was then computed by 
merging the precipitation estimates from the three NEXRAD radars. The 
storm events were then ranked by accumulation (highest to lowest). Ap­
pendix A contains plots of the radar precipitation accumulations for the top 
20 ranked events. 

Storm WOH Radar 
Rank Date Duration Accumulation (mm) 

1 8-Oct-96 13 48.1 
3 15-Jul-97 14 22.2 
5 l-Dec-96 34 14.8 
6 3-May-97 16 13.3 
7 ll-Sep-97 19 13.0 
8 7-Jan-98 53 13.0 
10 12-Feb-98 19 10.4 
11 26-Jun-97 19 10.2 
12 19-May-97 16 10.0 
14 16-Jan-98 13 9.1 
15 23-Aug-96 34 8.8 
17 14-Nov-97 13 8.2 
20 5-Feb-97 9 7.6 

Table 3.2: Storm events for the WOH catchments used to simulate the true 
precipitation fields for the network design study. The storms are ranked by 
the total accumulation over the WOH catchments based the merged precip­
itation estimates for the three radars. 

The next step in the selection was to examine each storm event. Several 
of the top events were removed from the collection because of obvious radar 
errors. For example, some storms were removed because they contained 
isolated radar pixels with strong ground returns. These pixels, which were 
located along ridgelines and drainage divides of the WOH catchments, are 
identified by their unusually large but spatially isolated accumulations. An 
example is shown in Appendix A (Figure A.13). Other storms were removed 
because of circular movements viewed by the visualization software. After 


