
PRECIPITATION REGIME CHANGES ASSOCIATED WITH CLIMATIC CHANGES 

Peter J. Robinson and Stephen J. Walsh 

Department of Geography 
University of North Carolina 

Chapel Hill, North carolina 27599 

The research on which this report is based was financed in part by the United States 
Department of the lnterior, Geological Survey, through the N.C. Water Resources 
Research Institute. 

Contents of the publication do not necessarily reflect the views and policies of the 
United States Department of the lnterior, nor does mention of trade names or 
commercial products constitute their endorsement by the United States Government. 

WRRl Project No. 20153 
USGS Grant No. 14-08-0001 -GI 656 





ABSTRACT 

The relationship between precipitation events and atmospheric circulation in the 
southeastern United States is investigated to provide information potentially useful in 
assessing the impact of climate change on water resources. There are about 130 
precipitation events annually, evenly divided by season. Most events are less than one 
hour long and give less than one-tenth inch of rain. The Appalachian Mountains have 
longer storms, and south Florida shorter, sharper ones, than the regional average. 
When continental-scale atmospheric circulation patterns create airflows coming 
predominantly from the southwest, areas east of the mountains have long, heavy, and 
variable events, while western events have the opposite character. Predominantly 
westerly flow gives a reverse trend. A Geographic Information System was used to 
develop and test methods for display and analysis of the spatial distribution of event 
precipitation. The methods potentially provide a means of assessing the influence of 
topography on precipitation events. 
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SUMMARY AND CONCLUSIONS 

There is a need to develop precipitation information in a form which allows the 
identification of possible changes in water supply as a result of climatic changes. Any 
approach to such development must balance the need for details on short time and 
space scales against the availability of only generalized suggestions of future climates 
from the global climate models (GCMs) which are the prime tool of climate change 
analysis. The underlying hypothesis of this project was that this balance could be 
achieved by using observational records of precipitation and atmospheric pressure to 
consider the relationship between local precipitation events and large scale circulation 
patterns. Climate models are becoming capable of simulating circulation on this scale 
and of providing estimates of changes in frequency of the various circulation types as 
the climate changes. Hence, once a relationship between circulation and precipitation 
is established, precipitation changes can be estimated. Some previous work along 
similar lines has been encouraging but inconclusive. However, that work relied on 
observations of monthly total precipitation. There are reasons to suggest, from 
considerations of synoptic climatology, that relationships between circulation and 
precipitation event characteristics, rather than precipitation totals, would be better 
founded. This project explores this approach, using not only the traditional tools of 
climatological analysis but also the techniques of spatial analysis provided by 
Geographic Information Systems (GIs). The information is developed for the southeast 
United States, approximately the states of Alabama, Florida, Georgia, North Carolina, 
South Carolina, Tennessee, and Virginia. 

The synoptic climatology of the Southeast suggests that there are two types of 
precipitation events: convective events best represented by short, sharp, and localized 
thundershowers; and cyclonic events which give widespread, prolonged and generally 
gentle rain from travelling depressions. In practice these two types represent the ends 
of a continuum, although the dominance of one or the other is commonly associated 
with a particular hemispheric circulation pattern. Hence if quantitative relationships 
between circulation and events can be established from the historical data, they have 
the potential to indicate future conditions. For the circulation patterns there are several 
well established summarizing statistics. The most pertinent here for the Southeast are 
the Pacific-North America (PNA) index and the North Atlantic Oscillation (NAO) index. 
Unfortunately, there is no comparable well established definition of a precipitation event, 
so that the establishment of such a definition was the first objective of the project. 

In general a precipitation event is a single atmospheric rain-producing feature 
which moves with variable speed and distance across a region changing shape, size 
and intensity as it moves. It is isolated in space or time from other similar features. 
Thus it can be thought of as a single "storm". Various attempts to develop a rigorous 
definition of an event as both a temporal and spatial feature were unsuccessful, largely 
because of the lack of a sufficiently dense, in both time and space, observational 
network. Eventually a working definition was developed based on an analysis of hourly 
precipitation data records for individual stations. The definition adopted was that an 
event is the period of consecutive hours during which measurable precipitation was 



recorded, separated from other events by a dry period of at least two consecutive hours. 
An event may include an embedded period of one hour during which no precipitation 
occurred. 

Since there have been no previous explorations of precipitation events, a necessary 
first step was the development of a precipitation event climatology irrespective of the 
circulation pattern. Such a climatology was developed using a 27-station network 
covering the whole Southeast. A 36-station network for North Carolina alone was used 
to ascertain the spatial stability of the southeastern results. There are between 90 and 
160 events per year for the southeastern stations, with 130 representing a general 
region-wide value. The individual stations have between 20 and 40 events per season. 
As an average for the whole region there is a slight maximum in summer, with just 
under 40 events, and a minimum in fall, with just under 30. However, there are distinct 
variations spatially and temporally within the southeast United States. South Florida has 
a summer-fall event maximum, while from the Gulf Coast northwards summer has the 
maximum, with the importance of spring increasing in the far north. 

The frequencies of events longer than specific durations and with more 
precipitation than specific amounts were also ascertained as part of this general 
precipitation event climatology. For storms with durations of more than 5 hrs, in all 
seasons the maximum frequency occurs in the north. In winter in the north up to 40% 
of all events have durations in excess of 5 hrs, while in the south commonly less than 
20% are this long. The corresponding summer values are 12% and 8%, with the 
intermediate seasons having intermediate values. Considering long duration storms 
only, those lasting 15 hrs or more, there is a similar seasonal and spatial pattern, 
although the actual percentages are much lower. A common feature at both durations 
and all seasons is the higher percentages over the southern Appalachians. There is a 
well known tendency for travelling depressions to "stall" over the mountains, and the 
present duration patterns clearly indicate the climatological result. 

The climatology of event amounts is less clear. In general, throughout the year the 
areas with the smallest percentage of events with amounts exceeding 0.5" are the 
extreme southern tip of Florida and western Virginia. The maximum frequency occurs 
near the Gulf Coast or, in summer, in northern Florida. In winter and spring the 
southern Appalachians appear to increase the percentage, but in summer they decrease 
it. In all seasons between 20% and 30% of events give amounts greater than 0.5". The 
highest percentage occurs in the spring. This is also the case for those events with 
amounts exceeding 1.5". These heavier events account for around 5% of all events. 
They, like the lighter events, show an area of maximum frequency over the Gulf Coast, 
while minima occur over the Appalachians, this time in all seasons. 

These duration and amount frequency results can generally be explained in terms 
of the synoptic climatology of the area. The duration values are generally better 
established statistically than are the results for the amount analysis. This is a function 
of the greater number of factors which can influence the amount collected by an 
individual gauge for an individual storm, as compared to the less sensitive time 
dimension of duration. 



When both duration and amount are treated together, most events are of short 
duration and small amounts. Treating a small event as one giving less than 0.5" of rain 
and lasting less than 5 hrs, such storms at all stations except Key West account for 65- 
75% of all events in spring and fall, slightly more in summer, and slightly fewer in winter. 
Key West has about 10% more short, light events in each season. At the other extreme, 
the long, heavy events, with durations in excess of 20 hrs and amounts over 2.0", 
represent about 1% of the events in fall and winter, less than 0.5% in spring, and near 
zero in summer. Key West has low values in all seasons. For most seasons and 
stations the most common type of event is the smallest: 1 hr in duration and giving less 
than 0.1" of rain. These generally account for between a quarter and a third of all 
events. For Key West this approaches 40%. The second most common class, usually 
accounting for 10% of all events, are those with 2 hr durations and less than 0.1" of rain. 
Again, Key West is an exception and has higher values. These values characterize the 
precipitation event climatology of the region, and the differences at Key West emphasize 
the fundamental difference between the sub-tropical conditions of south Florida and the 
more temperate conditions of the rest of the southeastern United States. 

The influence of circulation was first introduced by establishing the significance of 
the relationship between seasonal PNA and NAO values for each year and the mean 
and standard deviation of the number, duration and precipitation amount of the events 
at the corresponding time. In many cases large parts of the area had correlations 
significant at the 95% confidence level, and occasionally at the 99% level. In 
comparison with many analyses using precipitation totals, these levels indicate a very 
good relationship. They strongly support the existence of a connection between 
continental scale circulation measures and precipitation from individual events, a 
connections which can be exploited for climate change analysis purposes. 

The PNA appears to be a more useful measure than the NAO, giving both higher 
correlations and more stable spatial and temporal patterns. PNA provides a measure 
of the direction of the airflow across the Southeast. A high PNA indicates mainly 
meridional flow, when the airstream coming from the Great Plains region dips towards 
the Gulf Coast and crosses the Southeast from the southwesterly direction. A low 
(highly negative) PNA occurs when there is zonal flow, with the wind blowing more or 
less directly across the region from due west. The PNA results suggest that as the 
airflow becomes more meridional there is in the eastern part of the region an increase 
in the average amount of event precipitation and in the average duration of events. 
There is also an increase in the variability of both precipitation amounts from individual 
events and the length of these events. The changes are in the opposite direction in the 
western part of the area. Average duration and amount decreases, and the inter-event 
variability also decreases, as the frequency and strength of the meridional airflow 
increases. More detailed analysis is warranted, particularly an assessment of the role 
played by the southern Appalachians in creating this distinction. 

The second portion of the investigation of the relationship between events and 
circulation was a comparative analysis of the event climatology for years with extreme 
PNA and NAO values. This was used to identify the magnitude of the trends indicated 
by the previous correlation analysis. In all seasons except winter much of the Southeast 



has about 5 more events when there is a high PNA than when it is low. Differences 
generally increase westward and are commonly small in Florida. In summer there is a 
core region centered on north Georgia, with several stations reporting a difference of 
around 10 events. The differences are again explicable in terms of atmospheric 
processes. For example, meridional flow (high PNA) allows both depression passage 
and local air-mass thunderstorms, giving elevated event levels. These local air-mass 
storms should be most numerous in summer, when surface heating and local instability 
are at a maximum. Fall and winter show a reverse spatial pattern, suggesting that the 
smaller convective influence in the cool season is reflected in the smaller number of 
events. Indeed, much of the region in winter has more events when PNA is negative 
than when it is positive, indicating that depression passage through much of the region 
north of peninsular Florida is more common with zonal than meridional flows. When 
differences resulting from the comparison of low and high NAO values are examined, 
they are, as expected, much less marked but also suggest that explanations in terms 
of synoptic events are possible. 

An analysis of the variation in the number of events with various amount and 
duration characteristics as a function of PNA does not always support the general 
conclusions given above. For example, in winter in meridional years there is a tendency 
for an increase in the numbers of short duration and small amount storms, and a 
decrease in events having great length and giving much precipitation. This is to a great 
extend the opposite to what might be expected. It also suggests that a considerable 
amount of investigation is still required if statistically significant and physically realistic 
relationships are to be developed. 

Nevertheless, the findings of this analysis of the relationship between circulation 
and events can be summarized by suggesting that it appears that there is a relationship 
between continental-scale circulation and rainfall event attributes in many areas of the 
southeastern United States. This relationship varies for different attributes and in the 
different seasons. For rainfall amount, years with meridional flow appear to bring 
smaller but more consistent events west of the Appalachian Mountains, and larger, more 
variable events in the east, especially over the coastal plains regions. The opposite 
effect holds for years with zonal circulation flow. Considerable further work is needed, 
however, if usable relationships are to be developed. 

Further effort appears to be worthwhile, however, since the present results are 
encouraging. Using well established relationships of the type initiated here, it should 
be possible to create a rainfall event scenario from modelled continental-scale flow. The 
proportion of future months projected to experience zonal or meridional flow could be 
used with the historical relationships produced from this'' work and the future 
distributions of events estimated. The applicability of this method for other areas having 
other types of synoptic controls should also be tested. Nevertheless, for the 
southeastern United States at least, this method provides one way of overcoming 
problems associated with the low resolution of the current generation of GCMs and the 
detailed information needs for impact assessment. 
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An integral part of the analysis of precipitation events was their spatial analysis 
using a Geographic Information System. Initially it was intended to use the GIs to 
discriminate between cyclonic and convective events. The relatively coarse 
observational network, however, precluded unambiguous identification of any but the 
most extreme of either type of event. In addition, the results using traditional methods, 
as outlined above, suggest it is inappropriate to expend a great deal of effort on such 
identification. Rather, the strength of the GIs system is in detailed analysis of previously 
identified events, not in the rapid survey of numerous events to identify candidates for 
detailed analysis. Event selection, therefore, should be undertaken using other 
techniques. A simple examination of daily weather maps was used here to identify 
periods for case studies. 

Selected precipitation events were used to explore and demonstrate how 
automated cartographic and statistical techniques could be applied to synthesize and 
display spatially and temporally autocorrelated data representing cyclonic and 
convection precipitation events. A principal component analysis (PCA) was used on a 
series of days with cyclonic precipitation, leading to the removal of redundant 
information and focusing attention on those data critical in understanding the location, 
severity, and progression of the events over time and through space. The image 
processing system effectively displayed the results of the PCA by presenting individual 
components and composites of components. Once in digital form, thematic overlays 
representing other biophysical elements could be integrated with the results of the PCA 
to improve the interpretation of the spatial patterns observed in the displayed data sets. 

The PCA approach and the graphics capability of the image processor proved 
appropriate to the technical concerns of this research. A linked sequence of statistical 
analysis and spatial display steps was developed. Statistical methods based on 
principal component analysis were used successfully for compressing multi-temporal 
spatial data into the critical dimensions that accounted for large portions of the data 
variability. These methods also provided satisfactory quantitative reporting of the results 
of the statistical analyses for interpretation purposes and allowed the integration of the 
output into graphics-oriented software for direct display. The interface between 
statistical packages and graphics devices formed the bottle-neck in such analyses. 
Customized programming, software tool kits, and macro languages, available in the 
more sophisticated software packages, will increasingly facilitate the interface between 
analytical techniques and graphics software and devices for spatial analyses. 

The final phase of the project was an attempt to establish relationships between 
precipitation amounts and local and regional topography and geographic location. The 
GIs was used to regress long-term precipitation records from 23 stations in and around 
western North Carolina against topographic attributes derived from digital elevation 
models (DEMs). The best-fit regression models that emerged from the analysis were 
encouragingly good, considering their inherent limitations. Most previous regression 
studies relating precipitation to topography have dealt with individual basins or larger 
areas with relatively uniform climatological conditions. Where regional investigations 
such as the present one have been attempted, the region has generally been 
subdivided into smaller units that are less topographically diverse, with the units 



analyzed separately. The fact that the current large study area in the Appalachian 
Mountains could be evaluated successfully with a single set of equations is a measure 
of the effectiveness of using DEM data within a GIs. Where previous studies have been 
limited to relatively few topographic measurements done by hand on paper maps, the 
GIs technique allows the use of large digital datasets for increased precision. In this 
case the 4-mile-radius circular coverages around the weather stations involved over 
18,000 elevation points each. The improved regression results possible with the 
described method, along with automated GIs processing procedures, should allow 
topographically sensitive interpolation of precipitation readings for more accurate 
mapping of precipitation surfaces. 

The greatest shortcoming with the tested approach is that it deals only with 
topography and location. Meteorological factors such as storm type, wind speed, and 
wind direction are included only to the extent that they vary by season. Orographic 
barriers could not be analyzed, and some surface factors such as land cover were also 
not studied. Further, the GIs coverages that were built around the weather stations for 
topographic analysis were restricted to 4-mile-radius circles, while for some applications 
such as trend surface slopes, a smaller coverage size or even a different shape may 
have been more effective. Nevertheless, results from the regression analysis can be 
applied toward mapping precipitation surfaces more accurately through use of an 
interpolation scheme that recognizes environmental variability as well as distance 
between the data points. 
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RECOMMENDATIONS 

The results of the analysis of precipitation events and the establishment of 
relationships between events and large scale circulation patterns are encouraging. They 
provide a general precipitation event climatology for the southeast United States, and 
give preliminary indications of potential changes in event magnitude and frequency as 
climate changes. A more refined analysis would provide better founded estimates of 
the likely changes. Appropriate techniques of analysis have been developed by the 
project. Refinement, notably in spatial resolution and in the treatment of extreme events, 
is possible. Thus it is recommended that: 

1. Refinement of the precipitation event climatology be undertaken, with emphases 
on increases in the spatial resolution and on extreme events and the application 
of time series analysis methods. 

The event climatology developed here provides a new method of analyzing 
precipitation data. A high quality precipitation event database is likely to become 
increasingly important as the new generation of radars (NEXRAD) begins to provide 
precipitation event observations with high spatial and temporal resolution. Such a 
database will be needed to ensure that analyses of individual-event NEXRAD are placed 
in the appropriate larger climatological context. Hence it is recommended that: 

2. An event climatology database be developed which can be used to place 
NEXRAD-derived analyses of individual events into a climatological context. 

The use of a Geographic Information System provides a convenient method of 
displaying and assessing information about events. It is not appropriate for selecting 
the events themselves, but such a system allows analysis of the detailed spatial 
structure of a pre-selected event and can display and analyze that structure in relation 
to other spatial variables such as hydrologic basins and topographic features. The 
project identified techniques for establishing relations between precipitation and 
topography, but a more detailed investigation is needed before they can be used 
reliably and operationally to assess the spatial variation of precipitation in mountainous 
terrain. Hence it is recommended that: 

3. Exploration of the use of GIs techniques to specify the relationship between 
precipitation and topography be actively pursued. 
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1. PRECIPITATION REGIMES AND CLIMATIC CHANGE 

Future climatic conditions must be estimated if assessments of the impact of 
climatic change on human activity and society are to be made. Current understanding 
of atmospheric processes precludes the production of deterministic forecasts of climate. 
Rather, estimates must be in the form of scenarios, sets of estimates containing a range 
of possible future climates without indications of the probability of occurrence of any 
particular member of the set (National Research Council 1982). The main lines of 
scenario development are clear (Lamb 1987). At present general circulation model 
(GCM) outputs, which simulate atmospheric processes in order to specify in broad 
outline the likely climate after a doubling of atmospheric CO,, must be combined with 
the local spatial and temporal detail obtained from the observational record to get 
scenarios useful for impact assessment. The information needed for a particular impact 
assessment can be derived using one of the many techniques already available for 
analysis of the historical record (Robinson and Finkelstein 1991). However, there is 
relatively little experience with scenario development, and it is not clear which methods 
are appropriate for particular tasks. The present project explores the suitability of one 
approach for one aspect of water resources impact assessment. 

Climate scenarios developed specifically for water resources have tended to use 
general circulation model outputs rather directly. The most comprehensive assessment 
of impacts on the broad regional scale for the whole of the United States (Smith and 
Tirpak 1988) involved a scenario development method where the ratio of precipitation 
amounts estimated from GCM outputs in the current and the doubled CO, climates was 
used to modify the current observations to give estimates of future conditions. A similar 
approach was adopted by Cohen and Allsopp (1988), who were concerned with long- 
term trends for the whole of the Great Lakes Basin. They used output from a single 
GCM and were particularly concerned with the ways in which the spatial variation 
indicated by the GCM's across the basin influenced the impacts. Gleick (1987), on the 
other hand, used a similar methodology for the Sacramento River Basin, but he 
assumed spatial homogeneity while emphasizing the differences created when several 
GCM's are used for the same area. Each of these previous efforts, therefore, has 
started with the GCM outputs and modified them, as far as possible, for local conditions. 
This has the advantage that it allows the relatively rapid development of complete 
scenarios. However, it cannot readily incorporate true local detail, and thus for example 
cannot be used with any confidence for small drainage basins on short time scales. 

In order to incorporate smaller time and space scales, it is theoretically possible 
to start with the local detail and work towards the broader scales where GCM 
information is available. One such approach is to use the techniques of synoptic 
climatology. This is being explored in the Delaware River Basin Climate Project of the 
United States Geological Survey (McCabe et al. 1989). Another approach, the one 
adopted here, is to relate local precipitation to the broad scale atmospheric circulation. 



Both these approaches are potentially highly flexible and useful, but they are complex 
and do not, at present, lead directly to scenario development. Rather, they must be 
regarded as being at the exploratory and concept development stage. 

There is a well established general relationship between precipitation and 
circulation (Barry and Perry 1973). This relationship can be used in various ways, 
including the development of long-range weather forecasts (Klein and Bloom 1987) and 
the analysis of variations in precipitation amounts (Yarnal and Leathers 1988). There 
have also been qualitative descriptions of the relationship between circulation and 
precipitation "events" (e.g. Winsberg 1990; Robinson 1979), the occurrence of individual 
periods of precipitation, whether they be short, sharp thundershowers, or prolonged 
periods of widespread steady rain. In particular, it is apparent that the magnitude and 
frequency of events depends on the atmospheric circulation pattern. However, while 
there have been numerous detailed analyses of individual events (e.g. Weisman 1990), 
there has been no synthesis of event information to produce a quantitative climatology 
of precipitation events. Consequently there has not been an attempt to relate an event 
climatology to circulation patterns. 

The underlying hypothesis for the present work is that there is a quantifiable 
relationship between circulation patterns and precipitation events. It is postulated that 
each pattern is associated with a distinct suite of events. As the frequency of the 
patterns change, so will the associated precipitation. Thus the first step in the 
production of a scenario, using this approach requires the development of the 
event/circulation relationship using the historical observational record. Thereafter the 
circulation in conditions of doubled CO,, as indicated by GCMs, can be used to 
postulate future precipitation regimes. The strength of this approach is that it uses the 
GCM outputs only for the broad scale information, where the information is likely to be 
most reliable. However, the approach contains the assumption that circulation and 
precipitation will continue to be related in the changed conditions in the same way that 
they are in the present atmosphere. While the current GCM outputs suggest that this 
is reasonable, it remains an untested working assumption. 

The present project develops a quantitative climatology of precipitation events 
and their relationship to circulation. The emphasis is on scales and types of analyses 
which lead directly to climate scenario production, but the work itself represents only 
the first stage in the creation of a scenario development technique. However, the 
climatology itself has direct implications for hydrology. Individual precipitation events 
occur on the smallest temporal and spatial scales likely to be of interest for water 
resources, and it is possible to synthesize results if a broader scale is needed for a 
particular analysis. This includes development and refinement of the type of information 
usually created when precipitation amounts over fixed time intervals are considered. 
Further, many of the emerging stochastic, time-series based hydrologic models require 
information about individual events. While the present climatology is not presented in 
strict time-series terms, it provides some required quantitative information about the 
frequency and magnitude of events. Finally, it can be anticipated that detailed 
quantitative precipitation event information will become more widely available as the 
National Weather Service and the Federal Aviation Administration introduce Doppler 



Weather Radar (NEXRAD) into the field. This project thus provides a first analysis of 
the type of information they will yield. 

The development of a "precipitation event climatology" presents numerous 
research questions. Preliminary questions range from the choice of the appropriate 
types of data to use through the precise definition of an event to the spatial interpolation 
techniques to be used to provide information for the region as a whole. Thereafter are 
those questions associated with the techniques of data analysis and the interpretation 
of results. The present chapter concentrates on exposition of the preliminary questions. 
Early in the project it became apparent that a major research component would be the 
investigation of appropriate spatial interpolation techniques. Theoretically the best 
techniques revealed by that investigation should be used to develop the soundest 
precipitation event climatology. However, for practical reasons the approach adopted 
was to use parallel tracks, with one track developing the precipitation event climatology 
using traditional spatial analysis techniques while the other track used Geographic 
Information Systems (GIs) techniques to explore the techniques in depth. As a result, 
Chapters 2 and 3 of this report emphasis traditional methods of analysis to develop the 
precipitation event climatology and its relation to circulation patterns, while Chapter 4 
concentrates on the GIs-based spatial analysis. Potential links between the two are 
apparent. Indications of future research needed to strengthen these links and to more 
clearly indicate the precipitation response to climatic change are given in the 
Recommendations. 

This project is part of a program whose ultimate aim is to assess the precipitation 
regime changes likely to arise from climatic changes, with emphasis on the information 
needed for water resource planning. The goal of this specific project is to ascertain the 
changes in precipitation regimes which arise from changes in atmospheric circulation 
patterns. The area of concern is the southeast United States, defined primarily as the 
states of Alabama, Florida, Georgia, North Carolina, South Carolina, Tennessee, and 
Virginia. 

To meet this goal, there are the following objectives: 

o To define precipitation events; 

o To develop methods of creating precipitation event climatologies; 

o To specify such a climatology for the southeast United States; 

o To develop individual station climatologies; 

o To determine the spatial variation of these climatologies; 

o To quantify the influence of circulation patterns on the climatology. 



1.A. PRECIPITATION EVENTS AND ATMOSPHERIC CIRCULATION 

Almost all previous analyses of precipitation, both for climatological and 
hydrologic purposes, deal with precipitation totals over a fixed time interval. The data 
may be modified to refer to intensities or area/depth/duration statistics, or raindays may 
be considered, but the basic temporal unit is fixed. The only common alternative 
approach is to select an individual storm of particular meteorological or hydrological 
interest and analyze it in detail. Here the time interval will be the length of the storm 
itself. However, there is no precedent for a climatological analysis of all such "storms", 
where the temporal unit is dictated by the storm itself. Such an analysis is the focus of 
the present study. Since there is no precedent in the literature, there is no appropriate 
terminology whereby the climatology may be described. Hence throughout the work 
the following terms are used: 

A precipitation event is a single period of precipitation at a particular station, 
separated from other events by a distinct dry interval. An event is defined for a SINGLE 
station. Throughout the project the practical definition of an event is a period of one or 
more hours of precipitation separated from other events by a dry interval of at least 2 
hours. A single event can contain dry periods of no more than one hour duration. 
Details of the rationale and options behind this definition are given in Chapter 2. 

The term storm is used when periods of precipitation, concurrent or consecutive, 
at several stations are discussed. This is mainly used in connection with the GIs 
analysis. 

The precipitation regime is the frequency distributions of a series of precipitation 
events which incorporate measures of event duration, event amount, and the interval 
between events. The regime can be considered for a single point, or more commonly 
for a geographic region containing a series of points with similar individual regimes. For 
this project a major emphasis is on the difference in regimes between periods of 
different circulation patterns. 

A precipitation event climatology is a summation of the characteristics of the 
precipitation events, incorporating the precipitation regime information but including 
measures of both temporal and spatial variability. It is thus the most general term, 
intended to be analogous to the more common climatology based on precipitation 
amounts and including long-term normals and variations about the normal. 

The event attributes considered as part of the precipitation regime are: 
(1) event duration - the length of the event (hours, to nearest hour) at a single 

station; 
(2) event amount - the total precipitation (inches to tenths) at the station during the 

event; 
(3) event interval - the time (hours, to nearest hour) between the end of one event 

and the commencement of the next. 



These definitions are derived from consideration of the surface based 
observational record of precipitation. While the rationale for use of these data is 
considered later, they have been the most commonly used data for precipitation 
analysis. Climatologically most previous work, whether addressing future climates or 
not, has emphasized total amounts occurring over specific time intervals such as a day 
or a month (e.g. Plummer 1983; Eder et al. 1983). There has been some consideration 
of relationships between amounts and the frequency of raindays (e.g. Jackson 1986), 
but no formal analysis of relationships between amounts, raindays and events. This 
must be a component of any event climatology which is developed. There is a rapidly 
growing body of climatological information linking precipitation to circulation, notably 
for long-range forecasting through teleconnections (e.g. Hamilton 1988). Using 
precipitation amounts, usually on a monthly basis, several authors (e.g. Ogallo 1988) 
have suggested that there is a relationship with circulation, but only weak correlations 
have been established. It must be anticipated that similarly low correlations are likely 
to be found when the event shorter term event information is used. From the water 
resources perspective, much more work has been implicitly concerned with precipitation 
events. Most notable are the efforts directed towards various forms of area-depth- 
duration curves as discussed in most hydrology texts (e.g. Chow 1964). Explicit 
treatment of individual events, specifically for assessing impacts (e.g. Wlks 1989) is 
increasing, while the stochastic models (e.g. Bodo et al. 1987) demand information akin 
to an event climatology. Most of the event based analysis, whether implicit or explicit, 
treat the underlying climate creating the events as invariant. The present work 
constitutes a first step in incorporation of a dynamic climate into the event analyses. 

A major concern in any precipitation analysis has always been the spatially and 
temporally discontinuous nature of the phenomenon. The surface based observing 
network must perforce obtain only a small sample of the conditions. Interpolation 
between data points has always been uncertain, particularly in areas of topographic 
diversity. This can be a critical problem when relatively short-term individual events are 
of concern. Traditional interpolation methods may incorporate the influence of 
topography and surface character as well as distance from observing sites but must use 
standardized values for all events. Thus they can be highly misleading for an individual 
event. However, as an event climatology is being developed, it is also possible to 
explore the use of the new techniques of spatial analysis being developed for GIs. This 
has the potential to expand the information available from point specific to area-wide, 
and thus to increase knowledge of the climatology of the spatial extent of events as well 
as their temporal detail. 

Atmospheric circulation is commonly characterized by an "index" calculated from 
atmospheric pressures at selected stations (Wallace and ~u tz le r  1981). It is 
theoretically possible to construct an index using any two or more stations anywhere 
on the globe, and to use that index as a convenient summarizing statistic for the 
atmospheric flow. Thus an appropriate index could be developed for any specific 
application. Some continental-scale ones, such as Pacific-North America Index (PNA) 
and the North Atlantic Oscillation (NAO), have been developed and have proved to be 
useful in a wide variety of contexts. They have become standardized, well known and 
widely used. For this project, therefore, it was deemed necessary to examine the 



suitability of each of these well established indices, and to compare their performance 
to indices which could be specially constructed for the project. 

Any index used for the project had to characterize the atmospheric flow in the 
southeastern United States in sufficient detail to allow separation of event characteristics 
as a function of the index value, but at the same time had to be sufficiently general to 
contain the type of broad-scale circulation information created by GCMs. Thus indices 
on various spatial scales were tried in an exploratory mode. The starting point was the 
pressure distribution across the Southeast itself, using pressures at New Orleans, Miami, 
Washington and St. Louis obtained from the Daily Weather Maps - Weekly Series (Hatch 
1983). Indices using various combinations of these stations were tested, but all had a 
major failing. Whenever a depression passed through the Southeast, the depression 
position was largely responsible for the pressure distribution rather than being a 
response to that distribution. Consequently any index developed tended to be rather 
unstable. It appears, although not rigorously tested during that analysis, that an index 
on this scale would be appropriate if conditions in a small area, such as part of an 
individual state, were being considered. For the Southeast as a whole, however, a 
much broader index was needed. Consequently the two broader, continental-scale 
indices, PNA and NAO were used throughout the project. 

The Pacific North America (PNA) (Wallace and Gutzler 1981) index has been 
used frequently to characterize the zonality or meridionality of circulation across the 
United States. In previous studies it has been shown that the PNA index explains a 
significant portion of the variability in monthly totals of temperature and precipitation in 
the southeastern United States (Yarnal and Diaz 1986). The PNA index is based on 700 
mb pressures at three points; the Gulf of Alaska, northwestern Canada, and the 
southeastern United States, such that: 

PNA (Index) = 1/3[-z(47.9 N, 170.0 W) + z(49.0 N, 11 1.0 W) - z(29.7 N, 86.3 W)] (1) 

where z is the standardized 700mb height anomaly. Positive numbers indicate 
meridional flow over the continent and negative numbers are indicative of zonal flow 
(Yarnal and Leathers 1988). For the Southeast this implies that with a negative index 
air is sweeping into the area more or less directly from the west. With a positive index, 
however, the major airflow is still generally from the west, but has a southward loop as 
it passes over the Southeast (Fig. 1). 

The North Atlantic Oscillation (NAO) index (Barnston and Livezy 1987) is based 
on the difference in mean sea level pressure, p, between Ponta Delgarda, Azores, and 
Akureyri, Iceland (Rogers 1984): 

NAO (Index) = ~(Azores) - ~(lceland) (2) 

This index primarily indicates the strength of the westerlies across the eastern portion 
of North America and over the Atlantic Ocean. Positive values indicate strong zonal flow 
and the pumping of warm moist air into the Southeast from the tropical Atlantic. 
Negative values indicate a much weaker flow off the ocean in the southeast (Fig. 1). 



High NAO y Low NAO 

Fig. 1 : Highly generalized schematic of the flow patterns over the southeastern United 
States with extreme PNA and NAO index values. 



The hypothesis that the circulation patterns indicated by these indices can be 
associated with specific precipitation regimes comes from the basic tenets of synoptic 
climatology (Hare 1966; Barry and Perry 1973). Various methods of linking circulation 
and precipitation are possible, from the highly subjective (Muller 1977) to the almost 
completely objective (Kalkstein and Corrigan 1986; Todhunter 1989), while some 
statistical techniques which are not strictly synoptic in character fulfill a similar linking 
function (Klein and Bloom 1987). An objective analysis is theoretically most desirable. 
However, it is premature for the present project, where simple measures such as the 
number of events, their interannual variation, or the spatial variation, are not known 
except in the most imprecise terms. Indeed, the emphasis throughout the project must 
be placed on exploratory and somewhat descriptive analysis. An objective approach 
becomes appropriate after this exploratory stage, and indeed would constitute the next 
step in the analysis of the precipitation regimes and in scenario development. 

A qualitative discussion of the links between precipitation events and circulation 
in the Southeast can be used to illustrate the underlying hypothesis of this project. At 
the simplest level, precipitation events in most of the Southeast can be classed as 
having their origin either in travelling cyclonic features or in isolated convective storms. 
Cyclonic events tend to move across the Southeast from west to east, bringing periods 
of steady rain which may last for several hours and cover virtually a whole state (Hayden 
1981). Embedded within the cyclone may be frontal activity and some convective 
events. At a particular station a prime characteristic would be the possibility of a 
relatively long-lived event with small rainfall amounts. This can be contrasted with the 
convective event, mainly envisioned as an isolated thunderstorm (Robinson and 
Easterling 1988). Here an event is likely to be of short duration but give copious rain. 
For both types of situation much natural variation will occur, with long-lived convective 
storms (Bosart and Sanders 1981) and intense depressions. In addition, the amounts, 
and to a lesser extent, the duration, will depend in the exact location of the measuring 
station relative to the storm activity (March et al. 1979). Thus the actual amounts from 
any event will depend on much more that the type of event (Cordova and Rodriguez- 
lturbe 1985). Hence there is no possibility of classifying storms by mode of origin 
simply using the amount and duration of an event. Nevertheless, when a long period 
of record is available so that frequency distributions can be developed, a tendency 
towards short durations suggests a convective regime while longer durations indicate 
a cyclonic one. 

This tendency towards one type of storm or another is likely to be the result of 
the relative frequency of the various circulation patterns, and hence influenced by the 
various circulation indices. Some tentative links have been established between 
circulation indices and precipitation amounts (e.g. Yarnal and Leathers 1988), but not 
precipitation events. For events, the most which can be undertaken at present is to 
develop some hypotheses as to the linkages and provide preliminary tests of their 
validity. From climatological considerations it can be suggested that the link is likely to 
be most marked in the winter half year, when the whole of the hemispheric circulation 
is strongest and most clearly defined. In general winters with high NAO values should 
give above normal precipitation in the region (Lamb and Peppler 1987). The strong flow 
of warm moist air from the tropical Atlantic should create a marked increase in short 



duration convective storms while preventing many depressions from entering the area 
from the west. High NAO values in summer, in contrast, are likely to lead to 
precipitation deficits, since it is in high NAO summers that the well developed 
subtropical high pressure region extends from its common location over Bermuda to 
cover parts of the Southeast USA. Few storms can either develop in, or pass through, 
the region in this situation. For the PNA index the summer influence is likely to be 
highly variable. Circulation is usually weak over the Southeast, with a mixture of 
depressions and convective storms in all cases. The variation with PNA in winter, 
however, is likely to be much clearer. A zonal (negative) pattern brings rapidly moving 
and intense depressions from the west, while allowing some convective storms. Hence 
short-duration and intense events are likely to dominate. With a high (meridional) PNA, 
the influence depends largely on the exact location of the southward loop of the airflow. 
To a great extent, however, it is likely that the western part of the region will have below 
normal precipitation amounts, almost all coming from travelling depressions, while the 
east coast will have high precipitation amounts, when interactions between the 
subtropical Atlantic air and the cold air from the west can produce violent storms 
(Douglas and Englehart 1981). 

This qualitative analysis applies to most of the southeastern United States. 
However, it is likely that the extreme south of Florida has rather different characteristics. 
Cyclonic events are likely to be relatively rare in this near-tropical region, and convective 
events will dominate. Hence a less close connection between precipitation events and 
circulation can be anticipated. Nevertheless, analyses of the south Florida area are 
undertaken in the same way as for the mid-latitude area, providing information about the 
suitability of the method in two distinct climatic regions. 

Much of the subsequent analysis is undertaken on a seasonal basis. In the 
tropical area the use of seasonal information based on the mid-latitude definition of 
seasons can be somewhat misleading. Nevertheless, again for consistency, the same 
seasonal definition is used throughout the work. Thus the seasons are: 

Winter - December, January, February; 
(winter is identified by the year of the included December) 

Spring - March, April, May; 
Summer - June, July August; 
Fall - September, October, November. 

The season was adopted as the prime unit of time for the project after a preliminary 
analysis of the frequency of events on a monthly basis. In particular, a seasonal scale 
produces enough events to allow some statistical tests 'while retaining many 
climatological characteristics in common. In addition, it appears to be an appropriately 
general scale for the eventual incorporation and analysis of GCM outputs. 



1.B. DATA AND ANALYSIS METHODS 

Precipitation can be measured directly using a raingauge or it can be sensed 
remotely using radar or satellite information. Although raingauge data were used 
exclusively in this work, some of the analyses have the potential to use other data 
sources in the future. For example, radar observations can provide great spatial detail 
over a wide area, and with a fine temporal resolution. Current instruments yield only 
imprecise quantitative information but the newer Doppler radar, due to be installed in 
the next few years, is likely to provide a highly reliable quantitative estimate of 
precipitation with a fine spatial resolution. Thus it can be anticipated that some of the 
techniques developed here will be directly applicable to the analysis of the radar 
information as it becomes available. Precipitation measurements from satellites are still 
very much in the experimental stage, and cannot be considered sufficiently reliable for 
use here. Again, technological advances are likely to change this picture, but probably 
not in the foreseeable future will satellite observations be the prime data source for 
anywhere but oceanic areas. 

With the emphasis of this project on the long-term conditions, including means 
and variations, the surface-based gauge data provide the best available data source. 
Raingauge observations provide a direct record of rainfall amounts at specific locations 
on the surface of the earth. The catch of each individual gauge will depend on the type 
of gauge, the wind speed and direction, the amount of splash, and the exposure of the 
gauge as well as the actual precipitation amount falling (Robinson 1990). Hence the 
observations are prone to error. It is normally assumed that the accuracy increases as 
the accumulation period increases, with monthly totals being more reliable than daily 
ones. Here the accumulation is not for total amount, but for the number of events. 
Hence the values for an individual event are probably somewhat unreliable, but the suite 
of events indicated by a frequency distribution are likely to be more reliable. For the 
present purposes the recorded values are accepted as accurate. 

For an analysis of spatial patterns, two approaches have traditionally been used, 
statistical and spatial approaches. The statistical approach uses distance measures as 
independent variables in a linear or non-linear model to calculate the influence of 
geographic patterns on a dependent variable. This approach has the advantage of 
providing some measure of association between two or more variables along with a 
measure of statistical confidence in the observed association. The disadvantage in this 
approach is that the association is based on a sample and the sample may be spatially 
biased, or geographically unrepresentative of the population that comprise the events. 

The spatial analysis approach is based on map comparisons. Map comparisons 
parallel statistical methods in that the maps being compared can be measured against 
an expected surface, or two independently observed spatial distributions. This 
approach has the advantage of allowing direct comparison of two spatially contingent 
surfaces, which can be combined mathematically to derive a residual surface, a 
composite surface, or any number of logically or mathematically combined surfaces. 
This approach has two disadvantages. First, in the case of climatological analyses the 



data are point samples which are then spatially interpolated to yield continuous 
statistical surfaces. These surfaces are abstractions of the true continuous phenomena 
but the relationship between the true occurrence of the phenomena in space and the 
climate stations used to derive the subsequent surface is not known. The use of an 
algorithm for the generation of this surface is subjective and, therefore, can be 
insensitive and/or inappropriate either from a statistical or biophysical perspective. 
Secondly, a reliable measure of accuracy, such as a confidence interval spatially 
represented through isolines related to the interpolated surface, is not a standard 
by-product of the analysis. Overall, therefore, selection of an appropriate interpolation 
approach should be based upon spatial and environmental sensitivities and error 
calculation and reporting capabilities. Here the environmental sensitivities of the spatial 
interpolation approaches are defined as those interpolation techniques that integrate 
biophysical elements of the landscape, such as topography, with the spatial 
relationships between stations and their recorded precipitation amounts. 

The statistical approaches have been commonly used in climatological research, 
while the spatial approaches are themselves the focus of research. Consequently, in 
order for the project to progress smoothly, a decision was made to proceed along two 
parallel tracks. Standard statistical methods would be used for the basic event 
climatology determination (Chapters 2 and 3), while spatial techniques would be 
examined for a series of individual events (Chapter 4). 

There are two major observational networks, and associated datasets, having 
long-period precipitation records, Climatological Data (CD) for daily total values and 
Hourly Precipitation Data (HPD) for hourly ones (Hatch 1983). The network of the 
former is much more dense than for the latter. There are also some stations taking 15 
minute observations, and some research sites with 1 minute values, but these are 
relatively few, with short periods of record. The observational networks themselves are 
not invariant, with old stations closing and new ones opening at frequent intervals. 
Further, no station has a complete unbroken record of observations throughout its life. 
Some have very small amounts of missing data, others may miss complete months. 
Hence any spatial analysis must consider both the density of the observing network and 
the quality of the data obtained by the various stations it contains. 

From the practical viewpoint, the data were obtained on optical disks (Earthlnfo, 
Inc., Boulder, CO). For the precipitation event climatology this was a convenient 
method of data storage and allowed easy retrieval since most of the analysis was 
undertaken on microcomputers. It was somewhat less convenient than magnetic tape 
obtained directly from the National Climatic Data Center would have been for the GIs 
portion, where the machines are more adapted to tape media. 

Numerous analysis of spatial variation, on various time and space scales, were 
required. In most cases it was impractical and inadvisable to use all stations for all 
analysis, and various data subsets were identified. No attempt was made to ensure that 
each subset was completely consistent with the others. The prime concern was that the 
subset was self-consistent and was optimized to address the question for which it was 
designed. 



Fig. 2: North Carolina daily and hourly precipitation stations active during 1982, as 
indicated by the GIs (photo from computer color screen) 



State 

GA 
SC 
TN 
GA 
GA 
AL 
TN 
GA 
FL 
NC 
FL 
TN 
FL 
TN 
GA 
TN 
AL 
AL 
FL 
VA 
SC 
NC 
VA 
VA 
VA 
NC 
VA 

Station Latitude Longitude Start Stop Percent Missing 

AUGUSTA WSO AP 
CHARLESTON WSO Crty 
CHAlTANOOGA WSO AP 
CLERMONT 3 WSW 
COOLIDGE 
DADEVILLE 1 E 
DICKSON 
FOLKSTON 3 SW 
GRACEVILLE 1 SW 
CAPE HATTERAS WSO 
KEY WEST WSO AP 
KNOXVILLE WSO AP 
LAKELAND 3 SE 
LIVINGSTON 5 NE 
MACON WSO AP 
MEMPHIS FAA-AP 
MOBILE WSO AP 
MONTGOMERY WSO AP 
MOORE HAVEN LOCK 1 
NORFOLK WSO AP 
PICKENS 5 SE 
POLKTON 2 NE 
RICHMOND WSO AP 
ROANOKE WSO AP 
WASH NATL WSCMO AP 
WlLMlNGTON WSO AP 
WYTHEVILLE 1 S 

Month Month Complete Months 

811 948 
611 948 
911 948 
611 948 
611 948 
611 948 
911 948 
711 948 
111 942 
511 957 
811 948 
911 948 
311 943 
911 948 
1 / I  949 
911 948 
711 948 
711 948 
1 11 942 
811 948 
811 951 
611 948 
811 948 
811 948 
511 948 
1011 949 
811 948 

All stations continue through 1211987 (end of period of use) 

The exploration of spatial techniques using GIs methods focussed exclusively on 
North Carolina conditions. As far as possible all available stations were used for each 
event. The HPD formed the basic data source, but where appropriate, CD data were 
also used. Since for North Carolina there are approximately 150 daily stations, in 
contrast to less than 50 hourly ones (Fig. 2), this considerably increased the available 
data and enhanced the spatial resolution. 

For the development of the precipitation event climatology using the traditional 
spatial analysis techniques and statistical approaches, the HPD dataset were used 
exclusively. The prime subset was a 27 station network for the whole of the southeast 
(Table 1). Here an attempt was made to develop a uniform 2' x 2" grid across the area 
using stations with at least 30 years of record and with less than 10% of the data 
missing. More weight was given to the need for high quality continuous data than to 
exact location, so that the resulting network was by no means regular (Fig. 3A). 



Fig. 3: Stations in (A) the 2' x 2' Southeast network (stations with detailed analysis 
shown by squares) and (B) the North Carolina network (stations in the mountain 
network shown by squares). 



Examination of data available for these stations indicated that for the 1958-1987 period 
there was little missing data at any station, and thus this was used as the prime period 
for analysis. Whenever detailed analysis of conditions across the whole southeast was 
required, 6 stations were selected from this network: Cape Hatteras N.C., Key West FI., 
Macon Ga., Memphis Tn., Mobile Al., and Roanoke Va. These represent the full range 
of locations and climatic conditions across the area. 

Some of the preliminary testing of methods and techniques was undertaken using 
networks in North Carolina. The basic network (Fig. 3B, Table 2) contained 37 stations 
including Cape Hatteras, Polkton and Wilmington, the North Carolina stations included 
in the 2' x 2' network. This network was used to investigate the influence of scale 
changes on the event climatologies and the relationship with circulation. Data used 
covered the years 1950-1986. An attempt was made to use only those stations without 
significant missing data. However, it was necessary to include some stations with as 
many as seventy months missing in order to provide sufficient spatial coverage for 
mapping purposes. Consequently this network does not include a uniform reporting 
period for all stations, so that some biases are possible. Even so, there were still some 
areas not covered well by hourly recording stations and results in these regions should 
be treated with extra caution. 

The analysis of the influence of topography on precipitation events required a 
dense network of stations within the Appalachian Mountains. Again North Carolina 
stations were chosen. Twenty stations, part of the basic North Carolina network, and 
stretching from the piedmont foothills into the western mountains, having data from 
January 1951 to December 1980 were used. This gave the most widespread and 
uniform coverage for the stations, allowing comparison for a more or less uniform 
period. Overlap with the 2' x 2' network is provided by the Polkton station. The 20 
stations used are the total number of stations with usable records in the area. This 
network was designed specifically for an analysis using the same techniques as for the 
rest of the precipitation event climatology. To a great extent it is coincident with the 
stations used in the GIs analysis of the effect of topography on individual events. 

The decision to use the PNA and NAO indices as the circulation measures meant 
that the circulation datasets were readily available. These were obtained as monthly 
values from Leathers (1989, personal communication) for PNA and from Rogers (1984) 
for NAO. The only processing needed prior to their use was the creation of seasonal 
values from the monthly data. 

For the precipitation event climatology the emphasis was on exploratory data 
analysis. Hence it was anticipated that the techniques to be used would be well 
established and relatively simple. For the individual station analysis they would be 
mainly in the form of descriptive statistics including means, standard deviations, 
correlations, and frequency distributions. These are discussed in any standard statistics 
text and are not detailed here. 



STATION STATION ELEVATION LAT 
NAME NUMBER (feet) 

ASHEVILLE WSO AP 300 
ASHFORD 31 2 
BAD1 N 438 
BURLINGTON 3 NNE 1241 
CAPE HATTERAS WSO 1458 
CARTHAGE 8 SE 151 5 
CEDAR MOUNTAIN 1614 
CHARLOTTE WSO AP 1690 
DALTON 2230 
DOBSON 2388 
ELIZABETH CITY 271 9 
ELIZABETHTOWN LOCK 2 2732 
ELKVILLE 2757 
FRANKLINTON 3 ESE 3232 
GREENSBORO WSO AP 3630 
GREENVILLE 3638 
HAYWOOD GAP 3925 
HELTON 3957 
KILL DEVIL HILLS N M 4649 
LAKE LURE 2 4764 
LAURINBURG 4860 
LEXINGTON 7 N 4975 
MAX PATCH MOUNTAIN 5402 
MOORESVILLE 2 WNW 581 4 
MOREHEAD CITY 2 WNW 5830 
MOUNT PLEASANT 5945 
NORTH FORK 623 1 
N WILKESBORO 12 SE 626 1 
POLKTON 2 NE 6867 
RALEIGH DURHAM WSFO AP7069 
RALEIGH STATE UNlV 7079 
ROARING GAP 1 NW 7324 
SHELBY 2 7850 
SNEADSFERRYZ ENE 8037 
WlLMlNGTON WSO AP 9457 
WILSON 3 SW 9476 
YADKINVILLE 6 E 9675 

LONG 

82:33 
81 5 7  
80:07 
79:24 
75:33 
79:20 
82:38 
80:56 
80:24 
80:44 
76:12 
78:35 
81 :24 
78:25 
79:57 
77:23 
8255 
81 :30 
7540 
82:14 
79:27 
80:16 
82:57 
8050 
76:44 
80:26 
82:20 
80:59 
80: 1 1 
78:47 
78:42 
81 :00 
81 :33 
77:24 
77:54 
77:57 
80:31 

PERIOD OF RECORD % NETWORK 
Start 

911 964 
611 948 
411 948 
611 948 
511 957 
311 958 
911 948 
611 948 
611 948 

1011 942 
1111954 
611 948 
611 948 
611 948 
611 948 

1011955 
911 948 
411 958 
611 948 
611 948 
611 948 
611 948 
911 948 
311 949 
611 948 
611 948 
611 948 
911 948 
611 948 
611 948 
611 948 

lO/l942 
611 948 
611 948 

10/1949 
811 940 
611 948 

End' COMPLETE* 

' - Record continues through 1988 unless otherwise noted. 

- Percentage of all possible observations available, for full period of record. 

The precipitation event climatology data analysis was undertaken on a PC- 
compatible microcomputer. The decision to use this machine was originally taken 
because the major datasets were already available and directly accessible. Programs 
specially written in Microsoft QuickBasic (Microsoft Corporation 1987) allowed ready 
transformation of the hourly data stream into sets of individual events. These could then 
be manipulated with other QuickBasic programs developed to create an interactive 



environment ideal for the exploratory analysis. For routine statistical tasks the SAS (SAS 
Institute 1985) commercial program was used, while the Lotus 1-2-3 (Lotus Development 
Corporation 1985) spreadsheet was used for much preliminary testing of ideas. The 
spatial patterns were developed from the individual station data using standard distance 
decay techniques and the SURFER program (Golden Software 1988). This program 
allowed direct generation of the output maps. For all other graphics Freelance (Lotus 
Development Corporation 1988) was used. The original QuickBasic program produced 
an event file in binary code which was extremely compact. As a result, the relatively 
small storage required for each station record, the relatively small datasets used, and 
the on-line availability of all data, combined to provide a highly efficient system of data 
analysis. 

Initial attempts to use a similar system for the GIs component were less 
successful, primarily because of the larger volume of data involved and the need to 
transfer data between machines. These problems, and their solution, is considered in 
Chapter 4. 

1.C. THE DEFINITION OF A PRECIPITATION EVENT 

The scientific needs of the project, the nature of atmospheric motions, and the 
available climatic data led to the simple definition of a precipitation event as a period of 
continuous precipitation at a single station. However, this definition needs to be refined 
considerably. With the use of the HPD, the shortest event duration possible is one hour, 
and durations must be expressed in hourly increments. The presence of measured 
precipitation during an hour, or a series of consecutive hours, does not automatically 
imply that the precipitation is continuous or that a single event has occurred. 
Nevertheless, it must be assumed that this is the case. While it is possible, for example, 
for a couple of individual thunderclouds to pass through their life cycle within an hour, 
it is extremely difficult, and probably irrelevant, to assign them as two separate events 
rather than as part of the same single thunderstorm system. Hence the definition of an 
event can become blurred even when detailed synoptic analyses are used. Certainly 
definition in terms of hourly increments, with no event with a duration less than one 
hour, provides a straightforward solution. 

Once an event has lasted more than an hour, however, there is a similar problem 
of separating individual events on the hourly time scale. Consecutive hours with 
precipitation can be assumed, with the same approach as for single hours, to represent 
a single event. However, there remains the problem of determining the appropriate 
length of dry period for separating one event from another. Synoptic analysis 
suggested there was no single, meteorologically correct value (Thorp and Scott 1982). 
Consequently an initial analysis investigated the effect of different definitions of events, 
couched in terms of the separation interval. Hereafter, the term separation will refer to 
the number of dry hours above which a new event is deemed to have started. 



To explore this separation, 6 stations giving broad spatial coverage of the region 
were used (Table 3). Data for the 30 year period 1958-1987 were used to identify the 
major characteristics of the impact of the choice of separation. The smallest separation 
possible, of course, is 1 hr, and this was used as the base value for this analysis. The 
most immediate and obvious impact is that the longer the separation interval, the 
smaller the number of storms (Table 3). In general, with a 2 hr separation, there are 
about 80% of the number of events indicated by a 1 hr interval. This decreases to 
around 60% for the 5 hr separation. The decrease at Key West, and to a lesser extent 
at Mobile, is considerably less. This suggests the increasing importance of a 
subtropical influence in the south of the region. 

Increasing the separation criterion from 1 hr does not automatically remove 
events which are 1 hr long. The short-lived summer afternoon thunderstorm, for 
example, is essentially unaffected. Rather, the increase in the separation tends to 
amalgamate several rainy periods, some possibly only 1 hr long, which are separated 
by short dry intervals. This situation is commonly associated with the passage of a mid- 
latitude depression through the region. The brief synoptic climatological description of 
the southeastern United States given earlier indicated that those depressions are most 
likely in winter throughout the Southeast, but are relatively uncommon at any season 
in the south, especially south Florida. Thus, increasing the separation should have the 
most effect in winter in the north. Examination of the percentage of all storms falling in 
each of the seasons indicates that there the postulated decrease in the winter 
percentages occurs at most nothern stations, with summer becoming increasingly 
dominant as the separation interval increases (Table 3). While use of a dichotomy 
between depression-derived precipitation and all other types tends to oversimplify the 
synoptic situation, it does suggest causes of the impact of changes in the separation 
criteria. In general it appears that as the separation increases the number of events 
decreases, that decrease being most marked at times and in areas where depression 
passages are an important source of precipitation. 

This can be explored in more detail by considering the frequency distribution of 
event durations and amounts as the separation increases. For durations (Table 4) the 
actual distribution, in 1 hr classes, is given for a separation of 1 hr. The subsequent 
columns indicate the difference between this 1 hr frequency and the frequency for the 
other separations. Each distribution is expressed as the percentage for the total number 
of events for that separation. For the differences, negative values indicate that there is 
a lower percentage of events in that class when separations greater than 1 hr are 
considered. Although storms longer than 10 hr in duration are possible in all cases they 
account for less than 5% of total storms and are not treated separately here. For all 6 
stations the frequency of storms lasting 1 or 2 hr decreases as the separation increases. 
For all stations except Key West this is extended to include events of 3 hr duration. All 
stations have the maximum decrease for the shortest storms (Fig. 4). All durations 
greater than 4 hr have increasing frequency as the separation increases. The amount 
of this increase and the duration of its maximum depends on both the season and the 
geographic location. For the southern stations, Key West, Mobile, and Macon, there is 
a clear maximum in this frequency increase for durations of 5-7 hr in the annual results, 
while farther north the maximum occurs at 6-8 hr. 



Separation (Hours) 1 2 

CAPE HATTERAS 
% of 1 hr events 

% of events in winter 
% of events in spring 
% of events in summer 
% of events in fall 

KEY WEST 
% of 1 hr events 

% of events in winter 
% of events in spring 
% of events in summer 
% of events in fall 

MACON 
% of 1 hr events 

% of events in winter 
% of events in spring 
% of events in summer 
% of events in fall 

MEMPHIS 
% of 1 hr events 

% of events in winter 
% of events in spring 
% of events in summer 
% of events in fall 

MOBILE 
% of 1 hr events 

% of events in winter 
% of events in spring 
% of events in summer 
% of events in fall 

ROANOKE 
% of 1 hr events 

% of events in winter 
% of events in spring 
% of events in summer 
% of events in fall 



DURATlON 

(Houn) 
lhr 

a d d  
CAPE HATTERAS 
1 34.8 
2 25.1 
3 12.7 
4 7.3 
5 5.2 
6 3.1 
7 2.8 
8 2.2 
9 1.6 
10 1.3 
KEY WEST 
1 53.9 
2 26.6 
3 8.3 
4 4.7 
5 2.3 
6 1.4 
7 1 .o 
8 0.4 
9 0.4 
10 0.3 
MACON 
1 40.4 
2 22.9 
3 11.7 
4 7.6 
5 4.4 
6 3.2 
7 2.3 
8 1.8 
9 1.3 
10 1 .o 
MEMPHIS 
1 39.6 
2 20.0 
3 12.4 
4 8.1 
5 5.1 
6 3.8 
7 2.4 
8 2.3 
Q 1.5 
10 1.2 
MOBILE 
1 40.1 
2 25.5 
3 12.6 
4 6.5 
5 4.3 
6 3.0 
7 2.0 
8 1.3 
9 1.1 
10 0.7 
ROANOKE 
1 37.7 
2 22.6 
3 11.3 
4 6.7 
5 4.5 
6 3.1 
7 2.5 
8 1.8 
9 2.0 
10 1.3 

FREQUENCY 
ANNUAL 

Diereme from 1 hr lhr 
adual 

29.2 
22.0 
12.3 
7.1 
5.9 
3.5 
4.7 
3.5 
2.9 
2.3 

60.6 
23.6 
9.3 
6.8 
3.3 
1.8 
2.0 
0.4 
0.1 
0.6 

35.4 
18.1 
10.3 
7.8 
5.9 
3.8 
4.5 
2.9 
2.4 
2.2 

37.4 
17.3 
10.6 
8.4 
5.3 
5.1 
3.1 
2.4 
2.0 
1.2 

35.9 
20.1 
12.1 
7.2 
4.9 
4.4 
3.3 
2.9 
2.1 
1.2 

31.4 
19.0 
9.7 
7.0 
5.0 
4.2 
3.7 
2.5 
2.6 
2.5 

WINTER 
Dierence from 1 hr 

2hr 3hr 4hr 5hr 
lhr 

actual 

38.2 
28.9 
12.8 
7.3 
3.9 
3.1 
1.6 
1.2 
0.7 
0.6 

56.8 
27.9 
7.6 
3.4 
1.6 
1.1 
0.7 
0.5 
0.0 
0.1 

45.4 
26.4 
13.7 
7.0 
3.1 
2.3 
0.8 
0.3 
0.2 
0.1 

44.9 
25.4 
14.1 
7.6 
3.0 
1.7 
1.3 
0.9 
0.5 
0.4 

43.7 
30.1 
13.9 
5.4 
3.2 
1.3 
0.9 
0.5 
0.3 
0.2 

44.2 
27.4 
12.5 
5.6 
4.4 
1.4 
1.5 
0.9 
0.5 
0.2 

SUMMER 
Dierence from 1 hr 
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Fig. 4: Winter, summer and annual differences in the number of events as a function of 
event duration as the separation interval between events increases. 



Using the 2 hr separation results as typical of all separations, the annual pattern 
is mostly a reflection of the summer conditions (Fig. 4). Again this can be explained in 
general terms by comparison of the frequency of depression passages. Here, however, 
the emphasis must be on the non-depression events. During the summer many storms, 
especially in the southern part of the region, are of short duration and convective origin. 
There is commonly a diurnal variation in convective activity (Easterling and Robinson 
1985) and with one hr separation two or even three individual events may be recorded 
in an afternoon and evening. These will be amalgamated as the separation criterion 
increases, but will still have relatively short durations compared to the time of a 
depression passage. The overall effect is summarized in Fig. 5. Here the average for 
all six stations in all seasons is used. All separations greater than 1 hr decrease the 
number of short-duration events, increase the long duration ones. As the separation 
increases this tendency becomes more and more marked. 

The influence of separation on event amount shows a similar pattern to that for 
duration (Table 5). However, the decrease in frequency is virtually confined to the 
smallest amount class, events with precipitation of 0.1" or less. Only at Cape Hatteras 
do events with greater amounts decrease in frequency at all seasons for all separations. 
Even here the decrease is small. For all stations there is a broad maximum increase 
in frequency between 0.1 and 1 .OM but this rarely indicates an increase much in excess 
of 1 %. At greater amounts the change is small, and varies little as separation increases. 
Again, there are indications that Key West is something of an exception from the general 
pattern, having a smaller decrease at 0.1 " and a less marked maximum around 0.5". 
There are differences between winter and summer in the rate of decrease of frequency 
for amounts below 0.1". For all stations except Key West and Mobile, the winter 
decrease is almost twice the corresponding summer one. The compensating extra 
increase in frequency needed in the winter in the higher amount classes does not 
display a simple pattern, appearing to be generally random. Climatologically, these 
seasonal difference can be explained by the same mechanisms as for the changes in 
duration. The general tendency, using the all season, all station average (Fig. 5) is for 
a decrease in small amount storms and an increase in large amount ones, as the 
separation interval increases. 

Although not strictly part of an event climatology, the frequency distributions of 
the intervals between events were also determined. Here also the change in frequency 
is most marked at small intervals (Table 6). Indeed, at intervals less than 10 hr there 
is a marked decrease in frequency as separation increases, commonly being about 30% 
less when the separation is 5 hr rather than a single hour. At all intervals greater than 
10 hr (Fig. 5) there is an increase in frequency with separation. This is most marked at 
an interval of 20 hr, where a 5-6% increase occurs for the 5 hr separation. However, by 
about 120 hr (5 days) the increase is around 0.5%, only exceeding this when the last 
class, intervals greater than 10 days, is reached. The decrease in frequency of intervals 
equal to or less than 10 hrs is more marked in winter than in summer (Table 6). This 
is partly compensated by the greater summer increase for intervals between 11 and 30 
hr at all stations except Memphis. At longer intervals the differences do not display a 
clear pattern. 
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1 2 3 4 5 6 7 8 0 10 11 12 13 14 15 16 17 18 1Q 20 21 22 23 24 25 

DURATION (Hours) 

AMOUNT renths of inches) 
10 

1 2 3 4 5 6 7 8 0 10 11 12 13 14 15 16 17 18 1Q 20 21 22 23 24 25 

INTERVAL (Tens of hours) 

2 hours 3 hours 4 hours 5 hours - - - - - * - - - -  .................. - - - - -  

Fig. 5: Annual differences in the number of events with selected amounts, durations and 
interval between events as the separation between events increases. 



.............................................. .............................................. 
TABLE 5: Frequency distribution of annual, winter and summer event amounts for 1 hr 
separation and frequency differences between 1 hr and 2 - 5 hr separations for selected 
southeastern stations. 

AMOUNT 

(Tenth4 
lhr 

actual 
CAPE HATIERAS 
1 52.6 
2 13.4 
3 7.3 
4 5.2 
5 3.5 
6 2.0 
7 2.4 
8 2.3 
9 1.3 
10 1.4 
KEY WEST 
1 58.7 
2 13.1 
3 7.4 
4 4.8 
5 2.9 
6 2.5 
7 1.6 
8 1.5 
0 1 .o 
10 0.9 
MACON 
1 56.1 
2 12.1 
3 7.1 
4 4.6 
5 3.5 
6 3.1 
7 2.5 
8 2.2 
9 1.5 
10 1.1 
MEMPHIS 
1 53.8 
2 10.9 
3 7.2 
4 4.9 
5 3.6 
6 3.4 
7 2.5 
8 2.4 
0 1.8 
10 1.4 
MOBILE 
1 52.4 
2 11.8 
3 6.9 
4 4.8 
5 3.7 
6 3.1 
7 2.4 
8 2.1 
9 1.6 
10 1.6 
ROANOKE 
1 59.0 
2 12.1 
3 7.3 
4 4.4 
5 3.9 
6 2.8 
7 1.7 
8 1.4 
9 1.3 
10 1 .o 

FREQUENCY 
ANNUAL 

Difference from 1 hr 
2hr 3hr 4hr 5hr 

Differem from 1 hr 
3hr 4hr 5hr 

1 hr 
actual 

50.5 
14.2 
7.8 
5.6 
3.9 
3.9 
1.6 
2.6 
1.2 
1.4 

57.3 
13.8 
7.2 
5.2 
2.9 
2.9 
2.0 
1.5 
0.0 
0.9 

52.6 
15.0 
8.0 
5.4 
3.5 
3.2 
2.0 
2.1 
1.3 
0.9 

50.9 
11.0 
8.4 
5.4 
4.3 
3.1 
2.7 
2.9 
1.4 
1.5 

49.0 
14.2 
7.4 
5.6 
4.6 
2.9 
2.5 
2.9 
1.3 
1.4 

53.9 
14.3 
8.9 
5.3 
4.4 
2.7 
2.5 
1.1 
1.6 
0.7 

SUMMER 
Dfferenw from 1 hr 



l NTERVAL 
(Hours) 

lhr 
actual 

CAPE HATTERAS 
10 48.8 
20 9.0 
30 4.6 
40 3.9 
50 3.7 
60 3.4 
70 2.5 
80 3.2 
90 2.5 
100 2.1 
KEY WEST 
10 41.1 
20 14.6 
30 7.8 
40 4.6 
50 4.0 
60 3.1 
70 2.6 
80 2.5 
90 1.7 
100 1 .9 
MACON 
10 48.1 
20 10.3 
30 5.9 
40 2.9 
50 3.5 
60 2.7 
70 3.2 
80 2.2 
90 2.3 
100 2.5 
MEMPHIS 
10 50.4 
20 8.1 
30 4.3 
40 3.3 
50 3.6 
60 2.9 
70 2.6 
80 2.9 
90 2.4 
100 1.9 
MOBILE 
10 44.9 
20 11.6 
30 9.1 
40 3.0 
50 4.6 
60 2.5 
70 3.2 
80 2.5 
90 2.1 
100 2.1 
ROANOKE 
10 48.0 
20 9.0 
30 5.5 
40 3.6 
50 4.0 
60 3.2 
70 2.9 
80 2.5 
90 2.4 
100 2.4 

ANNUAL 
Difference from 1 hr 

2hr 3hr 4hr 5hr 

FREQUENCY 

lhr 
actual 

50.1 
6.3 
4.0 
4.2 
4.1 
3.7 
2.7 
3.9 
2.2 
2.6 

41.7 
8.2 
4.2 
3. 9 
3.5 
3.2 
3.4 
3.1 
1.7 
1.6 

56.6 
6.3 
3.1 
2.8 
2.6 
2.6 
3.4 
2.4 
3.7 
2.0 

57.1 
6.1 
2.9 
2.2 
3.3 
3.1 
2.9 
2.8 
2.3 
1 .9 

52.8 
6.6 
4.6 
3.1 
2.7 
3.5 
2.9 
2.5 
3.5 
2.0 

48.0 
6.1 
3.6 
3.3 
3.8 
3.5 
3.8 
3.3 
2.7 
3.2 

WINTER 
Dierenoe from 1 hr 

2hr 3hr 4hr 5hr 
lhr 

adual 

46.8 
12.1 
5.2 
4.1 
4.0 
3.7 
2.6 
2.7 
2.1 
2.0 

40.2 
19.1 
9.5 
4.5 
4.7 
3.0 
2.5 
2.1 
1.5 
2.0 

37.4 
16.1 
10.4 
3.6 
5.8 
2.5 
3.8 
2.2 
1.7 
2.7 

40.3 
10.5 
6.5 
4.1 
4.4 
3.7 
2.1 
3.7 
2.2 
2.2 

35.0 
18.6 
15.7 
3.3 
7.5 
2.4 
4.0 
2.1 
1.3 
2.0 

39.1 
14.3 
9.1 
3.8 
5.7 
3.2 
2.8 
2.8 
2.1 
2.4 

SUMMER 
Dierenos from 1 hr 

2hr 3hr 4hr 5hr 



This analysis indicates that there are variations in the frequency distributions 
which are determined by the separation chosen. They are most marked in the smallest 
categories, and have seasonal differences. They can to some extent be explained in 
broad terms from climatological considerations. Neither these considerations nor the 
present analysis indicates any natural, climatologically determined and climatologically 
preferred value for the separation. Any choice, therefore, must essentially be arbitrary. 
Although there has been little earlier work, Thorp and Scott (1982) used 2 hours to 
separate storms in the northeast United States. Their choice was also somewhat 
arbitrary, and again based on the perception of what constitutes an event. 

A separation of 2 hr was accepted here. Consequently a precipitation event is 
defined as the period of consecutive hours during which measurable precipitation was 
recorded, but including embedded periods not exceeding one hour during which no 
precipitation occurred. The events are expressed in whole hours. This definition, 
although arbitrary, produces events which are relatively clear cut at a single station, but 
allows short dry intervals within a general precipitation period. Thus it approximates a 
quantification of the highly subjective concept of an individual rainstorm. 

Throughout the work the somewhat arbitrary nature of this definition must be 
appreciated. Changes in definition may change the distribution of the event attributes. 
The influence is summarized in Fig. 5, which is the average influence for the six stations 
previously considered. This emphasizes that the major influence is at small durations, 
amounts and intervals, with relatively small changes at higher values. Not indicated by 
this figure is the possible bias in results introduced because of the response differences 
between convective and cyclonic storms, and thus potential differences by season and 
location. 



2. PRECIPITATION EVENTS IN THE SOUTHEAST 

Prior to any analysis of the influence of circulation on precipitation events in the 
Southeast, a baseline event climatology must be developed. Such a climatology is not 
currently available since the usual methods of precipitation analysis within climatology 
do not include analysis of events. Thus there is no information about the number, 
frequency or distribution of events. This chapter investigates average conditions to 
produce a long term climatology, comparable to the familiar 30-year "normal" values 
usually associated with long-term average climatological analyses. 

This lack of any previous detailed consideration of precipitation events 
necessitated that the analysis start with no prior assumptions as to the appropriate 
classifications for event amounts or durations, for spatial variations within the region, or 
even for the number of events in a season. Consequently the development of a 
precipitation event climatology involves specification of: 

(a) the frequency of events, including temporal and spatial variations across the 
region; 

(b) the variation in frequency as a function of event amounts and durations; 
(c) the relation between event information and the commonly considered 

precipitation measures, notably totals over fixed periods and numbers of 
raindays; and 

(d) the influence of topography on events. 
Each of these is the focus of one section of the current chapter. 

2.A. FREQUENCY OF EVENTS 

The average frequency of events for each season was calculated for each of the 
stations in the 2" x 2" network (Table 7). All available data were used. There are 
between 90 and 160 events per year, with 130 representing a general region-wide value. 
Seasonally the numbers vary between approximately 20 and 40 events per season. As 
an average for the whole region there is a slight maximum in summer, with just under 
40 events, and a minimum in fall, with just under 30. However, there are distinct 
variations spatially and temporally within the southeast United States. 

The spatial variation in the average number of events in winter (Fig. 6) shows 
about 30 events throughout the region north of Florida, with maxima exceeding 35 west 
of the Appalachian Mountains and along the North Carolina coast. There is a distinct 
minimum over the Moore Haven station in southern Florida. In spring there is a clear 
north-south gradient, with less than 25 events throughout Florida and over 40 in the 
north. In summer the pattern is more complex, although in general the gradient 
reverses with values over 50 at Lakeland in central Florida and Mobile on the Gulf Coast 
but considerably lower in the interior. In fall northern Florida has the minimum number 
of events with a rapid increase southward and a more gradual one northward. 



............................................... ............................................... 
TABLE 7: Number of precipitation events per year and per season, for the Southeast 

network stations. 

WINTER SPRING SUMMER FALL ANNUAL 

Augusta 
Charleston 
Chattanooga 
Clermont 
Coolidge 
Dadeville 
Dickson 
Fol kston 
Graceville 
Cape Hatteras 
Key West 
Knoxville 
Lakeland 
Living ston 
Macon 
Memphis 
Mobile 
Montgomery 
Moore Haven 
Norfolk 
Pickens 
Pol kton 
Richmond 
Roanoke 
Washington 
Wilmington 
Wytheville 

MAX 
MIN 

AVERAGE 31.4 32.6 38.8 28.0 130.9 



SPRING 

FALL 

SUMMER r 

WINTER -I 

r 

Fig. 6: The spatial distribution of the long-term average number of events per season 
in the Southeast, using all data for the 1958-1987 period. 



These results indicate that South Florida has a summer/fall maximum in the 
number of precipitation events, while somewhat farther north there is a distinct summer 
maximum with no true minimum in fall. In the extreme north fall and winter are the 
seasons with the least number of events. The Gulf coast has a maximum concentrated 
in summer and a secondary minimum in winter. These general results are in line with 
those which would be expected from a consideration of the synoptic climatology. The 
seasonal cycle in south Florida emphasizes the summer convective activity and 
quiescent winter there. Away from this subtropical influence the mixture of convective 
and cyclonic activity leads to a smaller annual cycle, although the summer convective 
activity is still predominant. 

It must be emphasized that the maps of Fig. 6 have been developed from a 
relatively small number of stations. Thus they must not be regarded as definitive maps 
of precipitation events. The role of individual stations seems to be unduly emphasized 
in places. For example, Clermont, in northeast Georgia, always seems to stand out as 
a region of low values. It is not clear whether this station is typical of the extreme 
southern Appalachian Mountains or whether it is anomalous. Certainly the influence of 
topography and scale are important considerations in any spatial analysis. 

The spatial variations can be explored in more detail and on a finer scale by 
considering the North Carolina conditions (Fig. 7). In each season the mountainous 
west tends to have the maximum number of events, as suggested for the southeast as 
a whole. In the central portions of the state the numbers of events, around 35 in spring 
and summer, also reflect regional values. Fall values in the piedmont area are closer 
to 25, with an increase near the coast, while in winter there are about 30 events over 
much of the state. In general therefore, a comparison of Figs. 6 and 7 reveals similar 
values for North Carolina and the Southeast, and in general the patterns are repeated 
on the two scales. 

The regional and the state maps both suggest that the general characteristics of 
the seasonal event frequency have been captured by the networks of stations used 
here. Hence the regional and statewide patterns can be treated with some confidence. 
It is unlikely, however, that great reliance can be placed on values for a single location, 
and result for individual places should only be used with extreme caution. Theoretically, 
increased confidence would come from use of a longer period of record and a denser 
network. The present analysis, however, uses most of the available high quality data, 
so that only marginal improvements are likely in the near future. Indeed, minor spatial 
variations in events must be regarded as an integral part of the event climatology, and 
a major uncertainty is how far the indicated spatial variations are an artifact of sampling 
and how much they represent the true variations. From the known synoptic climatology, 
it can be postulated that on a long-term basis cyclonic events will be equally distributed 
over the area so that cyclonic event frequencies will be similar. Convective events, of 
the air-mass thunderstorm type especially common in the Southeast, are often regarded 
as being random in location, but small scale spatial variations in topography and 
surface character are likely to lead to persistent variations in the place of occurrence 
and hence in the long-term frequency of events. 
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Fig. 7: The spatial distribution of the long-term average number of events per season 
in North Carolina, using all data for the 1958-1987 period. 



2.8. DISTRIBUTION OF EVENT DURATIONS AND AMOUNTS 

The choice of appropriate size categories for the analysis of event amounts and 
durations poses similar problems to those addressed in Chapter 1 in connection with 
the definition of events themselves. There are no natural, well defined class limits which 
can be used, and there is relatively little information available in the literature which 
might aid the selection. One general criterion, following from the preceding discussion 
of the spatial variation of events of various types, is that comparison between short, 
fairly intense convective events and the longer cyclonic ones should be possible. 
Consequently the first consideration in this section must be for the development of an 
appropriate classification scheme. 

The theoretical range of durations extends from a minimum of 1 hr to an 
unlimited upper bound. In practice, occasional events may be 50 hr long, but the vast 
majority have a duration of less than 10 hr. Thus if a bin size of 1 hr is used for 
classification, detail is given for the most frequent storms, but unless there are to be an 
inordinate number of bins all the long duration storms are grouped together. These 
long duration events may be the ones of most interest. Hence the apparent influence 
of using various bin sizes at various stations was tested (Fig. 8). In the south, such as 
at Key West, virtually no storms have a duration longer than 15 hr. Consequently only 
15 bins are needed to extract the maximum amount of detail possible. Using Roanoke 
as an example of a northern station, however, approximately 3% of the storms exceed 
20 hr in duration. Using 20 1-hour bins, therefore, means that detail for the extremely 
long storms is lost. Even here, however, there are only a small number of bins needed 
to specify most of the distribution in detail at a bin size of one hour. Consequently this 
bin-size was adopted. 

There is similar concern for bin sizes for the distribution of precipitation amounts 
within events (Fig. 9). The resolution of amounts depends on the type of raingauge. 
Some record to hundredths of inches, some to tenths. In general, however, the finest 
usable resolution is tenths (Stephens 1990). This resolution is used here. For all 
stations, again using Key West and Roanoke as illustrative examples, the majority of 
events have amounts less than 2.0". Storms with precipitation amounts exceeding 3.0", 
which might be of most concern for some aspects of water resources, are likely to be 
infrequent. Consequently, using a similar rationale to that for the choice of duration 
classes, the decision was made to concentrating strongly on the more common values. 
Hence the bin size chosen for analysis has a value of 0.1". 

These choices of bin size for amount and duration provide the finest resolution 
available with the data. They emphasize the most commonly occurring events, giving 
little concern for rare and extreme ones. It was anticipated that emphasis on commonly 
occurring events, leading to a relatively large data sample, would enhance the possibility 
of establishing connections between events and circulation. Almost certainly the rare 
and extreme events would need a different analysis approach, one which would not 
necessarily produce a climatology which could readily be linked to circulation. 
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Fig. 8: Cumulative frequency of the percentage of events exceeding indicated durations 
at Key West and Roanoke. Abscissa values must be multiplied by the specified amount 
for each line to give the actual duration. 
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Fig. 9: Cumulative frequency of the percentage of events exceeding indicated amounts 
at Key West and Roanoke. Abscissa values must be multiplied by the specified amount 
for each line to give the actual amount. 



The variation in the number of events as a function of event duration differs from 
season to season (Fig. 10). In general, there are few events exceeding 15 hr in 
summer, while in winter some stations have several events in excess of 25 hr long. 
There are also marked variations from station to station. Key West stands out in all 
seasons as having a higher percentage of short duration storms. Commonly only about 
50% of the Key West storms have a duration of more than 1 hr, while it is in excess of 
60% at the other stations. Thus half the Key West events are an hour or less in 
duration, as would be expected given the convective nature of storms in the area. 
While differences between the other stations are less marked, they are clearly present. 
In all seasons except summer Roanoke typically has a few percent more storms in each 
duration category than the other stations, indicating fewer short-lived convective events 
but a greater influence of cyclonic activity. Indeed, there appears to be a common 
relationship among stations, with Roanoke having the longest storms, Memphis and 
Cape Hatteras being slightly shorter, Macon and Mobile somewhat shorter still and Key 
West having the shortest durations. In summer interstation differences are much smaller 
and all stations except Key West have very similar distributions. Thus the relatively 
straightforward interpretation of the synoptic climatology given in Chapter 1 provides a 
descriptive explanation of these seasonal and spatial variations. 

Events amounts also show some seasonal and locational variation (Fig. 11). 
Although there are few events giving more than 3.5"' they are more likely to occur in the 
intermediate seasons than in summer and winter. Key West stands out clearly from the 
other stations only in winter, where it has a greater number of events with precipitation 
under 0.1 ". In spring Mobile and, to a lesser extent Memphis, have a higher percentage 
of events with heavy rainfall than do the other stations. However, the graphs do not 
show the same degree of seasonal stability from station to station as those for duration. 
In general, therefore, it appears that event amounts are likely to be much more variable 
than event durations. 

This difference between results for durations and amounts is not surprising. 
Many factors influence event amount: the position of the gauge relative to the storm 
center and the storm track; the speed of storm movement; the windspeed effect on the 
gauge catch; and the interaction of wind direction and topographic effects. A small 
change in any one of these may have a major influence on the amount of precipitation 
recorded. The duration, on the other hand, is much less ambiguous. In particular, the 
results are more easily quantified and separated into the long-duration cyclonic and 
short-duration convective events needed to give a qualitative explanation of variations. 

The variations between stations indicated by Figs. 10, and 11 suggest that 
development of precipitation event subregions for the Southeast' is possible. This would 
allow more rigorous statistical tests by creating larger datasets of pooled data from all 
stations in the same region. As the first stage of exploring this possible development, 
the statistical significance of the differences between stations were investigated. 
Frequency distributions for event amounts and distributions for all 27 southeastern 
stations were developed and differences between them tested using a Kolgomorov- 
Smirnov test. The winter results, expressed in terms of the significance of the difference 



SPRING 
m 

SUMMER 

DURATION (Hours) 
Cape Hatteras Key West Macon Memphis Mobile Roanoke 



Fig. 11 : Frequency of events equalling or exceeding specified amounts for selected 
stations in the Southeast for each season. 



between each station, clearly show some stations, such as Key West and Clermont, are 
significantly different from most others (Table 8). The tropical nature of Key West and 
the apparent topographically induced anomaly at Clermont have already been noted. 
Hence some regional differences can be explained climatologically. The results, 
however, are ambiguous, since Key West is different from all stations except Wytheville, 
at the opposite side of the region, while Richmond is significantly different from 
Charleston but not from Augusta. Analyses for the other seasons show similar patterns, 
but with different stations involved. Certainly no clear spatial pattern emerges for either 
duration or amount, while various attempts at clustering (SAS Institute 1985) indicated 
no coherent regional groupings. Thus it is not possible to use this approach to produce 
a series of precipitation event subregions, however convenient this would be. 
Alternative methods of regionalization are needed. 

TABLE 8: significance' of the Kolgomorov-Smirnov test for the difference between the 
frequency distributions for event amount and event duration in winter conditions. 

STATION A B C D E F G H  I J K L M N O P Q R S T U V W X Y Z A A  

Augusta 
Charleston 
Chattanooga 
Clermont 
Coolidge 
Dadeville 
Dickson 
Folkston 
Graceville 
Cape Hatteras 
Key West 
Knoxville 
Lakeland 
Livingston 
Macon 
Memphis 
Mobile 
Montgomery 
Moore Haven 
Norfolk 
Pic kens 
PolMon 
Richmond 
Roanoke 
Washington 
Wilmington 
Wytheville 

AMOUNT 
- 1 0 0 2 0 1 0 0 0 3 0 2 3 0 0 0 0 1 0 0 0 0 1  1 0 3  
2  - 2 3 3 1 0 0 2 0 3 0 0 0  1 0 2 2 0 0 2 0 0 0 0 0 2  
0 3 - 1 3 0 2 0 0 0 3 1 1 3 0 0 0 0 2 0 0 0 0 2 2 1 3  
1 3 0  - 0 0 3 1 0 1 3 3 3 3  1 3 1 0 3 3 0 1 3 3 3 2 3  
2 3 2 3  - 0 3 2 0 3 3 3 3 3 3 3 3 1 3 3 2 3 3 3 3 3 3  
3 3 3 3 3  - 2 0 0 0 3 0 3 3 0 0 0 0 1  1 0 0 1  3 2 0 3  
3 3 3 3 3 0  - 1 2 1 3 0 0 0  1 0 2 3 0 0 3 0 0 0 0 0 1  
3 3 3 3 3 0 0  - 0 0 3 0 2 2 0 0 0 0 0 0 0 0 1  2 2 0 3  
3 3 3 3 3 0 0 0  - 0 3 1 3 3 0 0 0 0 2 1 0 0 1 3 3 0 3  
0 0 2 3 3 3 3 3 3  - 3 0 1  2 0 0 0 0 0 0 0 0 0 1 0 0 3  
3 3 3 3 3 3 3 3 3 3  - 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0  
0 1 1 3 2 3 3 3 3 0 3  - 0 0  1 0 2 1 0 0 2 0 0 0 0 0 3  
3 3 3 3 3 0 2 0 1 3 2 3  - 0  1 0 1 3 0 0 2 0 0 0 0 0 1  
3 3 3 3 3 1 0 0 0 3 3 3 0  - 3  1 3 3 0 0 3 2 0 0 0 1 0  
0 2 1 3 3 3 3 3 3 0 3 0 3 3  - 0 0 0 1 0 0 0 0 1  1 0 3  
0 1 1 3 3 3 3 3 3 0 3 0 3 3 0  - 0 0 0 0 0 0 0 0 0 0 3  
2 0 3 3 3 3 3 3 3 0 3 2 3 3 2 0 - 0 1  1 0 0 0 2 2 1 3  
1 0 3 3 3 3 3 3 3 0 3 0 3 8 0 0 0  - 2 1 0 0 1 3 2 0 3  
3 3 3 3 3 1 3 1 2 3 3 3 3 3 3 3 3 3  - 0 2 0 0 0 0 0 0  
0 3 0 2 3 3 3 3 3 1 3 0 3 3 0 0 3 2 3  - 1 0 0 0 0 0 3  
0 3 0 1 3 3 3 3 3 0 3 0 3 3 0 0 2 1 3 0 - 0 1 2 2 1 3  
3 3 3 3 3 2 1 3 3 3 3 3 3 3 3 3 2 3 3 3 3  - 0 0 0 0 3  
0 3 0 1 2 3 3 3 3 2 3 0 3 3  1 0 3 2 3 0 0 3  - 0 0 0 3  
0 3 0 0 2 3 3 3 3 3 3 1 3 3 2  1 3 3 3 0 0 3 0  - 0 0 3  
0 3 0 0 2 3 3 3 3 2 3 2 3 3  1 2 3 3 3 0 0 3 0 0  - 0 2  
0 0 2 3 3 3 3 3 3 0 3 0 3 3 0 0 0 0 3 1 0 3 2 2 2  - 3  
0 3 1 3 0 3 3 3 3 2 3 1 3 3 2 3 3 2 3 3 2 3 1  1 2 2 -  

DURATION 

Significance: 0 < 95%; 1 - 95%; 2 - 99%; 3 - 99.9% 



While a formal regionalization is not possible, spatial variations of event durations and 
amounts across the region can be investigated. This can be undertaken in two ways, 
first by considering the percentage of events in various duration or amount categories, 
and second by considering the actual number of events in those categories. The former 
provides information pertinent to the climatology of the region, the latter has more 
practical applications. 

For storm duration, in all seasons there is a north to south decrease in the 
percentage for storms lasting more than 5 hr (Fig. 12). In winter in the north up to 40% 
of all events have durations in excess of this, while in the south commonly less than 
20% are this long. The corresponding summer values are 12% and 8%, while the 
intermediate seasons have intermediate values. Considering the longest duration 
storms only, those lasting 15 hr or more, there is a similar seasonal and spatial pattern 
(Fig. 13), although actual percentages are much lower. A common feature of almost 
all the maps of Figs. 12 and 13 is the higher percentage displayed over the southern 
Appalachians. The tendency for travelling depressions to "stall" over the mountains is 
a well known problem for weather forecasters in the Southeast (Dr. Joseph Pellissier, 
Deputy Meteorologist in Charge, National Weather Service Forecast Office, Raleigh- 
Durham International Airport - personal communication), and these maps indicate the 
climatological result. 

For event amounts the pattern is less clear. For events with amounts exceeding 
0.5" the smallest percentage occurs throughout the year at the extreme southern tip of 
Florida and in western Virginia (Fig. 14). The maximum frequency occurs near the Gulf 
Coast or, in summer, in northern Florida. In winter and spring the southern 
Appalachians appear to increase the percentage, but in summer they decrease it. At 
all seasons throughout the area between 20% and 30% of events give amounts greater 
than 0.5". The highest percentage occurs in the spring. This is also the case for those 
events with amounts exceeding 1.5" (Fig. 15). These heavier events account for around 
5% of all events. They, like the lighter events, show an area of maximum frequency over 
the Gulf Coast, while minima occur over the Appalachians, this time for virtually all 
seasons. Again, tentative explanations of the temporal and spatial variation based on 
the synoptic climatology are possible, but further testing is needed. 

The previous paragraphs have treated the duration and amount aspects of the 
climatology entirely separately rather than as two facets of the same event. When they 
are treated together, however, there is a great number of potential combinations. Only 
a small selection can be considered. A dual approach is taken here, with one set of 
results emphasizing rather large categories which cover a wide range of amounts and 
durations (Table 9) and a second set emphasizing finer divisions at small durations and 
amounts (Table 1 0). 
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Fig. 12: The percentage of events with durations equal to or exceeding 5 hr for each 
season in the Southeast. 



FALL 

SUMMER 

WINTER 

Fig. 13: The percentage of events with durations equal to or exceeding 15 hr for each 
season in the Southeast. 
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Fig. 14: The percentage of events with amounts equal to or exceeding 0.5" for each 
season in the Southeast. 
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Fig. 15: The percentage of events with amounts equal to or exceeding 1.5" for each 
season in the Southeast. 



On the finest scale, covering events with amounts less than 0.5" and durations 
less than 5 hr (Table 9), the majority are short duration. Indeed, for most stations and 
seasons, storms of 1 hr duration and giving less than 0.1" of rain account for between 
a quarter and a third of all events. For Key West this approaches 40%. The second 
most common class, often accounting for 10% of all events, are those with 2 hr 
durations and less than 0.1 " of rain. 

............................................... ............................................... 
TABLE 9: Percentage of events in selected small-scale attribute classes for each season 
for selected stations in the Southeast. 

SPRING 

SUMMER 

FALL 

WINTER 

Duration 
(W 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

AMOUNT (id1 00) 
0.1 1-2 2-3 3-4 4-5 

CAPE HAlTERAS 
23.4 1.0 1.2 0.2 0.1 
14.6 4.8 1.4 1.1 0.6 
5.8 3.5 1.2 1.4 0.5 
2.5 1.9 1.2 0.6 0.3 
1.1 1.8 0.6 0.7 0.6 

MACON 
26.5 0.8 0.9 0.5 0.1 
10.0 2.5 2.1 1.3 0.8 
6.1 2.9 0.9 0.8 0.5 
2.6 1.0 1.0 1.1 0.5 
0.6 0.8 0.9 0.9 0.4 

CAPE HATIERAS 
27.8 3.8 1.6 0.8 0.4 
13.5 4.9 2.4 1.9 1.0 
4.1 2.5 1.2 0.6 0.8 
1.1 1.5 1.1 1.0 0.7 
0.3 0.7 1.2 0.5 0.3 

MACON 
31.4 3.8 2.0 1.0 0.5 
10.8 4.4 2.1 1.6 1.1 
3.2 3.3 1.7 1.5 0.6 
1.5 2.0 0.9 1.1 0.7 
0.4 1.1 0.6 0.2 0.6 

CAPE HATIERAS 
27.6 2.3 0.7 0.2 0.3 
12.4 3.5 1.4 0.9 0.6 
5.2 2.1 1.3 1.0 0.3 
2.8 1.4 1.3 1.0 0.3 
1.3 1.0 0.0 0.7 0.3 

MACON 
32.8 2.8 0.9 0.1 0.2 
11.4 4.4 1.8 0.4 0.6 
5.0 1.8 1.3 0.9 0.6 
3.1 2.0 1.1 0.9 0.7 
1.1 1.3 0.7 0.2 0.2 

CAPE HATIERAS 
21.4 1.1 0.3 0.3 0.1 
14.0 1.7 1.2 0.2 0.5 
6.3 2.2 0.8 0.5 0.6 
2.8 2.1 1.0 0.5 0.5 
1.3 1.8 1.1 1.0 0.8 

MACON 
24.5 0.4 0.0 0.1 0.1 
9.2 1.8 1.2 0.5 0.4 
5.7 1.6 0.7 0.5 0.3 
2.9 2.3 1 .O 0.5 0.3 
2.0 2.0 1.3 0.7 0.4 

AMOUNT (id100) 
0-1 1-2 2-3 3-4 4-5 

KEY WEST 
38.3 4.0 1.4 0.6 0.3 
11.5 4.0 2.9 2.4 0.8 
2.9 1.3 1.1 0.8 1.6 
0.3 0.8 1.0 0.5 0.6 
0.3 0.3 0.2 0.6 0.5 

MEMPHIS 
24.4 1.2 0.5 0.8 0.2 
10.1 2.3 1.2 1.1 0.5 
5.5 3.1 1.0 1.4 0.8 
2.0 2.2 1.0 1.0 0.3 
1.0 0.9 0.6 0.6 0.4 

KEY WEST 
41.5 5.8 2.4 1.1 0.5 
10.0 4.9 3.0 2.1 1.4 
2.0 1.9 0.9 1.0 0.5 
0.5 0.6 0.6 0.5 0.3 
0.5 0.2 0.3 0.2 0.3 

MEMPHIS 
30.3 4.0 1.7 0.4 0.3 
10.4 3.3 1.6 1.5 1.4 
3.5 2.0 1.9 1.4 1.6 
1.2 1.1 1.2 1.2 0.7 
0.8 0.8 0.4 0.7 0.2 

KEY WEST 
39.8 4.8 2.0 1.0 0.3 
10.1 4.4 3.2 1.5 1.2 
3.5 2.2 1.0 1.1 0.4 
0.8 1.0 1.2 0.5 0.5 
0.4 0.4 0.4 0.5 0.4 

MEMPHIS 
30.1 1.2 0.5 0.2 0.5 
8.6 2.4 1.8 0.5 0.4 
4.6 1.5 1.0 0.4 0.2 
2.4 2.4 1.4 0.7 0.8 
1.0 1.0 1.2 0.2 0.4 

KEY WEST 
40.3 3.6 0.8 0.4 0.0 
11.5 4.2 1.7 0.9 0.6 
5.0 2.0 0.0 0.9 0.1 
3.0 1.4 1.3 0.7 0.3 
0.7 1.3 1.0 0.3 0.3 

MEMPHIS 
25.6 0.5 0.4 0.1 0.2 
8.7 1.4 1.3 0.7 0.1 
6.3 1.7 1.3 0.4 0.4 
3.7 1.3 0.8 0.6 0.5 
1.9 1.6 0.9 0.5 0.3 

AMOUNT (iN1 00) 
0-1 1-2 2-3 3-4 4-5 

MOBILE 
28.5 2.2 0.5 0.3 0.1 
12.3 3.6 0.0 0.8 0.7 
3.1 1.0 1.6 0.7 0.8 
1.7 1.4 0.8 0.5 0.9 
0.1 0.8 0.7 0.6 0.5 

ROANOKE 
29.4 1.7 0.2 0.1 0.2 
13.1 2.8 1.0 0.4 0.2 
5.5 1.0 1.1 0.6 0.4 
3.6 2.4 1.1 0.6 0.6 
1.7 1.2 1.0 0.7 0.3 

MOBILE 
28.8 4.0 2.2 1.4 0.9 
10.3 5.4 2.9 1.8 1.3 
3.3 2.0 1.1 1.1 1.5 
1.1 1.7 0.0 0.6 0.3 
0.3 0.7 0.6 0.6 0.8 

ROANOKE 
30.6 4.4 2.1 0.9 0.5 
12.4 4.1 2.2 1.6 1.2 
4.2 2.7 2.0 1.1 0.9 
1.4 1.3 0.8 0.7 0.3 
0.6 0.7 1.3 0.2 0.4 

MOBILE 
29.6 3.2 1.7 1.2 0.1 
12.5 3.8 1.0 1.3 0.5 
4.8 2.0 1.0 1.0 0.2 
2.5 1.4 0.6 0.5 0.5 
1.2 0.5 0.9 0.8 0.7 

ROANOKE 
25.6 1.5 0.6 0.2 0.2 
12.5 2.2 0.8 0.6 0.1 
6.4 2.2 0.7 0.3 0.3 
3.5 1.6 1.6 0.8 0.2 
1.1 1.1 1.0 1.0 0.1 

MOBILE 
26.3 1.0 0.4 0.1 0.0 

10.4 2 3  1.2 0.6 0.4 
5.8 3.2 1.5 0.4 0.2 
2.2 1.2 1.2 0.7 0.5 
1.3 1.1 0.6 0.5 0.6 

ROANOKE 
23.4 0.1 0.0 0.0 0.0 
14.3 0.8 0.0 0.0 0.0 
7.7 1.3 0.5 0.2 0.0 
2.0 2.3 0.6 0.3 0.0 
2.2 1.6 0.4 0.5 0.0 



The broader range values (Table 10) emphasize that the vast majority of events are 
small scale, giving amounts less than 0.5" and having durations less than 5 hr. All 
stations except Key West have similar amounts, with these small storms accounting for 
65-75% of all events in spring and fall, slightly more in summer, and slightly fewer in 
winter. Key West has about 10% more short, light events in each season. At the other 
extreme, the long, heavy events, with durations in excess of 20 hr and amounts over 
2.0", represent about 1% of the events in fall and winter, less than 0.5% in spring, and 
near zero in summer. Again, Key West is an obvious exception to this, having low 
values in all seasons. 

The above discussion has concentrated on analysis of the percentage of events 
in the various categories. It is also possible to consider the actual number of events 
involved. The information given in Table 10 concerning the total number of storms in 
each season during the 1958-1 987 period, together with the percentages, allows a direct 
investigation. However, it is more advantageous here to consider actual numbers of 
events by developing probability surfaces for events with particular combinations of 
amount and duration. There is an almost infinite series of combinations, some of which 
may have important practical consequences in some conditions but not in others. 
Hence only two combinations are used here, events with more than 0.5" in 1 hr and 
events which give more than 1 .ON within a 24 hr period. This selection is essentially 
arbitrary, and designed more to show the potential information available than to provide 
a comprehensive analysis. 

The observational data used here allow determination of the frequency with which 
events with particular amounts and durations have occurred in the past. Thus maps of 
the number of occurrences per year can be created. These can be treated as 
probabilities, although this is not true in the strict statistical sense since the results 
represent only a sample, not the full population. Further, the results are not limited to 
an upper value of 1 (100% probability), since more than one event per year is allowed. 
Nevertheless, the historical analysis allows the development of maps of event 
occurrence which can be treated rather like probability surfaces. 

The short intense storms represented by events having more than 0.5" of 
precipitation in 1 hr are most common in southern Florida (Fig. 16). Here there is likely 
to be at least one each summer and another every second fall. They may also occur 
in spring, and are not unknown in winter. Throughout the rest of the area, however, 
they are rare in winter. In the other seasons for the area outside Florida there are some 
indications that local topographic and surface influences are important, the highest 
frequencies being associated with the southern Appalachians and with some Atlantic 
coastal areas. In these local areas these intense events have a frequency for each 
season approaching once in every two years, but in other areas the frequency is closer 
to 1 year out of 10. 



TABLE 10: Percentage of events in selected broad-scale attribute classes for each 
season for selected stations in the Southeast. 

Duration 

-1 

1 -5 
6-10 

11-15 
36-20 
> 20 
Total 

1 -5 
6-10 

11-15 
16-20 
> 20 
Total 

1-5 
6-10 

11-15 
1620 
> 20 
Total 

1-5 
6-10 

11-15 
16-20 
> 20 
Total 

1-5 
6-10 

11-15 
16-20 
> 20 
Total 

1-5 
610 

11-15 
16-20 
> 20 
Total 

1-5 
6-10 

11-15 
16-20 
> 20 
Total 

1-5 
6-10 

11-15 
16-20 
> 20 
Total 

AMOUNT (in) 
<'A 'hl 1-l'h l 'h2 >2 All 

AMOUNT (in) 
<'h 'Al l - l 'h l 'h2 >2 All 

AMOUNT (in) 
<'h 'h1 1-1'h11h2 >2 All 

SPRING CAPE HATERAS (101 9)' 
72.6 5.2 0.8 0.1 0.3 79.0 
7.1 4.1 2.6 0.5 0.4 14.7 
0.9 1.5 1.1 0.8 0.4 4.6 
0.0 0.2 0.1 0.6 0.2 1.1 
0.0 0.1 0.1 0.2 0.2 0.6 

80.6 11.1 4.7 2.2 1.5 100.0 

KEY WEST (624) 
79.2 7.2 1.8 1.4 1.6 91.2 
2.6 2.4 1.3 0.6 0.3 7.2 
0.0 0.5 0.3 0.2 0.0 1.0 
0.0 0.0 0.0 0.0 0.5 0.5 
0.0 0.0 0.0 0.0 0.2 0.2 

61.7 10.1 3.4 2.2 2.6 100.0 

MOBILE (060) 
66.4 6.2 3.1 0.9 1.4 80.0 
4.4 3.9 2.3 1.8 2.1 14.4 
0.2 1.1 0.3 0.4 1.8 3.9 
0.0 0.0 0.2 0.3 0.6 1.1 
0.0 0.0 0.1 0.0 0.5 0.6 

70.9 13.2 6.0 3.4 6.4 100.0 

MACON (1008) 
68.1 7.1 1.3 0.1 0.2 76.8 
7.9 5.9 2.1 0.7 1.0 17.6 
0.6 1.1 0.8 0.3 0.9 3.7 
0.1 0.5 0.2 0.3 0.5 1.6 
0.0 0.0 0.2 0.0 0.2 0.4 

76.7 14.6 4.6 1.4 2.8 100.0 

MEMPHIS (1 1%) 
65.3 7.2 2.0 0.5 0.3 75.2 
7.7 5.1 3.7 1.0 1.1 18.7 
0.6 1.0 1.0 0.4 0.9 3.6 
0.2 0.3 0.3 0.3 0.6 1.6 
0.0 0.0 0.0 0.1 0.5 0.6 

73.7 13.5 7.0 2.3 3.4 100.0 

ROANOKE (1234) 
71.8 2.1 0.5 0.0 0.0 74.4 
11.3 3.0 0.5 0.2 0.1 15.1 
1.5 2.9 0.9 0.2 0.2 5.6 
0.3 1.4 0.8 0.5 0.2 3.2 
0.1 0.3 0.4 0.2 0.7 1.8 

85.0 9.7 3.1 1.1 1.1 100.0 

SUMMER CAPE HATERAS (1234) 
75.8 8.3 1.8 0.4 0.4 B6.6 
3.9 2.8 1.2 0.6 1.2 9.8 
0.1 0.5 0.9 0.2 0.6 2.3 
0.0 0.0 0.2 0.0 0.5 0.7 
0.0 0.0 0.0 0.0 0.6 0.6 

79.7 11.6 4.1 1.3 3.2 100.0 

KEY WEST (1553) 
82.9 8.3 2.3 0.8 0.7 05.0 

1.6 0.0 0.8 0.6 0.4 4.3 
0.1 0.2 0.1 0.1 0.1 0.5 
0.0 0.0 0.0 0.0 0.1 0.1 
0.0 0.0 0.0 0.0 0.1 0.1 

84.6 9.4 3.2 1.5 1.4 100.0 

MOBILE (1615) 
75.710.3 4.0 1.5 1.1 92.8 

1.9 2.1 1.1 0.5 0.5 6.1 
0.0 0.2 0.2 0.1 0.0 0.6 
0.0 0.0 0.0 0.2 0.2 0.4 
0.0 0.0 0.0 0.0 0.1 0.1 

77.6 12.6 5.4 2.4 1.9 100.0 

MEMPHIS (942) 
73.71 1.1 3.5 1.6 0.8 90.8 
2.7 1.8 1.4 0.7 0.6 7.2 
0.3 0.2 0.2 0.3 0.5 1.6 
0.0 0.0 0.2 0.1 0.1 0.4 
0.0 0.0 0.0 0.0 0.0 0.0 

76.6 13.2 5.3 2.8 2.1 100.0 

ROANOKE (1201) 
78.8 7.2 2.7 0.5 0.5 89.7 
4.7 1.9 0.4 0.3 0.1 7.5 
0.3 0.7 0.3 0.1 0.2 1.6 
0.2 0.2 0.2 0.1 0.1 0.7 
0.0 0.0 0.2 0.0 0.3 0.5 

84.0 10.0 3.8 1.0 1.2 100.0 

FALL CAPE HATERAS (1032) 
70.4 5.2 1.3 0.6 0.3 77.8 
5.4 4.5 1.7 1.4 1.2 14.1 
1.1 1.7 0.7 0.4 1.0 4.8 
0.0 0.2 0.6 0.2 0.8 1.7 
0.0 0.1 0.3 0.1 1.0 1.5 

76.9 11.7 4.6 2.6 4.2 100.0 

KEY WEST (1366) 
82.8 6.3 1.7 0.7 0.5 92.0 
2.3 1.9 0.7 0.6 1.0 6.5 
0.1 0.1 0.3 0.1 0.3 1.0 
0.0 0.0 0.0 0.0 0.2 0.2 
0.0 0.0 0.0 0.0 0.3 0.3 

85.3 8.3 2.7 1.4 2.3 100.0 

MOBILE (1003) 
74.3 6.5 1.4 0.9 0.3 83.3 
4.8 2.4 1.5 0.9 1.7 11.3 
0.3 0.8 0.9 0.8 0.8 3.6 
0.1 0.3 0.0 0.1 0.4 0.9 
0.0 0.1 0.1 0.1 0.6 0.9 

79.5 10.1 3.9 2.8 3.8 100.0 

MACON (818) 
76.4 4.8 1.2 0.2 0.1 82.8 
6.0 3.7 0.6 0.5 0.5 11.2 
0.5 2.1 0.9 0.4 0.1 3.9 
0.1 0.2 0.0 0.1 0.1 0.6 
0.0 0.1 0.2 0.4 0.7 1.5 

83.0 10.9 2.9 1.6 1.6 100.0 

MEMPHIS (840) 
65.2 6.3 2.1 0.6 0.4 74.6 
8.3 4.9 2.1 0.6 0.8 16.8 
0.6 2.1 1.3 0.5 0.5 5.2 
0.0 0.5 0.2 0.7 0.7 2.1 
0.0 0.0 0.1 0.2 0.8 1.2 

74.4 13.8 6.0 2.6 3.2 100.0 

ROANOKE (880) 
66.3 2.2 0.5 0.0 0.0 68.9 
12.4 3.1 1.0 0.3 0.0 16.8 
1.9 3.2 1.5 0.6 0.3 7.5 
0.1 1.0 0.9 0.5 1.1 3.6 
0.0 0.5 1.0 0.7 1.0 3.2 

80.7 9.9 4.9 2.0 2.5 100.0 

WINTER CAPE HATERAS (1 009) 
64.0 2.6 0.6 0.0 0.0 67.2 
11.1 5.4 2.5 1.0 0.6 20.6 
1.5 2.7 1.7 0.8 0.6 7.4 
0.3 0.7 0.7 0.5 0.7 2.9 
0.0 0.3 0.2 0.3 0.8 1.5 

76.8 11.7 5.7 2.5 2.8 100.0 

KEY WEST (605) 
63.0 3.5 1.2 0.6 0.1 88.3 
4.0 2.0 0.9 0.9 0.3 8.1 
0.4 0.7 0.4 0.1 1.0 2.7 
0.0 0.1 0.3 0.0 0.1 0.6 
0.0 0.0 0.1 0.0 0.1 0.3 

67.5 6.3 2.9 1.6 1.7 100.0 

MOBILE (1 078) 
63.5 4.6 1.2 0.4 0.3 70.0 
9.2 5.9 2.6 0.9 0.6 19.2 
0.9 1.7 1.4 0.9 0.8 5.8 
0.2 0.6 0.6 0.6 0.5 2.4 
0.0 0.1 0.4 0.6 1.1 2.2 

73.8 12.9 6.1 3.5 3.2 100.0 

MACON (1098) 
60.2 3.0 0.5 0.0 0.1 63.9 
13.1 5.6 2.6 0.7 0.5 22.4 
1.6 4.1 1.3 0.5 0.6 8.0 
0.2 1.0 0.8 0.1 0.5 2.6 
0.0 0.5 0.6 0.3 0.9 2.4 

75.1 14.2 5.8 1.6 2.6 100.0 

MEMPHIS (1040) 
61.9 2.9 0.7 0.3 0.0 65.8 
11.5 6.1 1.6 0.5 0.1 19.8 
2.9 3.3 0.8 0.6 0.7 8.2 
0.3 1.2 0.6 0.5 0.8 3.3 
0.0 0.3 0.9 0.2 1.4 2.8 

76.6 13.7 4.5 2.0 3.0 100.0 

ROANOKE (928) 
58.2 0.5 0.1 0.0 0.0 50.8 
16.1 3.1 0.3 0.1 0.0 19.6 
3.4 6.3 1.6 0.3 0.1 11.7 
0.9 2.8 1.6 0.5 0.0 5.8 
0.1 0.8 0.6 0.5 0.6 2.7 

79.6 13.5 4.3 1.5 0.8 100.0 

' - Total number of events in the 30 year period (1958-1987) 
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Fig. 16: The number of events per season in the Southeast giving more than 0.5" 
precipitation in 1 hr or less. 



An example at the opposite extreme is given by events where more than 1 .OM of 
rain falls in less than 24 hr (Fig. 17). Here Florida is not so distinctly different from the 
rest of the Southeast. In fall the lowest probability of occurrence of these events is in 
an area centered on Georgia and stretching into western Virginia, where on average 
there are 2 events per year. In the other seasons the minimum is associated with the 
Appalachians, where there are approximately 2 periods of prolonged heavy rain in each 
season. Frequencies increase south and westward. In spring there is a distinct east- 
west gradient across the region, with the west having approximately twice as many of 
these long duration events. Maxima in summer, approaching 5 events, occur along the 
Gulf and Atlantic coasts outside Florida, and in the interior of central Florida. 

As with the consideration of the percentage of events, it is possible to interpret 
these patterns in terms of the climatology of the region. Again, however, care must be 
taken in any interpretation. In the two cases treated here a relatively small number of 
events are involved. This implies that there is a tendency towards the analysis of 
extreme conditions, which may need a more explicit time series approach than that 
adopted here. Certainly the maps suggest that the results are greatly influenced by the 
individual precipitation stations, introducing uncertainty because of the relatively small 
number of stations which can be used for this type of analysis. 

The detailed North Carolina network was used to provide a finer-scaled spatial 
analysis of the event frequency. The finer resolution provided by the denser network 
clearly reveals the localized nature of the short intense storms giving more than 0.5" of 
precipitation in 1 hr or less (Fig. 18). Few of these events occur anywhere in the state 
in winter. The number, and the complexity, begins to increase in spring, but the 
summer conditions give the maximum number and complexity. Highest values, 
exceeding 0.6, or slightly more than one event every two years, occur in the mountains, 
where presumably orographic influences play an important role. High values are also 
found in the northeastern coast plain, where air mass thunderstorms are common. In 
the near-coastal environment from Cape Hatteras southward, however, values are 
relatively low, presumably because the oceanic influence decreases the convective 
activity. There is, however, a region of high activity in the south, centered on the 
sandhills region of the state. The sandhills are frequently cited as a classic example of 
an area where surface character influence local climate. The dly, sandy soil encourages 
high surface temperatures, instability and convective activity, leading to this region being 
considered the prime tornado and thunderstorm area of the state. The present data for 
summer support this suggestion. In fall it appears that the local convective activity has 
decreased and the state has returned to more uniform values. The area with the most 
frequent short intense events is the coastal plain, the warmest region of the state in this 
season, while the exceptionally warm sandhills region again stands out for high values. 

The North Carolina pattern for events giving more than 1 .ON of rain in 24 hours 
(Fig. 19) is relatively smooth and varies little with season. As such it represents a 
modification of the regional pattern (Fig. 17), but generally serves to emphasize the 
uniform nature of the events having these long durations. 
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Fig. 17: The number of events per season in the Southeast giving more than 1 .OH of 
precipitation in 24 hr or less. 



Fig. 18: The 
precipitation 

SPRING 

number of events per season in North Carolina giving more than 0.5" of 
in 1 hr or less. 



FALL 

Fig. 19: The number of events per season in North Carolina giving more than 1.0" of 
precipitation in 24 hr or less. 



In general, therefore, the state results reflect those of the whole region. As with 
the comparison of the total number of events given by Figs. 6 and 7, there are broad 
similarities between the results for the two scales, but they differ in detail. Thus, once 
again it must be emphasized that extraction of event frequency values from individual 
stations and their use at specific locations is likely to give misleading results. More 
general values based on an examination of a broader area should be used. 
Nevertheless, the results of Fig. 18 indicate that even this general approach has 
potential problems, especially when localized convective storms are of prime concern. 

2.C. COMPARISON WITH COMMON PRECIPITATION MEASURES 

A major drawback to the development and wide use of a precipitation event 
climatology is the lack of a dense observational network. As indicated above, one 
immediate consequence is uncertainty in any spatial interpolation. In addition, an event 
climatology requires temporally continuous observation, which is difficult to achieve in 
practice with the recording raingauges used to develop the HPD dataset. Hence there 
is a dearth of the hourly precipitation data needed to create the climatology. Most 
precipitation analyses, whether specifically for water resource purposes or not, use 
rainfall totals over a fixed period, such as a month, as the basic information. This total- 
based climatology can be developed from a much denser network of stations measuring 
daily total precipitation. Establishment of a relationship between events and total 
amounts therefore has the potential to provide additional information useful in water 
resource analysis. 

Two approaches for establishing relationships are possible. One directly involves 
GIs techniques and spatial interpolation between stations. This is considered in 
Chapter 4. The alternative, considered here, is to develop a statistical relationship 
between events and totals, using those stations which measure both parameters. It is 
also possible to explore the use of the number of raindays as an intermediate link 
between the events and the totals. 

In general, the stations with the greatest number of events in any season tend to 
have the greatest number of raindays and the highest precipitation totals (Table 11). 
Considering only the long-term average values, the correlation between events and 
raindays is significant at the 99% level in all seasons (Table 12). However, the 
relationship between events and rainfall totals is significant at that same level only in 
summer. It can be suggested that the regression relationships given in Table 12 can 
be used to give a general estimate of the number of events in a season for the 
numerous stations having records of the number of raindays. 



-----------_---------------------------------- .............................................. 
TABLE 11: Seasonal average (a) number of events; (b) number of rain days; and (c) 
total precipitation amount (inches), for selected stations in the Southeast. 

Augusta 
Charleston 
Chattanooga 
Clermont 
Coolidge 
Dadeville 
Dic kson 
Folkston 
Graceville 
Cape Hatteras 
Key West 
Knoxville 
Lakeland 
Livingston 
Macon 
Memphis 
Mobile 
Montgomery 
Moore Haven 
Norfolk 
Pickens 
PolMon 
Richmond 
Roanoke 
Washington 
Wilmington 
Wytheville 

WINTER SPRING SUMMER FALL 

Conceptually it is possible to refine these general relationships between the 
number of events, the number of raindays, and seasonal total rainfall amounts, by 
obtaining the regressions at individual stations and developing local relationships. 
Consequently for each station the individual seasonal values were used to develop 
regression relationships. However, for most stations the relationships are not significant 
(Table 13). In winter there is virtually no relationship between the number of events and 
either precipitation totals or number of raindays. In spring some stations exhibit 
significant correlations, with the relationships for raindays being higher than for 
amounts. Similar results were obtained for summer and fall. In general there was 
relatively little consistency between seasons as to which stations were significant, 
although commonly a station was significant for both raindays and amount in a 
particular season. 



.............................................. .............................................. 
TABLE 12: Regression relationships between precipitation events, raindays and rainfall 
amounts for the Southeast. 

Winter 
Events vs Raindays 
Events vs Amount 

Spring 
Events vs Raindays 
Events vs Amount 

Summer 
Events vs Raindays 
Events vs Amount 

Fal I 
Events vs Raindays 
Events vs Amount 

Constant 

4.93 
3.26 

1.95 
10.69 

24.10 
9.90 

6.84 
8.1 6 

Coefficient 

-93 
.25 

-98 
.05 

.37 
-11 

.94 
-15 

These results, therefore, suggest that it is not possible to use a single simple 
statistical regression approach to develop relationships between precipitation amounts, 
raindays, and events at individual stations. The results do suggest, however, that 
relationships of some form are present. A more detailed investigation, beyond the scope 
of this project, exploring analytic techniques and climatological implications, is 
warranted. Such an investigation has the potential to provide insight into the nature and 
causes of the precipitation climatology in general, as suggested by the work of Jackson 
(1986) in tropical Africa. In addition, it is likely to provide some general event 
information for a much denser station network. As shuch it is likely to lead to a better 
definition of the precipitation event climatology of the southeastern United States. 



................................................ -------_-_-------------------------------------- 
TABLE 13: Seasonal correlation between number of events, number of raindays, and 
seasonal total precipitation, for stations in the Southeast. 
.......................................................................................................... 

WINTER SPRING 
Events Events Raindays Events Events Raindays 

VS VS VS VS VS VS 

Total Raindays Total Total Raindays Total 

Augusta 
Charleston 
Chattanooga 
Dadeville 
Cape Hatteras 
Key West 
Knoxville 
Lakeland 
Livingston 
Macon 
Memphis 
Mobile 
Montgomery 
Norfolk 
Richmond 
Roanoke 
Washington 
Wilmington 

Augusta 
Charleston 
Chattanooga 
Dadeville 
Cape Hatteras 
Key West 
Knoxville 
Lakeland 
Living st on 
Macon 
Memphis 
Mobile 
Montgomery 
Norfolk 
Richmond 
Roanoke 
Washington 
Wilmington 

SUMMER FALL 
Events Events Raindays Events Events Raindays 

VS VS VS VS VS VS 

Total Raindays Total Total Raindays Total 

* Significant >.95 
** Significant >.99 

*** Significant > .999 



2.D. THE INFLUENCE OF TOPOGRAPHY 

The preceding sections have frequently cited, and analyzed, the spatial variations 
of the event climatology. Some causes of this spatial variation have been suggested 
in terms of the synoptic climatology of the region. In some cases the localized nature 
of a phenomenon, as reflected by particular local values, has been explained by 
consideration of the event type, the surface character, or the location relative to 
mountainous areas. This section explores in a preliminary way the role that topography 
plays in the determination of event climatologies. 

The almost exclusive concern here is with the orographic effect. In essence, this 
produces an increase in cloud and precipitation on the upwind side of a mountain, a 
decrease in amounts on the downwind side. There is thus an implicit indication that for 
an individual storm there will be a marked difference from station to station in a 
mountainous region, depending on the location of the station with respect to the 
topography and the direction of storm movement. Further, if there is a preferred 
direction for storm movement, there are likely to be systematic variations in precipitation 
between stations. This variation has been explored for total precipitation in many 
mountainous areas (e.g. Alpert 1986). The southern Appalachian area is climatologically 
interesting since there is no exclusive preferred direction of the rain-bearing winds, and 
a complex spatial precipitation pattern results (Eder et al. 1983; Plummer 1983). Thus 
while invocation of the orographic effect can be, and has frequently been, used to 
explain variations in precipitation totals, there has been no comparable exploration of 
the role of topography in an event climatology. Hence the present analysis began with 
no explicit a priori assumptions. 

It was assumed, however, that the GIs analysis would play the major role in 
defining the topographic effect. Nevertheless, the traditional climatological analysis 
approaches, as used in the rest of this chapter, were also tested. This section reports 
exclusively on the precipitation event climatology in mountainous regions as recorded 
by individual stations and analyzed by traditional means. No attempt is made here to 
use the GIs system to interpolate between stations and thus get a realistic map of a 
particular event or a composite of an event of a particular nature. That approach is 
considered in Chapter 4. 

The most fundamental action of the orographic effect is to increase the amount 
of precipitation likely from a specific event. If it is assumed that the higher elevation 
stations have a greater potential for the orographic effect,, the mean amount of 
precipitation per event should increase with elevation. Such is not the case (Table 14). 
Almost all stations have an annual average event amount close to 0.33". Further, the 
relationship between average amount and elevation is virtually non-existent (Table 15). 
In addition, there is also no relationship between the annual total precipitation and the 
number of events for these mountainous stations. The correlation between annual 
amounts and total number of events at each station individually rarely exceeds 0.1 
(Table 14), well below the values needed for even a 95% level of confidence in a relationship. 



............................................... ............................................... 
TABLE 14: Relations between the number of events per year and annual total 
precipitation for the stations of the North Carolina mountain network (Stations are 
presented in ascending elevation order). 
......................................................................................................................... 

Station 

Polkton 
Badin 
Charlotte 
Mt Pleasant 
Shelby 
Lexington 
Yad kinville 
Mooresville 
Dalton 
Lake Lure 
N. Wilkesboro 
Elkville 
Dobson 
Ashford 
Asheville 
Cedar Mountain 
North Fork 
Roaring Gap 
Max Patch Mtn 
Hayward Gap 

Mean 
Number 

of Events 

140.3 
149.8 
165.4 
143.7 
149.9 
120.8 
161.2 
146.2 
142.9 
133.7 
158.6 
165.8 
141.6 
145.7 
190.4 
212.3 
241.6 
172.9 
239.8 
248.8 

Mean Correlation 
Annual 

Precipitation 

Average 
Amount 

0.330 
0.298 
0.261 
0.309 
0.31 1 
0.353 
0.278 
0.302 
0.305 
0.41 0 
0.358 
0.308 
0.323 
0.31 4 
0.202 
0.379 
0.209 
0.336 
0.231 
0.343 

Long-term averages for each station were also used to develop regression 
relationships for various attributes as a function of elevation for the whole area (Table 
15). Results here are expressed as the change in elevation needed to create a unit 
change in the attribute. Although the relationship with annual total precipitation is 
significant at the 99% level, the slope of the regression is near zero, suggesting a very 
small increase in annual precipitation with altitude. There is a poor relationship with 
event duration and, as noted previously, with average event amount. The highest 
correlation coefficients occur for the variation of the number of events with altitude. For 
each season these are significant above the 99% level. In general the number of events 
increases by 1 per season for every 100-150 ft increase in elevation. The increase is 



.............................................. .............................................. 
TABLE 15: Relationships between elevation and various event attributes for the North 
Carolina mountain network. 
............................................................................................ 

Attribute Constant Coefficient Correlation 

Average annual total precipitation 39.605 0.007 593 

Average event amount ,317 -0.001 .020 

Average annual event duration 3.01 5 0.001 .026 
Maximum event duration 38.352 0.001 .036 

Number of Events: 
- Spring 
- Summer 
- Fall 
- Winter 

Standard Deviation of Number of Events: 
- Spring -1 659.955 297.976 .462 
- Summer -1 285.1 18 239.729 ,384 
- Fall -5057.781 525.551 .672 
- Winter -2047.755 290.993 ,548 

most marked in fall, least in summer. Similarly, there is an increase with altitude in the 
standard deviation of the number of events per season. Although the significance is 
lower, the same seasonal pattern is apparent, with the effect being most marked in fall, 
least in summer. Climatologically, there is no ready explanation for these trends. 
Further analysis, including identification of the time of the events and the spatial 
intercorrelation between stations, is likely to assist in developing understanding of the 
precipitation events in the mountains. Indeed, a start on this, consideration of the 
spatial aspect, is reported in Chapter 4 of this report. 



3. THE INFLUENCE OF CIRCULATION PATTERNS 

The atmospheric circulation pattern has the potential to influence the number of 
events and the frequency distribution of their amount and duration. Exploration of these 
influences on a seasonal time-scale is the focus of this chapter. Both the Pacific-North 
America lndex (PNA) and the North Atlantic Oscillation lndex (NAO) are used as general 
indices to describe the circulation. Both are averages calculated from observations of 
daily conditions. It is possible, and may be likely, that some precipitation events will be 
associated with days when there is anomalous circulation which has only a small 
connection with the averaged index. Thus it cannot be anticipated that too close a 
relationship between the indices and the various measures of precipitation events is 
likely to be established. Further, given the complexity of specifying a precipitation event 
climatology, as suggested in the previous chapter, only a preliminary exploration of 
relationships can be undertaken here. Therefore the focus of the chapter is on 
exploration of connections using both indices on a variety of space and time scales and 
for a variety of event characteristics. No attempt is made to produce a comprehensive 
review. Rather, the objective is to indicate those areas where further exploration is 
needed. 

As with the general climatology, the time period of prime interest is the season. 
Again, monthly values potentially could provide more information but the number of 
events per month is commonly small so that statistically sound conclusions are difficult 
to draw. Seasonal values incorporate more circulation variation and thus more 
uncertainty in the relationship between circulation and events, but contain more events 
so that statistically more sound conclusions can be reached. For seasonal analysis, the 
monthly PNA and NAO values were converted to seasonal ones using simple averaging. 

The relationship between circulation and events was usually defined in terms of 
differences in events between periods of high and low index. Two sets of criteria were 
used to define periods of high and low index. When an emphasis on the circulation 
itself was required, periods based on times when the index was more (less) than 1 
standard deviation above (below) the mean were used (Table 16). Equal numbers of 
high and low observations, rather than strict adherence to the 21  standard deviation, 
was adopted since it was unclear from the available data whether the indices were 
normally distributed. A second criterion was used, for PNA only, when the emphasis 
was to be placed more on variations in events between high and low conditions. This 
identified the two ten-year sets with the highest and lowest index values (Table 16). 



Season +/-I Sigma Years Used* 
Years Extreme Years 10-Year Composite 

Most Least 
NAO 

Winter Hi 60,61,72,82,83 
Lo 62,63,68,76,78 

Spring Hi 63,72,76,82 
Lo 58,62,69,73,81 

Summer Hi 61,72,73 
Lo 58,60,68 

Fal I 

PNA 

Winter Hi 
Lo 

Spring Hi 
Lo 

Summer Hi 
Lo 

Fal I Hi 
Lo 

* Extreme Years are those approximately +/- 1 standard deviation from the mean for the 
period for which the indices and precipitation information is available (NAO: 1958-1984; 
PNA: 1 958-1 986). 



3.A. CIRCULATION AND MEAN EVENT AMOUNTS AND DURATIONS 

Analysis of the influence of circulation can conveniently start with consideration 
of the variation in the number of events as a function of circulation. The circulation 
information for the years approximately 1 standard deviation away from the normal is 
used here. Although the numbers of events varies with season and station (Fig. 20), it 
is clear that seasons with a high PNA have more events than those with a low (negative) 
value. There is a similar but less marked tendency for the NAO index. 

In spring much of the Southeast has around 5 more events when there is a high 
PNA than when it is low (highly negative). Differences increase westward (Fig. 21). 
They are generally smaller in Florida, and are even reversed, so that low PNA conditions 
have more events than high ones, around the Moore Haven station. Summer shows a 
similar general pattern, but here the north of the region also has small differences. 
There is a core region of major difference in the central part of the Southeast, centered 
on north Georgia, with several stations reporting a difference of around 10 events. In 
these high PNA conditions the generally meridional flow allows not only the passage of 
depressions through the region, but also the development of local air-mass 
thunderstorms, giving elevated event levels. These local air-mass storms should be 
most numerous in summer, when surface heating and instability is at a maximum. 
Indeed, fall and winter show a reverse spatial pattern, suggesting that the smaller 
convective influence in the cool season is reflected in the smaller number of events. 
Indeed, much of the region in winter has more events when PNA is negative than when 
it is positive, indicating that depression passage through much of the region north of 
peninsular Florida is more common with zonal than medirional flows. 

Differences resulting from the comparison of low and high NAO values are less 
marked (Fig. 22). In spring there is little difference between the two flow patterns across 
most of the region. There is a slight tendency outside Florida for more events when 
NAO is negative. Florida has the opposite relationship. In summer these situations are 
largely reversed. The north has more events with a high NAO, when much warm moist 
air is flowing into the region from the tropical Atlantic. The additional moisture, 
combined with the onshore flow over a warm continent, appears to enhance the 
potential for convective activity and short term events. In the Florida summer, however, 
this onshore flow effect is less marked, and convection is less well developed than when 
there is a weaker southeasterly airflow. In fall it is the less marked onshore flow of the 
low NAO which produces the most events throughout the region, with the central part 
of the region having an average of 10 more events in these conditions. It can be 
suggested that the weaker flow allows more opportunities' for locally generated 
convection. Certainly in the winter, when convection is at a minimum, most of the 
region has a few more events in high NAO conditions. It is only in Florida, where 
instability resulting from surface heating and dynamic convergence is possible, that low 
NAO conditions give slightly more events than high NAO ones. 
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Fig. 21: Difference in the Southeast between the number of events in seasons with high 
PNA and those with low values. 
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Fig. 22: Difference in the Southeast between the number of events in seasons with high 
NAO and those with low values. 



The discussion of Figs. 21 and 22 suggests that there is a close connection 
between circulation patterns and the number of events, and that variations can be 
explained in terms of the synoptic climatology. However, the connections established 
above are essentially qualitative and descriptive. To obtain a more refined measure.of 
the relationships, correlations between event attributes and the PNA index were 
developed. For this, monthly event and index data were used. The mean and standard 
deviation of event amount and duration were calculated for each month and then 
standardized by month (i.e. the mean amount of an event in January 1960 was 
standardized by the mean amount of an event in all Januarys). This created a monthly 
time series of mean event attributes and the standard deviation of the attributes at each 
station. These were then cross-correlated with the time series of the PNA index using 
Spearman's rank order correlation. 

This correlation analysis was first undertaken using the 2 x 2 dataset for the whole 
Southeast. Using this dataset, correlations greater than approximately 0.20 are 
significant at the 95% level, values above 0.24 are significant at the 99% level. The 
inherent variability of precipitation both spatially and temporally makes the identification 
of significant correlations with circulation extremely difficult. Previous studies using 
precipitation totals have had mixed results. The study of the influence of PNA on winter 
conditions in Pennsylvania by Yarnal and Leathers (1988) is typical. They obtained 
several relationships significant at the 99% level when considering temperature, but only 
found a few relationships significant at the 95% level when precipitation was involved. 
They were relating winter total precipitation to seasonal average PNA, which is a much 
closer matching of temporal scales than is being undertaken here. Hence, although the 
index should have a similar influence on the nature and frequency of events, low 
correlations can be anticipated. Consequently for the present analysis it is assumed 
that any relationship with a correlation coefficient above 0.20 (statistically significant at 
the 95% level) can be regarded as highly significant climatologically. 

Correlations between PNA and the average amount of precipitation per event 
(Fig. 23) show a distinct spatial variation. Although the detailed distribution varies with 
season, areas in the west tend to have negative coefficients, those to the east positive 
ones. For each season a relatively small percentage of the area shows coefficient which 
are significant at levels above 95%. Nevertheless, the spatial coherence of the results 
suggests that further exploration of this relationship is likely to be fruitful. Similar 
statements may be made for the relationship of the standard deviation of event amounts 
per month as a function of PNA (Fig. 24). Here the area of significant relationships is 
considerably greater, although in most seasons it is confined to the periphery of the 
region. Again there is a tendency for a positive east and a negative west, although in 
spring there are positive correlations in the northeast and the southwest and negative 
ones between. These two results suggest that as the airflow becomes more meridional 
there is, in the east, an increase in both the mean and the variability of event amounts. 
The changes are in the opposite direction in the western part of the area. More detailed 
analysis is warranted, particularly an assessment of the role played by the southern 
Appalachians in creating this distinction. 



SPRING 

FALL 

SUMMER 

WINTER 

Fig. 23: Correlation coefficients of the relationship between PNA and the average 
amount of precipitation per event in the Southeast. Values over .20 are significant at the 
95% level. 
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Fig. 24: Correlation coefficients of the relationship between PNA and the standard 
deviation of event amounts per month in the Southeast. Values over .20 are significant 
at the -95 level. 



The spatial variation of the correlation coefficient between PNA and monthly 
average event durations also shows a contrast in response between the east and the 
west of the region (Fig. 25). The pattern, indeed, appears to run parallel to the 
mountains. Generally positive correlations appear along the Atlantic coastal region. 
Although they slowly decrease inland, it is only in the extreme west that negative values 
begin to appear. For each season the standard deviation of duration (Fig. 26) also 
clearly repeats the northeast-southwest trend. In summer and fall this pattern is similar 
to that for the actual event duration correlations. In winter, however, the standard 
deviation correlations display a trough of low values from central Alabama to western 
North Carolina, superimposed on the general east to west slope. In contrast, spring 
maintains the same general slope but has a ridge of high values through a similar 
central area. 

The areas of significance above the 95% level are much broader for the event 
durations and their standard deviations than for event amounts. In summer and fall 
values over 0.20 cover more than half of the region. Thus for event durations it is also 
possible to suggest a relationship with PNA, but with considerably more confidence than 
with events. As the frequency of the meridional flow increases the average duration of 
events and the variability in their individual lengths increases along the east coast. 
Inland towards the Mississippi an increase in meridional flow leads to events of shorter 
duration which are to some extent less variable in length. 

A similar analysis was also undertaken using the 37 station North Carolina 
network (Table 17). In general the results served to reinforce the regional pattern, both 
in their spatial expression and in the level of significance assigned to them. For event 
amounts, there is a positive relationship east of the Blue Ridge indicating that in months 
with meridional flow the majority of the state is more likely to experience storms with 
greater rainfall, while in months of zonal flow storms produce smaller amounts. The 
opposite relationship appears to be true west of the mountains, with significant 
correlations in the extreme western portions of the state. The strongest correlations are 
in the northeastern of the state and along the coast. This is most likely due to the 
tendency of the jet stream, and consequently the storm track, to line up over the coastal 
regions in meridional situations. Both the standard deviation of the amount and the 
duration (sd amt and sd dur, respectively, in Table 17), however, are variable from 
season to season, and no clear pattern emerges. For event durations over North 
Carolina, most of the state reflects the pattern of the eastern portion of the Southeast 
as a whole (i.e. Figs. 25 and 26). Differences are apparent as the western mountains 
are approached, and correlations tend to be highest in the mountains and along the 
east coast. Again, as with the whole region, it is possible to suggest that as the 
meridional flow increases the average event duration, and the variability between events, 
increases for much of North Carolina outside the mountains. In the mountains the 
opposite tendency is apparent. 
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Fig. 25: Correlation coefficients for the relationship between PNA and average event 
durations in the Southeast. Values over -20 are significant at the .95 level. 
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Fig. 26: Correlation coefficients for the relationship between PNA and the standard 
deviation of event durations per month in the Southeast. Values over -20 are significant 
at the .95 level. 



.............................................. -------------_-------------------------------- 
TABLE 17: Correlations of PNA with event durations, amounts and standard deviations. 
......................................................................................................................... 
Asheville WE AP 
Ashford 
Badin 
Bwlington 3 NNE 
Cape Hatteras 
Carthage 1 SSE 
Cedar Mountain 
Charlotte WB AP 
Dalton 
Do bson 
Elizabeth Ci FA4 A 
Elizibethtown Lock 2 
Elkville 
Franklinton 
Greensboro WB AP 
Greerwille 
Haywood Gap 
Helton 
Kill Devil Hills 
b k e  Lure 1 NW 
burinburg 
Lexington 7 N 
Max Patch Mountain 
Mooresville 2 WNW 
Morehead Ci 2 WNW 
Mount Pleasant 
N Wilkesboro 12 SE 
North Fork 
Polk-ton 2 NE 
Raleigh Durham WB AP 
Raleigh State College 
Roaring Gap 1 NE 
Shelby 2 
Sneads Ferry 
Wilmington WB AP 
Wilson 2 W 
Yadkinville 6 E 
Asheville WE AP 
Ashford 
Badin 
Burlington 3 NNE 
Cape Hatteras 
Carthage 1 SSE 
Cedar Mountain 
Charlotte WB AP 
Dalton 
Dobson 
Elizabeth City FAA A 
Elizibethtown Lock 2 
Elkville 
Frenklinton 
Greensboro WB AP 
Greenville 
Haywood Gap 
HeHon 
Kill Devil Hills 
Lake Lure 1 NW 
burinburg 
Lexington 7 N 
Max Patch Mountain 
Mooresville 2 WNW 
Morehead City 2 WNW 
Mount Pleasant 
N Wilkesboro 12 SE 
North Fork 
PolMon 2 NE 
Raleigh Durham WE AP 
Raleigh State Colleg 
Roaring Gap 1 NE 
Shelby 2 
Sneads Ferry 
Wilmington WB AP 
Wtlson 2 W 
Yadkinville 6 E 

arnt 
SPRING 0.065 

0.181 
0.120 
0.182 
0.254 
0.071 
0.106 
0.130 
0.223 
0.043 
0.200 
0.209 
0.279 
0.178 
0.237 
0.108 
0.085 
0.064 
0.087 
-0.033 
0.058 
0.138 
-0.159 
0.071 
0.176 
0.043 
0.180 
0.010 
0.014 
0.164 
0.1 10 
0.173 
0.122 
0.165 
0.217 
0.137 
0.072 

FALL 0.033 
0.241 
0.139 
0.134 
0.043 
0.178 
0.166 
0.1 63 

-0.052 
0.140 
0.066 
0.080 
0.01 1 
0.167 
0.132 
0.183 

-0.054 
-0.010 
0.148 
0.146 
0.065 
0.176 

-0.235 
0.184 

-0.042 
0.234 
0.134 
-0.007 
0.112 
0.067 
0.127 
0.102 
0.16Q 

-0.037 
0.108 
0.033 
0.078 

sd amt 
0.149 
0.228 
0.068 
0.103 
0.305 
0.145 
0.098 
0.067 
0.2 10 
0.1 07 
0.134 
0.228 
0.246 
0.180 
0.243 
0.125 
0.078 
0.148 
-0.044 
-0.008 
0.066 
0.148 
-0.039 
0.027 
0.290 
-0.034 
0.228 
0.065 
0.053 
0.1 80 
0.109 
0.133 
0.111 
0.146 
0.141 
0.1 95 
0.097 

0.063 
0.214 
0.098 
0.139 
0.019 
0.177 
0.141 
0.180 

-0.012 
0.156 
0.065 
0.104 
0.046 
0.240 
0.094 
0.224 
-0.019 
0.101 
0.117 
0.069 
0.101 
0.184 

-0.103 
0.179 
-0.055 
0.236 
0.176 
0.061 
0.127 
0.139 
0.203 
0.112 
0.039 
0.063 
0.167 
0.110 
0.092 

arnt 
SUMMER 0.057 

-0.057 
0.075 

-0.121 
0.009 

-0.003 
0.121 
-0.006 
-0.010 
0.013 
0.013 
-0.021 
0.097 

-0.005 
0.077 
0.088 
0.127 

-0.068 
0.054 

-0.007 
0.067 
0.188 
-0.114 
-0.069 
-0.095 
0.043 
0.103 
0.052 
0.093 
0.023 
0.071 
-0.043 
0.063 

-0.047 
0.225 
0.027 
0.050 

WINTER -0.030 
-0.004 
0.089 
0.037 
0.479 
0.166 
0.097 
0.178 

-0.028 
0.122 
0.127 
0.125 
0.181 
0.150 
0.166 
0.083 
0.008 

-0.096 
0.393 
0.142 
0.188 
0.065 

-0.192 
0.025 
0.265 
0.109 
o.o& 
-0.093 
0.178 
0.205 
0.243 
0.062 
0.066 
0.150 
0.173 
0.236 

-0.023 

sd dur 
0.146 
0.176 
0.121 
O.l !S 
0.103 
0.239 
0.226 
0.113 
-0.108 
-0.175 
0.166 
o.on 
0.116 
0.035 
0.208 
0.158 
0.226 
0.075 
0.047 
0.152 
0.204 
0.202 
0.040 
0.012 
4.031 
0.153 
4.006 
0.105 
0.216 
0.167 
0.280 
0.099 
0.148 
0.200 
0.277 
0.220 
0.112 

-0.109 
-0.284 
0.048 
-0.020 
0.225 
0.106 
0.050 
0.062 

-0.017 
-0.046 
-0.014 
-0.008 
-0.031 
0.070 
0.104 
0.006 
0.108 

-0.159 
0.091 

-0.066 
-0.091 
0.055 
0.069 
-0.073 
0.033 

-0.036 
-0.080 
-0.016 
-0.074 
0.083 
0.162 
-0.162 
-0.112 
0.131 
0.070 
0.051 
-0.114 



3.8. CIRCULATION AND CHANGES IN EVENT CHARACTER 

In order to identify the amount and duration of storms most affected by changes 
in continental-scale circulation patterns, composites of zonal and meridional years were 
constructed using data for the ten years with the most extreme values of the PNA index 
in each of the four seasons (Table 16). These data were used, rather than the years 
more than one standard deviation away from the mean, to ensure that a sufficiently 
large data sample was available to allow some tentative conclusions. Event amounts 
and durations were categorized in response to the overall frequencies of events as 
identified in Chapter 2. Both the 2' x 2' Southeast and the 37 station North Carolina 
networks were used here. Thus the category value for each time period represented 
the percentage of events in that category in that time period, with time periods being 
the collection of seasons with the appropriate high or low PNA value. Subsequent 
comparison between time periods, therefore, emphasizes the difference in distribution 
of small and large events between the periods, not the difference in the absolute 
number of events in that category. The statistical distributions of each category over all 
stations in each network were compared using the Kolmogorov-Smirnov test statistic. 
Categories shown to contain percentages from two distinct populations (the two ten- 
year time periods) indicated those sizes of storms that are influenced strongly by 
continental-scale circulation changes. 

For event amounts (Table 18) over the North Carolina network there are 
significant differences in the distribution of events with small precipitation amounts ( 
<0.5") and those with amounts between 1 .On and 1.5". In each case this applies to all 
seasons except summer. For the Southeastern the number of classes with significant 
differences is much smaller, and no clear pattern emerges. Consequently the classes 
indicated by the North Carolina results were chosen for a more detailed spatial 
examination. 

In North Carolina the small (<0.5") events of winter show increases with PNA 
through much of the state, with changes in excess of 5% over portions of the Coastal 
Plain (Fig. 27). Thus there is a clear increase in the percentage of light events when the 
PNA is high. The corresponding percentage decrease in this winter season occurs in 
the 1 .OH - 1.5" event category. Here virtually the whole of the state east of the mountains 
has negative values. In the mountains themselves the increase in the proportion of 
heavy events compensate for the negative change in the small ones. The changes in 
event distributions in North Carolina in summer are much less clear. Across the center 
of the state there is a broad east-west tending band of slightly elevated percentages for 
the heavy storms and a diffuse area of negative values for the light ones. This lack of 
a clear pattern is to be expected, however, since little significance was found for any of 
the event amount categories in summer (Table 18). Again, this is not surprising since, 
as has been suggested above, it is commonly in winter that the PNA-induced circulation 
changes are most marked. 



SOUTHEAST NORTH CAROLINA 
Winter Spring Summer Fall Winter Spring Summer Fall 

AMOUNT (inches) 
0.0 - 0.1 - 
0.1 - 0.2 - 
0.2 - 0.3 - 
0.3 - 0.4 * 
0.4 - 0.5 - 
0.5 - 0.6 - 
0.6 - 0.7 * 
0.7 - 0.8 * 
0.8 - 0.9 - 
0.9 - 1 .O * 
1.0 - 1.5 - 
1.5 - 2.0 - 
2.0 - 2.5 * 

> 2.5 - 

For the Southeast as a whole the spatial patterns indicate a decrease in the 
proportion of light events in the north in all seasons (Fig. 28). This is most widespread 
in the summer, but also covers a significant area in the winter and spring. The 
percentage changes indicated, however, are small, reaching 5% only in the central 
Tennessee area. In fall the major region of decrease shifts to the south, covering the 
Gulf Coast and most of Florida. Only sporadic areas of the north have a decrease. 
Indeed, it is in fall that the clearest increases occur, mainly in the central portion of the 
Southeast, with increases up to 10% in northern Georgia. 

The percentage differences for events having precipitation amounts between 1 .OM 
and 1.5" are generally smaller than for the lighter events. Differences of 1 - 2% are the 
most common (Fig. 29). In summer and fall the pattern for these heavier events is the 
opposite of that for the light events. To some extent this is the case for the other two 
seasons. For all of these distributions, however, the number of events is small, so that 
marked variations between nearby stations are possible. Certainly in this case only the 
broadest patterns should be considered. They do suggest that in the north of the 
region in particular, and probably for the eastern part in general, a change from a high 
PNA to a low one will increase the number of light showers and decrease the number 
of heavier rainstorms. This suggestion is in line with that presented earlier from 
consideration of mean event amount, although in that analysis a more definite east-west 
rather than north-south division was indicated. 
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Fig. 27: Percentage difference in the number of events in North Carolina with amounts 
<0.5" and 1.0 - 1.5" between high and low PNA conditions in summer and winter. 
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Fig. 28: Percentage difference in the number of events in the Southeast with amounts 
~0.5" between high and low PNA conditions in each season. 
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Fig. 29: Percentage difference in the number of events in the Southeast with amounts 
1.0 - 1.5" between high and low PNA conditions in each season. 



When durations, rather than amounts, are considered, there are considerably 
more categories where there is a significant difference in the proportion of all events 
which occur in that category between periods with high and low PNA conditions (Table 
19). For the Southeast as a whole the differences are most marked for the shorter 
duration events, when they are significant at all seasons. In North Carolina these short 
event differences are significant only in the intermediate seasons. For long durations, 
however, it is the North Carolina network which gives the most significant cases. 
Nevertheless, it is possible to analyze the spatial patterns for selected event duration 
categories to provide possible indications of the impact of changes in PNA on event 
characteristics. 

For North Carolina in winter there are more 4-6 hr events in periods of high PNA 
than in low PNA conditions (Fig. 30). This situation holds for virtually all of the state with 
the exception of the extreme coastal regions. The excess is balanced by a decrease 
in the number of long storms, 13-15 hr in duration, during high PNA conditions. The 
coastal areas even here, however, have negative values. This local feature may be the 
result of surface-based effects. It possible to speculate that in this winter season the 
difference is connected with the development of Atlantic Lows, the wintertime 
depressions which commonly form in this area. In summer there is an increase in the 
proportion of both the 4-6 hr and 13-15 hr duration storms in the north and a decrease 
in both in the south. Events at a broad range of other durations change their 
proportions of occurrences to compensate for this. The lack of a highly significant 
relationship in the summer season however, makes any results suspect. 

.............................................. .............................................. 
TABLE 19: Event duration categories having a difference between the number of event; 
for high and low PNA conditions significant at the 95% level. 

SOUTHEAST NORTH CAROLINA 

Winter Spring Summer Fall Winter Spring Summer Fall 

DURATION 
(hours) 
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Fig. 30: Percentage difference in the number of events in North Carolina with durations 
4-6 hr and 13-15 hr between high and low PNA conditions in summer and winter. 



For durations for the whole Southeast, three categories can conveniently be 
considered: short events lasting between one and three hours; those of intermediate 
length between four and six hours; and long duration ones between 13 and 15 hours 
in length. The first category contains by far the most events in terms of absolute 
numbers (Table 9) while the number of long events is relatively small. For much of the 
Southeast in most seasons there is a greater proportion of short events in seasons with 
predominantly meridional flow than in zonal seasons (Fig. 31). Indeed, in fall southern 
Florida is the only area with negative values. Also in fall, the proportion of short duration 
storms during high PNA seasons exceeds that at low PNA in the central portion of the 
region by over 10%. A similar pattern is apparent in summer, although differences are 
lower and there are scattered negative areas in the north and central portion of the 
Southeast. Both winter and spring have negative differences concentrated in the 
northwest, with a tendency for this negative area to have a tongue extending 
southeastward towards Florida. 

The spatial patterns for both the intermediate length (Fig. 32) and long duration 
(Fig. 33) events are generally opposite to those for the short duration ones. Almost all 
of the region in summer and fall for both the intermediate and long duration categories 
has negative values. For the intermediate length, differences of 5% are common, but 
for the longer storms maximum differences are only around 2%. In the spring the 
negative area for intermediate events is confined to Florida, while it expands to 
encompass all the Atlantic Coast states for the 13-15 hr events. In winter only the 
northwest has positive values at both intermediate and long durations. 

Although again in this analysis of the effects of PNA variations on duration there 
is a considerable amount of variability between adjacent stations, the results are much 
more stable, and statistically more significant, than those for event amounts. The results 
from both the North Carolina and the Southeast networks are similar. They strongly 
suggest that during periods of predominantly meridional flow in summer there is an 
increase in the percentage of short duration storms lasting less than three hours, at the 
expense of storms of longer duration. Climatically, this can be related to an increase 
in the amount of local convection and a decrease in the number of depression 
passages in this high PNA situation. Fall exhibits the same pattern, and a similar 
explanation is possible. In winter, however, the pattern is more complex. It is possible 
to suggest that several regimes are active. In the subtropical area of south Florida the 
high PNA conditions give a relative increase in short duration events, the flow acting to 
enhance the local convection and prevent the passage of trailing cold fronts through the 
area. To the north, over peninsular Florida, meridional flow generally increases short 
and medium durations and decreases long duration percentages. A similar response 
occurs over areas of the Gulf Coast states. In the main body of the Southeast, well 
within the influence of the mid-latitude westerlies, there is a tendency for short duration 
storms to predominate south and east of the Appalachians, long duration ones to the 
west. With minor modifications, this pattern also holds in the spring. The synoptic 
causes of these relatively complex patterns are not readily apparent, but it can be 
suggested that a more refined analysis is possible to further specify the influence of 
circulation on event character. 
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Fig. 31: Percentage difference in the number of events in the Southeast with durations 
1-3 hr between high and low PNA conditions in each season. 
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Fig. 32: Percentage difference in the number of events in the Southeast with durations 
4-6 hr between high and low PNA conditions in each season. 
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Fig. 33: Percentage difference in the number of events in the Southeast with durations 
13-15 hr between high and low PNA conditions in each season. 



One possible step in such refinement is to consider both amount and duration 
together. Two examples of results are given here, for the same two characteristic event 
types as used in Chapter 2 (Figs. 16 and 17). For events giving more than 0.5" in 1 hr 
or less (Fig. 34) there is virtually no difference in amounts in fall or winter. In spring, 
however, there is evidence of a increase in percentage in the northeast and southwest 
of the region. This pattern is enhanced in summer, when there is also a marked 
decrease over South Carolina and Florida. This suggests a decrease in intense local 
convection during meridional flow, to some extent opposite to the trend suggested 
earlier. Similarly, the long duration storms giving more than 1 .OM of precipitation in less 
than 24 hours (Fig. 35), tend to show a pattern opposite to that which might be 
expected. Here there is an increase in percentage in meridional situations over the east 
coast in all seasons, and a decrease in the western part of the Southeast in all seasons 
except spring. 

This last set of results, however, must be approached with extreme caution. 
With the present data the results from narrow categories such as these are likely to be 
much less significant than when broader categories are used, primarily because the 
number of events decreases dramatically as the categories are refined. Indeed, it is 
difficult to assign any statistical significance to the patterns presented. It is perhaps 
simply fortuitous that the pattern indicates differences between south Florida and the 
rest of the region, and differences between areas east and west of the Appalachian 
mountains. In general the earlier results established these patterns on a much firmer 
statistical foundation and allowed more realistic assessment of the synoptic 
climatological foundation of the influence of circulation patterns on precipitation events. 
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Fig. 34: Percentage difference in the number of events in the Southeast with amounts 
>0.5" and 1 hr duration between high and low PNA conditions in each season. 
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Fig. 35: Percentage difference in the number of events in the Southeast with amounts 
> 1 .On and duration <24 hrs between high and low PNA conditions in each season. 





4. SPATIAL ANALYSIS OF PRECIPITATION EVENTS 

This chapter focusses on activities associated with use of the Geographic 
Information System (GIs). To accomplish the primary objective of assessing methods 
of developing areal precipitation event climatologies, a series of spatial analytical 
techniques, both graphical and statistical, were investigated. First, spatial interpolation 
procedures were evaluated for transforming precipitation values recorded at discrete 
point locations into continuous statistical surfaces for event mapping. Second, GIs 
approaches were assessed for classifying individual precipitation events, recorded at 
discrete climatological stations, into convective or cyclonic types, based upon the 
detection and analysis of their corresponding spatial and temporal signatures. Third, 
the effects of topography on the spatial interpolation of precipitation amounts, recorded 
at discrete points and represented as a continuous statistical surface for event mapping, 
was investigated through a combination of statistical and graphical analyses. The 
various analysis schemes were appraised from both a research and operational 
perspective. 

4.A. SPATIAL INTERPOLATION FOR PRECIPITATION EVENTS 

The spatial analysis techniques explored here are intended to transform the point 
precipitation information into realistic areal values. In the two previous chapters this 
spatial interpolation was undertaken using a standard distance decay method in order 
to provide preliminary information about precipitation event characteristics. In addition, 
some consideration was given to the possibility of using statistical methods to use daily 
precipitation information in event climatologies. In this section a more detailed 
examination of possible spatial interpolation methods is undertaken. 

Three types of spatially referenced techniques for interpolating surfaces were 
considered, inverse-distance interpolation, kriging, and trend surface analysis. These 
methods can be further categorized as using global or local operators. Global operators 
are interpolation algorithms which consider all points within the sample. Local operators 
are algorithms which consider only those points within a user-defined distance and 
direction from each point on the surface. 

A proven global operator which was evaluated for this project is trend surface 
analysis. This applies a regression function to the sample of control points, (X,,Yi), to 
fit a least square surface, Zi, such that: 

where ei is an error function. A simple, or first order, trend surface fits a flat least square 
plane to the sample points. A second order surface fits a quadratic least square surface 



to the sample points, and so on. A measure of how well the trend surface fits the 
original data is provided by the percentage reduction in sum of squares, which is the 
equivalent of the coefficient of determination in simple linear regression (Unwin 1981). 

Norcliffe (1969) reports that trend surface analysis is a mathematical model that 
can be used to test an a priori hypothesis. Here this requirement can be easily satisfied 
since for a precipitation event climatology it is desirable to differentiate convective from 
cyclonic storms. The theoretical spatial and temporal characteristics of cyclonic and 
convective storm events are very distinctive, and, therefore, their signatures should be 
readily differentiated through trend surface analysis. It was assumed that convective 
storms have more random occurrence spatially and temporally than cyclonic events. 
Cyclonic events occur as global events at the regional scale and exhibit a defined 
spatial/temporal pattern which should be satisfactorily summarized by the trend surface 
model. Convective events, in contrast, occur as local, isolated events poorly 
represented by trend surface models. Thus an hypothesis may be stated such that the 
trend surface for a cyclonic event shows a lower percentage reduction in the sum of 
squares than does that from a convective event. Hence, using the trend surface as a 
descriptive technique, the resulting percentage reduction in sum of squares from the 
analysis can be used to classify the pattern of precipitation for a specific time period as 
either convective or cyclonic. Using initial test results as a starting point, the specificity 
and sensitivity of the technique was enhanced, thereby, reducing errors of omission and 
commission. The initial test data selected for this part of the research were secured by 
inspection of synoptic weather maps for the identification of "unambiguous" cyclonic and 
convective events from which to retrieve precipitation amounts. 

Local operators, such as kriging and splinning, are of relatively little utility for 
differentiating cyclonic events from convective events based on the spatial and temporal 
pattern of a single variable, such as time of peak precipitation or duration of event. 
These local operators are most useful as methods of generating representative surfaces, 
which could be used in overlay analysis. In overlay analysis, the identification and 
reporting of error contained in an interpolated surface becomes important. When 
multiple interpolated surfaces are combined or compared, the accumulated error 
between those surfaces can result in an uninterpretable overlay composite. 

Methods of assessing error are of two primary types. One is a simple measure 
of distance from the nearest control point. This method assumes that accuracy has a 
linear inverse relationship with distance to the nearest control point. While this 
assumption is rather simplistic, it is one that has been central to work in spatial 
interpolation. The second method is related to statistical techniques. This approach 
considers the sample distribution of the control points in the X, Y, and Z dimensions. 
Essentially, the more complex the sample of control points the greater the likelihood of 
error in the subsequent interpolated surface. While this method does not provide a 
measure of error for each location on the surface, it can provide a summary measure 
of relative total error that may be attributed to a given sample of attributes linked to that 
geographic location. 



Through the approaches discussed above five types of spatially referenced 
interpolated surfaces were generated: 

inverse-distance interpolation surface; 
kriged surface; 
error estimate of the kriged surface; 
trend surface; and 
residual from the trend surface. 

All of these surfaces were converted into the ERDAS (image processing software 
resident on the department's computers) compatible GIs overlays for further processing 
and analysis. 

Several programs were developed to complete the necessary subsetting, transfer, 
interpolation, and reformatting of the final surfaces. The process is discussed below 
through a referenced flow diagram (Fig. 36) and through a step-by-step guide. 
Problems encountered during the interpolation and surface building are discussed. 
While the process is functional for research purposes, operationally it is plagued by 
large volumes of data and bottlenecks in the handling of the spatial information. The 
programs (Table 20) were created in SAS, Fortran, SURFACE 11, and C languages as 
needed. All programs performed adequately in support of this project, except for the 
B1NASCII.C program which has proven to be rather unreliable, due to hardware, 
software, and programming issues beyond the scope of this research. 

The software contained as part of the climate data resident on the IBM PC was 
used to download data from the optical disk to the hard drive in an ASCll tabular format. 
The data were then transferred over a data communications line (SMEK) to the VAX 
network via a terminal emulation, which supports the KERMIT file transfer protocol 
(PROCOMM). KERMIT is a protocol supported by many software packages for most 
micros, minis, and mainframe computers. KERMIT for the IBM PC operates on 
PROCOMM, MS-KERMIT, and CROSSTALK; Macintosh KERMIT operates on 
REDRYDER and VERSATERM-PRO; and VAWMS KERMIT and TSO KERMIT operate 
on the university's mainframe computer. All packages were available for this research. 

Once the climate data, initially maintained on the optical disk, were resident on 
the VAX, VAXJSAS programs was used to subset the station coordinates to cover the 
state of North Carolina and a surrounding tier of stations in adjacent states, and for the 
selection of a specific time period that corresponded to a known cyclonic and 
convective event. The coordinates from this data subset were converted to an ERDAS 
"Dig" file format for transformation from Latitude/Longitude to the State Plane Coordinate 
system. The converted coordinates were then recombined with their precipitation data 
values for transfer to the SURFACE II mapping software resident on the IBM mainframe. 
File transfer was achieved using the KERMIT protocol. Once the data were resident on 
the IBM mainframe, SURFACE II programs were run to create an interpolated surface 
using several interpolation methods discussed earlier, and the corresponding statistical 
measures were output to a report file for further processing. The interpolated surfaces 
were created as a binary grid matrix, which was subsequently converted to an ASCII text 
file matrix for transfer back to the VAX network. The text grid matrix was then read into 
an ERDAS "GIs" file using a FORTRAN program created to run within the ERDAS 
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Fig. 36: Flow chart of steps in the production of interpolated surfaces. 
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TABLE 20: Programs used in the development of interpolated surfaces. 

1. BINASCI1.C - A program written in the C computer language to convert a climate 
data file from binary to a tabular ASCll format. 

2a. DAILYSAS - A program written in SAS to subset a series of station data for a single 
day. 

2b. HOURLY.SAS - A program written in SAS to subset a series of station data for a 
single hour of observation. 

3. SASDIG.FOR - A program written in FORTRAN to convert a SAS data file containing 
coordinates and data values output from HOURLYSAS or DAILY.SAS to an 
ERDAS "DIG" file format. 

4. CCVRT - ERDAS program used to convert coordinate systems of ERDAS "DIG" files 
to an ASCll data file format comparable to one created by DAILY.SAS or 
HOURLY.SAS. 

5. DIGSAS.FOR - A program written in FORTRAN to convert an ERDAS "DIG" file to an 
ASCII data file format comparable to one created by DAILY.SAS or HOURLY.SAS. 

6. RECOMBINESAS - A program written in SAS to recombine the station coordinates 
with their data values for transfer to the SURFACE II mapping package via the 
KERMIT protocol. 

7. GRID.PGM; Kriging.PGM; TREND.PGM - SURFACE I1 programs used to generate 
interpolated surfaces from point data and related statistical overlays and graphics. 
Interpolated matrices are saved as binary data sets. 

8. RESTORE.FOR - A program written in FORTRAN to convert a binary matrix created 
by SURFACE II to an ASCll data matrix which can be transferred via the KERMIT 
protocol. 

9. SURFERDAS.FOR - A program written in FORTRAN and incorporated within the 
ERDAS software to convert an ASCll data matrix created by SURFACE II and 
converted to ASCll by RESTORE.FOR into an ERDAS "GIs" image file. This 
program must be executed from within the ERDAS software environment. 



software environment. The many data transfers were necessary because of the large 
volume of data involved in this study, and because the end objective was to view the 
spatially interpolated surfaces of convective and cyclonic events on an image 
processing system for diagnostic purposes. 

In summary, the procedure involved the selection of known periods that 
characterized convective and cyclonic events within the state of North Carolina, and 
then to retrieve the data from the optical disk storage and then transfer it to an 
appropriate software package for interpolation. The interpolated data were then routed 
to image processing and GIs facilities for interpretation and analysis. 

Several technical problems were encountered during the process of creating the 
GIs files from the interpolated surfaces which characterized convective and cyclonic 
events. Many problems resulted from the large spatial and temporal datasets necessary 
for using image processing techniques as a diagnostic tool. In addition, logistical 
issues of having data, software, and appropriate computer technology existing at remote 
locations proved inefficient and labor intensive. 

The distribution of the necessary software packages over the various computers 
necessitated a great deal of file transfers via KERMIT through a PC. No direct link 
between the PC with the optical disk data storage and the mainframe computers was 
available for this project. The large amounts of data to be read from the optical disks 
required an efficient means of downloading and subsetting the desired information. This 
can best be achieved by writing a program to convert binary files to ASCII files, once 
the data has been downloaded to the hard disk of the PC. 

Conversion of LatitudeILongitude coordinates to State Plane coordinates required 
an additional four processing steps on the VAX. In the future this procedure should be 
discarded since the State Plane system for North Carolina is limited to the geographical 
extent of the state and is based on a Lambert's projection. This limitation caused a 
distortion in the coordinate locations of stations outside the state boundaries. The only 
coordinate system designed to contain such a large geographical area applicable to this 
research is Latitude/Longitude. Since the station coordinates are already in the 
Latitude/Longitude system, maintaining data in that system is preferred. The station 
location information was transformed into the State Plane system in order to merge the 
interpolated precipitation data from the stations with other information, such as 
watershed outlines, state outlines, and hydrography, that were captured elsewhere using 
the State Plane coordinate system. In retrospect, those ancillary boundary files should 
have been transformed to the LatitudeILongitude coordinate system, but it was 
anticipated when the research began that many imported boundary and thematic 
surface files would be used. 

A method of archival storage should be developed. GIs overlays for thirty years 
of climate data require substantial disk space. Alternately, a method of automating the 
selection of precipitation events and discarding inappropriate time periods before 
surface interpolation ever occurs should be developed. Approaches using harmonic 
analysis or phase-space signatures are possible, while principal components analysis 



(PCA) also seems appropriate for compressing temporal and spatial event information 
by identifying critical stations and eliminating excessive amounts of data. PCA has 
already been demonstrated to have utility in similar types of study. Also, synoptic 
weather data may be useful for establishing the primary periods of study for storm-event 
categorization, and for identification of problematic periods where the construction of 
interpolated surfaces and subsequent images might be appropriate. 

The major problem in using GIs created files, viewed on an image processing 
system, for convective/cyclonic event diagnostics is that the system of transfer- 
interpolation-transfer is cumbersome and lacks efficiency primarily because of the 
extreme volume of data needed for the analysis. Therefore, this approach needs to be 
viewed as a confirmation or complementary method to distinguish key days, or to 
display final data sets, but it is not the best exploratory tool available, given its lack of 
computing efficiencies. Certainly, our particular system configuration and interface 
problems contributed to our recommendations, but the volume of data is a real problem 
that will affect other analyses regardless of system configurations. Some preliminary 
steps are needed, possibly including harmonic or principal components analysis, to filter 
the data to allow simple classifications and the identification of periods where further 
analysis through interpolated surface development could be focused. Also, the question 
of storage space needs to be addressed as it relates to the analytical procedures 
adopted. If a 388 by 1024 image, as required for the state of North Carolina, for each 
day is to be created, a very large block of disk space needs to be reserved, or a tape 
library system facilitating data exchange and migration to alternate storage devices 
needs to be developed. 

4.8. GRAPHICAL REPRESENTATION OF INTERPOLATED SURFACES 

Historically, cartographic representation of time-series data has been achieved 
through the creation of multiple maps that show the autocorrelated response of a 
phenomena through time (Muehrcke 1978). The objective has been to show all 
individual maps of different multi-temporal events with supporting narrative and/or map 
symbology to denote change through time (Fisher 1982). Cartographic representation 
of multi-temporal data also has been accomplished through sampling the time-series 
data via systematic, random, or related approaches in order to reveal selected temporal 
dimensions of the phenomena (Diaz and Quayle 1980; Monmonier and Schnell 1988). 

Graphic display of multi-temporal data presents the analyst with a number of 
considerations including data redundancy. For example, a series of isoline maps 
documenting the spatial and temporal development of a particular phenomena over 
evenly spaced time intervals might contain periods in which little or no change has 
occurred. These redundant data do not describe any meaningful change in the 
phenomena and can overwhelm the map reader with information, thereby hindering 
synthesis and understanding of the phenomena under consideration. On the other 
hand, mapping strategies that sample fewer points for spatial simplification or use some 
type of descriptive statistical techniques to measure the temporal change in the data 



can oversimplify multi-temporal data to the point that the sensitivity and explanatory 
power of the cartographic output are diminished through data generalization. 

Characterization of space-time perspectives of critical signatures of landscape 
events, such as convective and cyclonic precipitation events, are essential for profiling 
their location, severity, and progression, and hence their geographic behavior. The 
basic intent of this portion of the research was to utilize time-series data of known 
convective and cyclonic precipitation events to evaluate mapping techniques for the 
classification of unknown precipitation events through the incorporation of spatial 
representation procedures, data compression strategies, and the integration of digital 
coverage within a GIs environment. Hourly data collected at approximately 50 stations 
in North Carolina and portions of adjacent states served as the primary test data set. 
Daily precipitation data collected at nearly 150 stations within the same geographic area 
also were available for this analysis (Fig. 2). 

Five ancillary data sets were chosen for integration with the precipitation data 
summarized at the North Carolina climatic stations and interpolated into continuous 
surface event maps. A North Carolina state outline, watershed boundaries, 
hydrography, stream gauging stations, and climatological station locations were the 
initial variables captured and organized within the GIs environment. Since the 
precipitation data were organized within the ERDAS GIs environment, all the ancillary 
data were placed within that environment. The steps taken to convert the ancillary data 
sets from the ARCIINFO GIs environment to the ERDAS environment were as follows: 

1. NC State Outline and Watershed Boundaries (NCBASINS) - Use POLYGRID 
in ARCIINFO to convert the polygon data to the grid cell format; use SVFERDAS in 
ARCIINFO to convert the gridded SVF file (created in POLYGRID) to an ERDAS GIs file; 
and use CPYSCR, SUBSET, and FIXHED in ERDAS to convert the data from 16-bit to 
8-bit data, so that the image arithmetic function within ERDAS can operate. 

2. NC Hydrography (NC-250-HY) - Use UNGENERATE in ARCfINFO to create 
a text file of X,Y coordinates for the hydrography coverage; use a FORTRAN program 
to convert the text file to a DIG file in ERDAS; within ERDAS, convert the DIG file to a 
GIs file; and convert the data from 16-bit to Sbit for analysis and display. 

3. Stream Gauging and Climatological Station Locations (STATION) - Use the 
DIG file created by SASDIG and either use DISPOL (in ERDAS) or convert the DIG file 
to a GIs file to display the information. 

Figs. 37 and 38, together with Fig. 2, present the base coverage organized within 
the ERDAS GIs environment. The GIs environment is essentially tailored to a 
preliminary on-screen analysis followed by the hard-copy production of selected screen 
views. For the present report, emphasizing exploratory data analysis, the GIs figures 
are presented as photos of computer screens, but modified to black and white images 
for publication. Fig. 37 shows the stream network in North Carolina as defined on the 
1:250,000 base-scale USGS digital line graph series. Fig. 38 presents the outline of 
major hydrologic basins within the state with the distribution of stream gauges 
composited. 



Fig. 37: North Carolina stream network (photo from computer color screen). 
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Fig. 38: North Carolina stream gauging stations and major hydrologic basins (photo 
from computer color screen). 
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The approach followed in this research for identifying critical temporal and spatial 
signatures of precipitation events takes advantage of recent advances in image 
processing: conversion of variable magnitudes into video intensities; creation of color 
composite images that utilize 32-bit graphics resolution on high resolution image 
processors; capability to make scale, projection, and radiometric transformations of the 
derived images; and the interface to sophisticated software packages and specialized 
graphic devices that facilitate spatial analyses. 

Generating colors on an image processor is an additive process. Color types are 
determined by the values assigned to each of the three color guns and the hue of the 
color determined by the intensity of those color values. Function memory options are 
available within the ERDAS software which effectively assign or rescale data values to 
color gun hue intensities. A host of function memories, such as logs, linear, and linear 
inverse functions, were available for experimentation. Flexibility in color assignment to 
specific color guns and intensities permitted the implementation of user preferences in 
data overlays, image arithmetic operations, and digital compositing in general. The 
capability for image zoom and roam, selection of image annotation symbology, ability 
to make scale changes, ability to window multiple images on the processor for 
change-detection analysis, and the establishment of effective linkages between statistical 
and graphic software packages, specifically. ERDAS, SAS, ARCIINFO, and SURFACE 
II, further added to the analytical benefits of investigating spatially and temporally 
time-series data through image processing techniques. 

Examples of results are provided by the interpolated surfaces representing the 
March 6, 1982 cyclonic precipitation event (Fig. 39) and the July 17, 1982 convective 
events (Fig. 40). These figures are black and white images of output from the 
department's image processing system. More informative color images are available, 
but inappropriate for general publication and dissemination. Here the general 
widespread precipitation associated with cyclonic activity, albeit with some more intense 
cells, is apparent and can be contrasted with the more localized convective activity. 
From the image processors on-screen output, the map legends indicate the magnitude 
of the precipitation measured throughout the state using a sliding color scale in which 
black presents no precipitation and red represents the highest recorded precipitation 
on that particular date. Key breaks in the distribution of the precipitation intensities were 
assigned to the other colors indicated in the legend. Frequency tables and histograms 
were generated for each day of the precipitation event so that consistent breaks could 
be developed. Options within the ERDAS software allowed assignment of colors and 
their intensities to the precipitation magnitudes interpolated at each of the image pixels. 
A selection scheme was developed which utilized a contrast stretch with bias towards 
the populated central portion of the histogram of the data values. 

It is possible to enhance the information content of these two images by 
overlaying additional information. Station locations, or hydrologic basin outlines, could 
be included, for example. Thus these images can provide a basis for further analysis. 
However, these particular ones, as suggested by the relatively smooth surfaces in both 
cases, are for daily total information, developed using information from all available 
North Carolina stations (Fig. 2). 



Fig. 39: Daily pattern of precipitation in North Carolina, March 6, 1982 (photo from 
computer color screen). 



Fig. 40: Daily pattern of precipitation in North Carolina, July 17, 1982 (photo from 
computer color screen). 



This temporal aggregation of precipitation totals to daily totals prevents use of the 
temporal domain, beyond daily differences, to classify precipitation events. Therefore, 
hourly data collected at approximately 50 stations were represented through maps of 
their interpolated surfaces to portray temporal and spatial patterns at an improved 
resolution. Even with a relatively small study period for an event (72 hours for both the 
March and July 1982 events used here), the amount of computer time and effort 
required to generate diagnostic images at an hourly temporal scale would impede the 
entire classification process. A statistical approach, therefore, was identified for data 
compression and graphical representation of statistically significant hourly measures of 
precipitation variability. 

Principal Components Analysis (PCA) was used in this research to reduce the 
spatial time-series data to a series of unique spatial and temporal patterns that 
represented critical periods in the progression of the cyclonic and convective 
precipitation events. Since the product of a PCA is a series of independent principal 
components that effectively summarizes the relevant information within the data set, 
PCA serves as an effective method for diminishing the redundancy inherent within 
multi-temporal data sets (Diaz and Fulbright 1981). The generated eigenvector loadings 
derived for each of the principal components focused on the relevant spatial and 
temporal patterns important in understanding the location, severity, and progression of 
each precipitation event throughout the state of North Carolina (Craddock 1973). 
Further, the PCA indicated which hours within the selected time periods were most 
highly aligned with each component (Karl et al. 1982). 

The derived PCA images were displayed on the image processor. Individual 
components for selected days, or combinations of components, can be displayed to 
facilitate analysis. For example, a composite of the first three principal components 
emphasizes the activity in the eastern part of the state during one day during the 
cyclonic event (Fig. 41). While a full analysis was not undertaken, the exercise did 
demonstrate how automated cartographic and statistical techniques can be applied to 
synthesize and display spatially and temporally autocorrelated data representing 
cyclonic and convection precipitation events. The application of the PCA resulted in the 
removal of redundant information and facilitated the focusing of attention on those data 
critical in understanding the location, severity, and progression of the events over time 
and through space. The image processing system effectively displayed the results of 
the PCA by presenting individual components and composites of components. Once 
in digital form, thematic overlays representing other biophysical elements could be 
integrated with the results of the PCA to improve the interpretation of the spatial patterns 
observed in the displayed data sets. 

The PCA approach and the graphics capability of the image processor proved 
appropriate to the technical concerns of this research. A linked sequence of statistical 
analysis and spatial display steps were developed. Statistical methods based on 
principal component analysis were used successfully for compressing multi-temporal 
spatial data into the critical dimensions that accounted for large portions of the data 
variability. These methods also provided satisfactory quantitative reporting of the results 
of the statistical analyses for interpretation purposes and allowed the integration of the 



Fig. 41: Composite of the first three principal components of the March 6, 1982 
precipitation event (photo of computer color screen). 

101 



output into graphics-oriented software for direct display. The interface between 
statistical packages and graphics devices formed the bottle-neck in such analyses. 
Customized programming, software tool kits, and macro languages, available in the 
more sophisticated software packages, will increasingly facilitate the interface between 
analytical techniques and graphics software and devices for spatial analyses. 

4.C. TOPOGRAPHY, INTERPOLATION AND EVENTS 

Traditionally, the interpolation of precipitation values from point samples to area 
samples has been achieved through Thiessen polygon approaches and related 
techniques that are sensitive to the spatial relationships between station locations. 
Where spatial variability of precipitation is a concern, as in mountainous regions, 
isohyetal mapping is considered most accurate. User-defined thresholds of search radii 
and kernel dimensions have been used to investigate global to regional to local spatial 
relationships for data interpolation purposes. In this phase of the research, the effects 
of topography on the spatial interpolation of precipitation data collected at recording 
stations were investigated. The objective was to ascertain if relationships between 
topography (elevation, slope angle and aspect) and precipitation values, recorded at 
selected climatological stations in and around western North Carolina, could be 
developed. If such development is possible, the results can be used to estimate 
precipitation at ungauged locations. The following describes the conceptual and 
analytical approaches investigated in this research to establish a topographically 
sensitive spatial interpolator of precipitation for western North Carolina that addresses 
local and regional terrain influences on the derived precipitation values. 

Various methods of estimating mean area precipitation were summarized and 
compared by Singh and Chowdhury (1986). Along with simpler interpolation schemes, 
more sophisticated approaches such as trend surface analysis were reported by Unwin 
(1 969). Lee et al. (1 974) reported on polynomial strategies, Clarke and Edwards (1 972) 
on analysis of variance, and de Montmollin et a1.(1980) and Chua and Bras (1982) on 
kriging . 

Methods such as kriging and trend surface analysis incorporate information on 
the variability of the precipitation data, but do not deal with the causes of that variability. 
They include the spatial variation of the precipitation only as it is represented by the 
data points. Ungauged areas with anomalous rainfall patterns can easily be 
misinterpreted in an areal analysis. Since the increased variability of precipitation in 
mountainous areas is largely due to orographic effects, one approach to precipitation 
determination at ungauged locations is to include topographic information in the spatial 
interpolation procedures. For regional studies, Digital Elevation Models (DEMs), 
secured from the USGS, offer an excellent data source. Available on computer 
compatible tapes, they provide a grid of elevation points every three arc-seconds, taken 
from a standard 1 :250,000 scale USGS topographic quadrangle. 



There are two primary theoretical approaches for relating precipitation to 
topography. The more direct method requires the understanding of the physical 
processes involved and the construction of a deterministic, or causal, model to simulate 
those processes (Sarker 1966; Collier 1975; Colton 1976; Smith 1982; Corradini 1985; 
and Alpert 1986). While the causal approach promises a satisfactory explanation of 
precipitation variability, it is very difficult to achieve because of the required a priori 
knowledge about the interaction of process variables. Most applications of causal 
models have been at the local scale, but even at that scale the meteorological 
processes are complex, and their complexity increases exponentially as studies expand 
to the regional scale. 

The alternative approach involves empirical modeling, where emphasis is less 
firmly based on the physical processes and more on the results of the analysis. 
Included in this approach are the various statistical methods that attempt to describe 
the past to understand the present and to predict the future. The underlying strategy 
of the statistical approach is to relate historical precipitation records to physical 
parameters of the areas adjacent to the climatological stations, using techniques such 
as multiple regression or multiple covariance analysis. Ideally, the parameters that serve 
as the independent variables in the analysis should be chosen so that they represent 
some aspect of the physical process affecting the observed precipitation levels. 

The selection of independent variables for the multiple regression analysis is not 
a simple proposition. There is a wide range of geographic and topographic factors that 
affect precipitation at all different spatial scales. Within a given geographic region, 
precipitation is usually greatest on the windward side of orographic barriers, since 
precipitation is most often caused by the lifting and cooling of air masses. Leeward 
sides of major barriers are typically drier, as descending air is warmed by compression. 
At a local scale, elevation is usually the most important topographic control. At a 
regional scale, while elevation of a given site is generally an important factor, it acts only 
in relation to its surroundings, since wind-blown precipitation moving within air masses 
does not always fall where it was "caused," nearby elevation variability may be as 
important as the elevation at the measurement site. Since the speed and abruptness 
of the vertical movement of an air mass can be important to condensation, slope angle 
and slope aspect also may be critical, especially to local conditions. 

Early studies of topographic effects on precipitation dealt with small and relatively 
uniform areas, and consequently focused on elevation as the causative variable. 
Following several elementary studies in the late nineteenth century, Lee (191 I) ,  Henry 
(1 91 9), and Barrows (1 933) were successful in correlating elevation with precipitation. 
Henry established a zone of maximum precipitation (around 5,000 ft. for the western 
U.S.) above which precipitation amounts declined. In 1939, Donley and Mitchell 
reported on a study covering much of the southern Appalachian region. They analyzed 
three-year precipitation records from 73 stations with elevations above 2500 ft. By 
grouping stations based on topography of the area, direction of moisture travel, and 
location of principal mountain ridges, they achieved r-squared values of near 0.90 for 
annual precipitation estimates. Smallshaw (1953) studied several smaller areas in the 
same region as Donley and Mitchell (1 939). He found similar relationships, but also 



noted a diminished precipitation catch at certain locations due to small-scale effects of 
increased windspeeds at the exposed ridgelines leading to updrafts and blowover onto 
the leeward slopes. 

Spreen (1947) took a more complex approach than his predecessors. Using 
"multiple coaxial correlation" (a type of graphical stepwise correlation), he studied mean 
winter precipitation data from 32 stations in western Colorado. He regressed 
precipitation against elevation, maximum slope, exposure of the station to inflowing air 
masses, and orientation of the exposure. Spreen achieved multiple correlation 
coefficients of 0.94 for his test data set. Burns (1953) took the same approach as 
Spreen, but expanded its scope. He constructed a square grid with a one-half mile 
spacing and estimated precipitation at the grid nodes, through use of the "multiple 
coaxial correlation" approach, to derive precipitation isohyets. His map indicated 
considerably greater detail, caused by topographic effects, than maps generated 
through other approaches for the same areas. Papers by Peck and Brown (1962)) 
Williams and Peck (1962), and Schermerhorn (1967) added variations to Spreen's 
techniques and applied them to new areas. 

During the past thirty years, a number of studies have applied modern multiple 
regression techniques using digital computers. Hutchinson (1 968) regressed 
precipitation on six independent variables for an area of varied topography in New 
Zealand, using both a linear and a quadratic component for each variable. At a 
symposium held in Geilo, Norway (World Meteorological Organization 1 972), fifteen 
papers were presented under the heading "Orographic influences on distribution of 
precipitation -- Physiographic factors and hydrological approaches;" many of them used 
regression methods. Houghton (1979) took seasonal storm sources into account in 
trying to extend valley precipitation records to mountain locations. Varas and Linsley 
(1977) employed regression analysis to predict annual and seasonal precipitation at 
points, then used the predicted values to synthesize seasonal and storm precipitation 
for input into a runoff simulation model. Hughes (1 982) applied regression-derived 
estimates of mean annual precipitation as weighting factors to correct daily or monthly 
station records, making them more representative of their catchments. 

Since 1969 at least four studies have evaluated orographic precipitation in the 
Appalachian Mountains. Grafton and Dickerson (1 969) divided West Virginia into 
windward and leeward zones to regress precipitation against six variables including 
latitude, elevation, and the average annual precipitation of each gauge's climatic region. 
Use of seasonal totals yielded no more accuracy than annual totals. Chang (1973) 
extended Grafton and Dickerson's work. He corrected precipitation records for both 
historical consistency (using double-mass analysis) and local exposure effects around 
the gauges, then analyzed them in terms of large-scale, small-scale, and gauge-site 
parameters. March et al. (1979) analyzed six storm types in terms of topography. They 
determined that smoothed elevation (the elevation of the ridgeline directly above the 
gauge site) and slope aspect were the most important factors in estimating precipitation 
in small-scale mountainous environments. In a study of ten separate regions, including 
western North Carolina, Basist (1 989) found that the relationship between precipitation 
and topography is much more predictable at mesoscale than at macroscale levels. 



This project integrates many of the above considerations. DEMs and long-term 
rainfall data are used to establish relationships between topography and precipitation, 
within a GIs environment. The relationships are used to interpolate precipitation values 
using a weighting for topographic effects as well as distance. From the precipitation 
network (Fig. 2) stations with less than 5 missing months within a continuous 30-year 
record (1 951 -1 980) and for which topographic data were available, were selected. This 
gave a sample of 23 stations, located around and west of Asheville, North Carolina, and 
including 4 in nearby Tennessee (Table 21). Monthly and annual data were transferred 
to a VMS file, and missing monthly values were filled in using a modified normal-ratio 
method that weights for distance to surrounding stations. SAS programs summarized 
monthly, seasonal and annual precipitation totals. Detailed weather station histories 
were used to determine exact locations of gauges. 

TABLE 21: First order trend surface results for North Carolina stations. 

Andrews 3.48 
Asheville 0.99 
Bent Creek -1.45 
Black Mt. 0.08 
Caesar's Head -2.26 
Canton 1SW 0.82 
Celo 2s -2.81 
Coweeta Exp. Sta. -5.71 
Cullowhee 0.98 
Enka -0.64 
Franklin -0.37 
Gatlinburg -0.37 
Hendersonville 1 NE -0.38 
Hot Springs 2 1.11 
Knoxville WSO AP -0.03 
Marshall 0.46 
Murphy 2NE -0.1 8 
Pisgah Forest 1 N -0.81 
Sevierville 1 SE 0.10 
Ta poco -0.24 
Tryon -3.01 
Waterville 2 -0.49 
Waynesville 1 E 0.1 1 

- values x 100 

The appropriate physiographic attributes were identified, from climatological 
considerations, including cyclonic storm tracks, and from previous regression studies, 
and methods of incorporating them into the GIs were investigated. As a result, the 
DEMs were processed with ARC/INFO programs, as discussed below, and a circular 
point coverage with a 4-mile radius was built around each station for topographic 
analysis. Files of the coordinates of the points in the coverages were exported to VMS 
so that descriptive statistics could be obtained for each station using SAS programs. 



Station 

Andrews 
Asheville 
Bent Creek 
Black Mt. 
Caesar's Head 
Canton 1SW 
Celo 2s 
Coweela Exp. Sta. 
Cullowhee 
Enka 
Franklin 
Gatlinburg 
Hendersonvilie 1 NE 
Hot Springs 2 
Knoxville WSO AP 
Marshall 
Murphy 2NE 
Pisgeh Forest 1 N 
Seviewille 1 SE 
Tapoco 
Tryon 
Waterville 2 
Waynesville 1 E 

PRECIPITATION (in) 
Year Spring Summer Fall Winter Station 

558 
683 
643 
6Q8 
965 
81 1 
823 
686 
652 
625 
e34 
442 
65a 
451 
290 
625 
500 
643 
283 
338 
329 
439 
81 1 

ELEVATION (m) 
Average Standard 

Deviation 
793 211 
6BQ 87 
697 81 
690 171 
730 205 
087 105 

1006 204 
863 236 
785 132 
608 7 1 
673 60 
753 229 
668 37 
644 1 56 
287 18 
628 72 
559 80 
736 80 
303 17 
61 9 187 
384 133 
813 233 
959 1 65 

Max Min Range 

012 
542 
469 
809 
657 
662 

1256 
902 
615 
469 
407 

1411 
262 
710 
118 
444 
509 
461 
95 

1098 
713 

1213 
899 

Station 
Relative 

0.050 
0.181 
0.100 
0.060 
0.990 
0.153 
0.160 
0.071 
0.080 
0.060 
0.100 
0.064 
0.140 
0.102 
0.360 
0.350 
0.070 
0.020 
0.130 
0.060 
0.094 
0.040 
0.041 

An initial step was to develop first-order trend surface equations for elevation. 
The results for the X-direction and Y-direction slopes are highly variable, as are the 
correlation coefficients (Table 21). Specification of the slope values of the coverages 
was somewhat unconventional. Rather than converting the coefficients of the trend 
surface equations into compass bearings to describe slope aspect and then having to 
deal with the resulting angular functions, the coefficients themselves were simply used 
for further analysis. The flat slopes and relatively poor fits of many of the surfaces 
indicate that a coverage with a 4-mile radius may be too large for this purpose. 
Possibly a 2-mile radius would provide a better fit and better data. 

Thereafter a multiple regression analysis was undertaken relating elevation and 
location to precipitation. Dependent variables were the 30-year mean seasonal and 
annual precipitation values (Table 22). Independent variables represented elevation and 
location. For elevation, actual station elevation, and the average, maximum, minimum, 
standard deviation and range of elevations in the coverage were used. In addition, a 
"relative station elevation" expressing the elevation as a fraction of the elevation range, 
from zero for the lowest to unity for the highest station, was introduced. Station location 
was expressed in relative terms. Relative latitude was defined as the distance in 
decimal degrees north of 30°N, roughly the position of the Gulf Coast. This was a 
measure of the distance an airstream must travel to the station from a major moisture 
source. Relative longitude was defined as the decimal degree distance west of 7 m ,  
an arbitrary value giving values comparable in magnitude to the relative latitude (Table 
22). Some equations provided poor fits to the elevation data, so the effect of weighting 
coefficients by multiplying by their r-squared values was investigated. This emphasized 
the few stations with high r-squared values, but the overall results were mixed. 



A simple correlation matrix of all variables was run to check for pairwise 
colinearity of the independent variables. No two independent variables were used in the 
same regression equation if their correlation coefficient was above 0.65. Various 
regressions were performed using 2, 3, and 4 independent variables chosen either on 
the basis of the correlation matrix or to illustrate specific effects. In addition, the SAS 
stepwise regression program was run with both the "stepwise" and "max r" options: each 
of the dependent variables was regressed on eight of the independent variables in an 
attempt to find the best fit in terms of the highest r-squared value. Table 23 summarizes 
the results, indicating the most important independent variables for each dependent one 
at two significance levels. The first retains all variables which are significant at the 95% 
level, the second more restrictive one retains only those significant at the 99% level. For 
the results significant at the 95% level, the equations, using the abbreviations given in 
Table 23, are: 

.......................................................................................................................... 
Significant at 95% level Significant at 99% level 

Dependent Independent Model f Independent Model P 
Variable Variable Variable 

Annual Relative Latitude (rl) ,775 Relative latitude .619 
Std. Dev. (std) Std. Dev. 
X-slope (X-s) 
Y-slope (Y-s) 

Spring Relative latitude ,816 
Std. Dev. 
X-slope 
Y-slope 

Relative latitude ,603 
X-slope * P 

Summer Relative latitude .661 Relative latitude .661 
Std. Dev. Std. Dev. 
Min. ele. (min) Min. ele. 

Fal I Relative latitude ,802 -- 
Std. Dev. 
X-slope 
Y-slope 

Winter Relative latitude .744 Relative latitude ,744 
Std. Dev. Std. Dev. 
Average ele. (ave) Average ele. 



Annual Precip = 139.7 - 17.5 rl + 0.072 std - 2.15 X-s + 1.69 Y-s 
Spring Precip = 38.4 - 4.76 rl + 0.01 9 std - 0.653 X-s + 0.447 Y-s 
Summer Precip = 41.6 - 4.91 rl +0.017 std - 0.006 min 
Fall Precip = 23.4 - 2.58 rl + 0.015 std - 0.784 X-s + 0.642 Y-s 
Winter Precip = 62.5 - 8.65 rl + 0.030 std - 0.0079 ave. 

Due to problems with a FORTRAN program, no orographic barrier effect was 
measured. The program was intended to sample every fifth reading of a DEM in each 
direction, so that point coverages could be kept to manageable sizes. Based partly on 
historic storm tracks, barriers were to be analyzed to a distance of 25 miles in each 
station's southwest quadrant; without the program, datasets of over 180,000 elevation 
points would have been generated. A workable barrier function should explain a great 
deal of the observed precipitation variability. 

A possible follow-up step to the regression analysis in a spatial study such as this 
one would be to map the calculated residuals from the best-fitting regression equations. 
Any consistent pattern in the residuals may suggest a new variable that has not been 
accounted for, or can serve to increase the accuracy of interpolations based on the 
equations by adding a correction factor to the estimated values. 

Initially, Digital Elevation Models (DEMs) at a base-scale of 1 :250,000 were 
acquired to spatially coincide with the location of the 44 climatological stations within 
western North Carolina with an uninterrupted 30 year record. Each 1:250,000 
base-scale DEM covers 1 x 1 degree latitude and longitude, and the initial 44 stations 
were collectively represented on portions of 9 DEMs. To minimize the DEM data 
manipulation needed, 23 stations were selected for pilot testing. These were located 
around and to the west of Asheville, North Carolina. A variety of approaches were 
followed to process the DEM into a TIN (Triangulated Irregular Network) model for the 
derivation of elevation, slope angle, and slope aspect GIs coverages, and to locate on 
the processed DEM the location of the 23 climatological stations selected for analysis 
(Fig. 42). The steps followed are: 

(1) Begin by loading the appropriate 1:250,000 base-scale DEM into the 
ARC/INFO TIN software system. Elevation values are recorded at 3 arc-second intervals, 
resulting in 1201 values in the X and Y direction, representing 1 x 1 degrees latitude and 
longitude; 

(2) Run ARC:DEMLATTICE to load the DEM into ARC lattice format. Because 
of software limitations, this process clips the lattice to a square 1024 x 1024 data points. 
The north and east sides of the DEM data set were eliminated as a result. A FORTRAN 
program was written to remove this software bias and to permit the use of the entire 
DEM through element filtering; 

(3) The command ARC:LATTICEPOLY {ASPECT) can now be used to generate 
a coverage of polygons with aspect values from the defined 1024 x 1024 lattice. A point 
coverage of the climatological stations was constructed and overlaid onto the polygon 
coverage of the aspect values. For less than 20 climatological stations, it is more 
efficient to overlay both the aspect coverage and the station coverage in ARCPLOT and 
then use ARCPL0T:IDENTITY to interactively extract the aspect values in which each 
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point location of stations coincide. For larger numbers of stations an automated method 
is to use ARC:IDENTITY {POINT) to overlay the attribute tables of the point and polygon 
coverages in some other file which can then be viewed or output from INFO; 

(4) The ARC:LATTICEPOLY function cannot be used to generate a slope angle 
map from the DEM, in this case, because the derived lattice was in the wrong projection 
to produce meaningful results. The lattice grid was in Latitude/Longitude (decimal 
seconds) as derived from the DEM, but the elevation values were recorded in meters. 
To produce useful slope angle values the lattice was projected into the X-Y plane in 
meters, since the UTM (Universal Transverse Mercator) coordinate was the most 
straightforward to use; 

(5) The lattice cannot be initially projected into UTM coordinate system because 
the ARC:PROJECT command only recognizes a coverage. Therefore, the lattice file was 
transformed into a coverage using the ARC:VIP command. Since VIP can only handle 
50,000 data points within this process, an automated sampling procedure within ARC 
was utilized. It was judged that the selective spatial sampling of the initial 1,048,576 
data points into 50,000 points was inappropriate to the spatial sensitivity of this 
research. Therefore, the lattice was clipped into smaller sections before the ARC:VIP 
command was run so that more data points and detail could be retained in the analysis. 
The clipped DEM segments were rejoined for display purposes later in the analysis; 

(6) The lattice was clipped into four quadrants, using the ARC:VIP 
{HISTOGRAM) option. The VIP command yielded the required 50,000 data points when 
a 18% filter was employed. Most of the points were clustered in high relief areas with 
far fewer sample points retained in flat, topographically homogenous areas; 

(7) Each of the four point coverages was transformed to UTM Zone 17 
coordinates using the ARC:PROJECT command; 

(8) The ARC:ARCTIN command was used to generate four TINS, and TINARC 
was used to produce triangular polygon coverages with slope angle attributes; and 

(9) The final stage of the process involved the development of overlays of the 
point coverages, representing the climatological stations (transformed into UTM 
coordinates), with the slope angle coverage from the TIN to extract terrain information 
at those stations. This final step could be replicated interactively or automatically for a 
large number of stations in ARCPLOT using ARC:IDENTITY. 

When the above approach was developed, the assumption was that the location 
of the climatological stations could be determined with some degree of detail, at least 
to approximately one arc-second. Unfortunately, the location of the climatological 
stations could only be stated to the closest arc-minute, and, therefore, the derived 
analytical approach required modification. Specifically, the station locations were 
considered as areas and not as point locations, since their locations were only being 
specified in rather general terms. Topographic conditions (elevation, slope angle, and 
slope aspect) at each station were defined over a four mile search radius centered on 
the generalized area location of the climatological stations because of the lack of 
precision in station location. The alternate approach diverges from the one discussed 
above in that no TINS were utilized to represent the terrain conditions. Calculations of 
slope angle and slope aspect conditions were instead generated from trend surfaces 
derived from the circular point coverages. The reasons for changing the processing 
strategy was the lack of specificity in the description of station locations, and, therefore, 



the lack of confidence in assigning terrain information to individual stations, particularly 
in rugged topography. It was also difficult to know how well VIP extracted the significant 
surface features and how successfully TIN approximated the ground surface from the 
sampled surface. The size and location of TIN polygons may be difficult to predict, and 
are not necessarily appropriate to the scale of the analysis. 

To accommodate the general statement of station location, a four mile buffer 
around each station was generated to extract mean terrain values from the DEM and to 
calculate measures of surface roughness and other related topographic factors that may 
impact interpolated precipitation values. The statistical analyses were performed in SAS, 
and a first order trend surface was generated to derive the slope angle and slope aspect 
information from the DEM for assignment to the buffered station locations. Fig. 43 
graphically shows the series of processing steps. The following describes the 
procedures involved in this approach: 

(1) Load the appropriate 1 :250,000 base-scale DEM, and run ARC:DEMLATTICE 
to convert the DEM to a lattice file. Because of software size limitations as to the size 
of the lattice, the top and right portions of the lattice were clipped to produce a square 
1024 x 1024 point matrix from the original 1201 x 1201 point DEM. Climatological 
stations that were located in areas that had been clipped, or where buffered circles 
overlapped the clipped areas, required special handling as discussed below; 

(2) Create a separate point coverage for each climatological station containing 
a single label point in Latitude and Longitude; 

(3) Use ARC:BUFFER to create a circular polygon around each generalized 
station location. The radius of these buffered polygons was 256 arc-seconds, which 
was judged a sufficient dimension to represent four miles in both Latitude and 
Longitude; 

(4) Use ARC:LATTICECLIP to clip the lattice with each of the circle coverages, 
thereby generating a small lattice covering just the area around the individual station. 
These clipped lattices were square rather than circular. However, all grid points outside 
the buffered circle were automatically designated as null values and were eliminated in 
subsequent processing steps; 

(5) Convert the small lattices to circular point coverages with the ARC:VIP 
command. Because these areas were relatively small, no filtering of data points to the 
50,000 default maximum was required. In this case, 29,000 points were generated as 
a consequence of the four mile buffer around stations, and they were retained for further 
analysis; 

(6) Transform the point coverages to UTM coordinates using the ARC:PROJECT 
command sequence. This procedure allowed the calculation of slope angle values by 
storing the X-Y coordinates in meters, consistent with the 2-dimension for elevation, 
rather than in arc-seconds; 

(7) After the data points were transformed into the UTM coordinate system, the 
point coverages were no longer circular. Anywhere away from the equator the buffered 
regions are elongated in the north-south direction. The elongated coverages were cut 
to fit the desired four mile summarization unit around each station. The 
ARCANTERSECT command was used to clip each point coverage with a circular 
polygon coverage; 
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(8) Retrieve the X, Y, and Z values for all the data points occurring within the four 
mile buffer around each station, export them to a VMS file, and transfer the data into the 
SAS statistical package for further analysis. With the use of SAS, a large number of 
terrain attributes can be calculated from the DEM data. The first order trend surface 
model was used to generate average slope angle and slope aspect values for the 23 
circular coverages. Simple statistical analyses were run to derive mean elevation, 
min/max elevation, and surface roughness (standard deviation of elevation values) with 
each of the buffered regions representing generalized station locations. 

Several climatological stations were found to be located close to the edge of the 
lattice derived from the DEM. Therefore, when areas surrounding the stations were 
buffered for analysis a four mile buffer (256 arc seconds in this case) could not be 
drawn. These "part-circles," which were not obtained using the above methods, were 
derived through the procedure defined below and then joined with other partial 
coverages to render complete circular coverages surrounding each climatological 
station. The methods used to derive these incomplete "part-circle" data sets (Fig. 44) 
were: 

(A) Determine which part of the four mile buffer was missing from the processed lattice, 
and calculate the LatitudeILongitude coordinates of a rectangle enclosing the missing 
area; 

(B) The rectangular block defined by the four corner points was extracted from the 
appropriate DEM to yield the missing points. A FORTRAN program (DEMLAT) was 
written to extract the needed DEM information. The coverage derived from this 
extracted and processed DEM data produced a "part-circle" dataset which was joined 
to previously processed datasets to yield the completely buffered four mile radius 
around the selected climatological stations; 

(C) Once the DEMLAT program was run, ARCEDIT was used to create a point 
coverage using DEMLATs output data files. With the ARCEDIT:COO KEY XY option 
defined, ARCED1T:CREATECOVER {covername) was run. To add the ground data 
points from the DEM, ARCEDIT:EDITF LABEL was utilized with ADD and &RUN to 
generate the outfile.PTS. As a result, all the X and Y coordinate values from the 
outfile.PTS were removed and transformed into label points in the ARC coverage. The 
coverage was built (BUILD), and an extra item was added to its attribute table in 
preparation for the elevation values; 

(D) The label points did not have any Z values (elevations) attached to the derived 
points. The points from the newly processed DEM were resident in the DEMLAT output 
file identified with the .DAT extension, and were added using INFO commands. In INFO, 
DEFINE was used to create a file with two items: elevation and the user-id. INF0:ADD 
was then used to retrieve the elevation values from the outfile.DAT. The elevation values 
were then transformed to the ARC point coverage. This procedure was accomplished 
through a combination of INFO commands RELATE and CALC; 



Foman program to extract 
dues from the DEM for the 

Onto the elevation lattice, ed block which falls outside 
overliy a circle buffered undary of the ARC lattice 
around the selected station 
locatioi~, the radius of which 
is defined in arc secorlds 

Isolate the section of the 
lattice which falls within 
the buffered circle Use ARCEDIT and ARC.Tr\TFO 

to create a rectangular polllt 
coverage using the data values 
derived from the DEM 

Convert the 
mini-lattice to a 
point coverage 

Clip the point coverage 
to a circle around the 
station, the radius being 
defined in arc seconds 

Clip the coverage with a 
Join the two point circle to get an even 
coverages to make buffer around the station, 

now defined in meters 

\ PROJECT A 
d ~ e  coGplete circle 
around the station 

Transform the complete 
circular point coverage 
to UTMs. This will 

V 

distort it to an oval. 

Expon the X,Y and Z values of all data 

derivation of topographic attributes 

Fig. 44. Summary of twin methodologies employed for rainfall stations close to the edge 
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(E) Through the above procedures, the point coverage was produced. The coverage 
required clipping to the circular shape as defined by the buffer geometry around the 
climatological stations. ARCCLIP was used to limit the dataset to the desired buffered 
dimension, a radius of 256 arc seconds; 

(F) Finally, the two partial circular coverages were joined through ARCAPPEND, and 
processing continued with step 6 described previously. 

Regression analysis is commonly employed for prediction. The calculated 
regression equations, along with mapped residuals, can be used to estimate mean 
annual and seasonal precipitation for any ungauged location in the study area, based 
on topographic attributes obtainable with the GIs. Once the 30-year annual or seasonal 
precipitation at a point is known (or estimated), it can be used to calculate precipitation 
at that point for any period of time by interpolating between nearby gauged points. 
Drawing 
historical 

on the results 
precipitation as 

of this project, the interpolation algorithm can weight for 
well as for distance. One possible interpolation formula is: 

where: 

R = precipitation at unknown point, 
Pi = measured precipitation (event, day, month, year) at weather station i, 
Di = distance between unknown point and weather station i, 
N, = calculated mean annual or seasonal precipitation at the unknown point 

(regression + residual), 
N, = calculated (or measured) mean annual or seasonal precipitation at station i, 
n = number of neighboring weather stations used to calculate R, 
b = constant exponent (possibly b=2; possibly b varies according to time frame). 

Interpolation formulas such as the one shown above allow topographically 
sensitive mapping of precipitation. Two methods for incorporating them may be called 
the grid-node and key-point approaches. The grid-node approach is much more 
processing-intensive. It is based on the rectangular grid employed by most automatic 
contouring programs. Values of topographic attributes must be calculated for each of 
the grid nodes covering the area of interest (the grid density is normally 
user-determined). Mean annual and seasonal precipitation can then be estimated using 
regression results and residuals as above. Measured precipitation for the period of 
interest is interpolated from gauged points to the grid nodes, and the resulting 
estimated values are then used by the mapping program to contour a map. Although 
this method should provide high accuracy, its disadvantage is in the large number of 



grid nodes normally required for a decent map. Highly automated processing 
techniques will be called for within the GIs program. 

The key-point approach is more flexible and less time-consuming. The analyst 
examines a topographic map showing locations of current weather stations, and then 
selects certain key points between the stations where precipitation will be influenced by 
topography. Calculations based on regression provide long-term precipitation estimates 
which allow interpolation of amounts for shorter intervals. The method permits as much 
or as little detail as required, but involves a certain amount of subjectivity on the part of 
the analyst. 

The distance-weighted, topography-weighted interpolation equation shown above 
gives equal weighting to both factors. Further research may indicate that the two kinds 
of weightings should themselves be weighted relative to each other, depending on 
factors such as time interval or storm type. 
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