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The WSR-57 weather radar operated by the National

Weather Service at Sacramento, California, plus a network

of precipitation gages provided data for this comparison

of radar reflectivity with precipitation rates. Located

in a valley with mountains within range of the radar on

three sides, this radar has varying sensitivity for

precipitation rates as a result of the terrain effects.

Variation in the terrain surrounding the radar has led

to a very wide scatter in precipitation rates associated

with any particular radar reflectivity. The radar failed

to detect precipitation up to 77% of the time over the

Coast Range at ranges greater than 100 nm. Linear

regression analyses revealed very poor correlation between

the raingage indicated precipitation rate and the radar

reflectivity. These analyses resulted in values of (R2),

the coefficient of determination, ranging from zero as

a minimum to only 0.502 as a maximum. Such results are

generally much poorer than results obtained by others.

The poor correlations and both overestimation and
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underestimation of rainfall resulted from factors such

as range, terrain blocking, windward or leeward exposure,

freezing level height, beam height and width, and the

distribution of water vapor in the vertical.
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A STUDY OF THE RELATION BETWEEN RADAR AND RAINGAGE

INDICATED RAINFALL OVER NORTHERN CALIFORNIA

The WSR-57 weather radar is being used extensively

throughout the United States by the National Weather

Service as a tool for locating and measuring areas of

precipitation. Many studies have evaluated the

effectiveness and accuracy with which the radar locates

and quantifies the rainfall areas. Many authors, e.g.,

Peace (1972) and Wilson (1970) have been concerned with

measurements on the order of 12 to 24 hours or over

whole storm periods with observations typically taken

at 15 minute intervals. During these periods, they

have measured precipitation over small areas which contain

special high density raingage networks. These methods

have yielded good results for these long time periods and

for relatively short ranges, but they are impractical for

operational situations where it is useful to have timely

as well as accurate measurements of areas and quantities

of precipitation.

Many equations have been developed which relate the

strength of the radar returned signal to the rate of the

fall of precipitation. The National Weather Service

presently uses an equation developed by Marshall and

Palmer in 1948. Various authors (Battan, 1973) have

derived different constants for the equations. These



constants have been classified on the basis of the

synoptic situation yielding the rainfall and on the

geographical location. The variations in the constants

for different rain types and locations as well as the

other unknown sources of error in radar measurements

lead one to question the accuracy with which the

presently used radar interpretation methods specify

the location and amount of rainfall over time periods

on the order of one hour.

This paper deals with the WSR-57 Radar located in

Sacramento, California. I have compared the operation-

ally available hourly radar and raingage reports over

northern and central California using a statistical

regression analysis. This effort sought means for

more accurate determination of the rate of rainfall

over a raingage site based only on radar data. Methods

of more accurately analyzing the radar data could then

be extended to areas with no raingages so as to provide

a more accurate overall areal distribution of rainfall.

Thus, the objective of this analysis is to determine an

operationally useful analysis technique more fully to

utilize the radar data presently available.
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II. Sources and Description of Data

My primary source of data is the WSR-57 radar

operated by the National Weather Service at Sacramento,

California. The antenna is located atop a 17 story

building in downtown Sacramento. The geography of the

surrounding area will be described later. Observations

are taken hourly on the half hour with special observa-

tions taken when the situation warrants. The radar

overlay on the oscilloscope presents a map showing

observations of the areal extent and theoretical precipi-

tation rates, height and base of the precipitation,

height of the melting level bright band, and the speed

and direction of movement of the precipitation areas

and cells. A typical example of a radar overlay is

presented as Figure 1. In the winter the range of the

radar is set at 180 nautical miles (nm) with echo

intensity and tops reportable to 125 nm from the radar.

From the radar equation, it can be seen that the

received signal power is inversely proportional to the

square of the range of the target (Appendix 1). This

proportionality is known as range attenuation, which

causes weaker back-scattered power from a given storm

at long range than at short range. There may also be

differences in beam filling by the precipitation as

the radar beam spreads with range. Therefore, a storm
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of a given intensity may appear to be smaller as well

as weaker at a long range, while it may appear larger

and stronger at a short range. Thus, a storm approaching

the radar station will give the false impression of

increasing in intensity as it approaches. To counteract

this phenomenon, the sensitivity time control (STC) is

applied to the signal. On the WSR-57 the STC injects

a certain amount of attenuation into the circuit to

normalize the indicated signal strength to 125 nm.

Thus, all of the radar echoes shown on radar scope to a

range of 125 nm theoretically appear with the intensities

they would have if they were all at 125 nm. Those echoes

at ranges greater than 125 rim are not affected by the STC.

The amount of attenuation, in decibels, which is applied

to the signal at ranges less than 125 nm is given by the

equation

1252
db 101og

where r is the range of the echo (Hiser and Andrews, 1966).

The standard STC curve, Figure 2, shows the receiver

attenuation as a function of range. However, some

problems with the STC related to its position in the

circuit limit its effectiveness in range normalization

(Hiser and Andrews, 1966). Also, the STC compensates only

for the factor hr2 and not for beam filling and beam

altitude above the terrain. As a result, some storms

appear to increase in intensity as they approach the radar.



This analysis evaluates how well the STC works in

Sacramento. The questionable accuracy of the STC

normalization will tend to bring a range related error

into analysis of the radar echoes and rainfall. To

avoid this possibility, I have divided my analysis of

the radar overlay into range intervals. Each overlay

has been divided into four range intervals; 0-50 nm,

50-100 nm, 100-150 nm, and 150-180 nm. I have also

subdivided the overlay into geographical areas. These

areas are the Coast Range, the Central Valley, and the

Sierra Nevada Range, the Sierras. In my final regression

analysis the sections with a range of 150-180 nm were

neglected due to a lack of radar data at these ranges.

The final regression analysis was performed on eight

areas, as shown in Figure 3. As a result any topo-

graphic and range related inconsistencies in the radar

data should be compensated for.

As previously stated, the National Weather Service

uses the Marshall-Palmer equation to relate the radar

reflectivity factor, Z (mm6/m3), to the rainfall rate,

R (mm/hr). This equation is of the form ZaRb (Appendix

3). Marshall and Palmer found that a200 and b1.6.

Stout and Mueller (1968) and Battan (1959), have

compiled many other values of a and b for this equation

obtained in different studies.

Table 1 contains the theoretical values of R for a



given Z as well as the key to the different colors and

symbols found on the typical radar overlay. Thus, on

a radar overlay, for any given point, the reflectivity

factor and theoretical rainfall rate for this study can

be determined by the color of the overlay at that point.

A final factor in the radar data that I will

mention is the effect of beam height and beam blocking.

The height of the radar beam increases with range as a

result of the curvature of the earth, atmospheric

refraction, and antenna elevation. The height of the

beam above the radar can be computed using the follow-

ing equation (W.M.O., 1966).

h=r2 + 5280 (r)sinE
h = height of beam axis
r = range in statute miles
E = angle of antenna elevation

The Sacramento radar is usually operated at zero to one-

half degree elevation with a three degree elevation to

the east. Figure 4 is a graph of the beam axis height

as a function of range for these three antenna elevations.

It is clear from this graph that the beam rises fairly

high at long range. Thus we see that at the greater

ranges rain may form below the beam. If so, the radar

will not indicate this rainfall. This can occur often

in areas with much orographic rainfall (Weaver, 1966).

Also, if there is a dry layer of air below the beam,

some of the precipitation which was detected by the

radar may evaporate below the beam (Wilson, 1970; Wilson
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and Pollock, 1974).

Evaporation also can occur in the downslope air

currents east of the Coast Range. Radar indicated

precipitation can also be transported horizontally and

be carried away from the gage below the radar beam

(Stout. and Mueller, 1968).

A final effect of the beam height is associated with

the freezing level. If the beam has reached a height

above the freezing level, it will intercept snow, which

is one-fifth as reflective as rain (Battan, 1973). If

the height of the freezing level is not taken into

account, the radar will underestimate the rainfall at the

ground when the beam intercepts the snow (Wilson and

Pollock, 1974).

As the beam spreads and rises vertically with range,

it also spreads horizontally. A storm of a given size

may fill the beam at one range and only partially fill

the beam at a greater range. Since the radar equation

assumes that the beam is completely filled with

precipitation, an error may result at greater ranges

with partial beam filling because the equation will

underestimate the strength of the storm (Battan, 1973).

Another important factor which has a large bearing

on the accuracy of the radar observations of rainfall is

the effect of blocking of the beam by terrain. Roger

Pappas, formerly the Supervisory Radar Meteorologist at
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Sacramento has prepared a radar beam blocking chart,

Figure 5, which takes into account the earth's curvature

and blocking of the beam due to terrain. Figure 5 shows

the minimum height to which precipitation must extend to

penetrate the radar beam. This chart can be very useful

in determining regions where significant rainfall amounts

can form below the height of the beam. This is especially

useful in the coastal areas where low level orographic

rainfall is important. All of these effects on the beam

and beam size should be remembered when analyzing the

radar indicated precipitation field.

My second major source of data is the "Hourly

Precipitation Data for California," published by the

U. S. Department of Commerce Environmental Data Service.

I also used rainfall data from gages operated by the

California StateFederal Flood Operations Center in

Sacramento. In this study I compiled the hourly rain-

fall accumulations corresponding to the radar data for

the 125 raingage stations shown in Figure 6. These

values of R were converted to mm/hr for use in the ZR

equations. The raingages cover northern and central

California. Over the study area, the approximate

raingage density is one raingage per 477 square miles.

Resolution of 51 of the 125 gages is 0.1 inch while

the other 74 have a resolution of 0.01 inch. The

raingage hourly amounts are compiled every hour on the
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hour, while the radar observations are taken on the

half-hour. Thus the radar observation is taken at the

middle of the raingage measurement period. This slightly

reduces the error which would occur if both observations

were taken on the hour. Still, there remains a dis-

crepancy since the radar observation encompasses a time

span of approximately 15 minutes while the raingage

total must be considered as averaged over the whole

hour. This difference in time resolution is a major

cause of error which would be alleviated if gage

observations on the order of 10-15 minutes were avail-

able, but this is not feasible under present conditions.

Figure 7 is a topographical map of the area under

study. This figure can be compared to Figure 5 more

fully to appreciate the terrain blocking effects. The

steep slope of the Sierras to the east is especially

noticeable. Strong blocking is also evident to the

west, far north, and northwest due to the Coast Range.

Areas of little terrain blocking are located at the

break on the Coast Range between Sacramento and the

San Francisco area and to the south in the Central

Valley.

Assorted meteorological data will be used in this

study as necessary. Surface maps from the National

Weather Service covering California for every six hours

are used. Naps of the 500 mb surface are available for
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each day at 1200 G.M.T. Also, rawinsonde data for

Oakland and Medford at intervals of 12 hours were used.

These are especially useful for determining the height

of the freezing level and the vertical moisture regime

for determining the chance of evaporation of

precipitation below the radar beam.
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III. Method of Data Analysis

This section will deal with the methods used in

analyzing the radar and raingage data, for the five

storm periods.

First, the theoretical radar rainfall rates were

compiled for each raingage station by superimposing

a clear acetate overlay, on which the raingage

positions were written, on the radar overlay and

determining the radar rainfall values for each rain-

gage. These radar rainfall rates were compiled along

with the gage rainfall rate for that raingage and hour.

A preliminary correlation analysis of the raingage

rainfall rates and the radar theoretical rainfall rates

revealed a very large scatter in the data. A similar

result of large scatter is shown by Wilson (1963) for

hourly raingage and radar data at ranges greater than

60 miles.

Since no useful correlatiOns were evident, I decided

to compile the Z values from the radar overlays and

compare these values with the raingage rainfall rates.

This method would delete any errors in the radar data

brought in by the use of the Marshall-Palmer ZR relation

in determining the theoretical rainfall rate. A linear

regression analysis was applied to the natural logarithm

of R and the natural logarithm of Z to determine a new
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ZR relation for each section of the overlay. From these

new ZR relations, rainfall rates can be predicted for

each Z over each section.

Some confusion exists over which variable, Z or R,

was the independent variable in the analysis by

Marshall and Palmer (Stout and Mueller, 1968). Two

basic methods of determining the ZR relationship have

been used. In the first method, R is the independent

variable. Jones (1966) used this method in which the

drop size distribution of the rainfall is measured.

The Z value can be calculated from this drop size data

and related to the rainfall rate R determined at the

same time. The second method, which I will use here,

is based on a simultaneous measurement of Z with the

radar and R with a raingage. The ZR relation is then

empirically derived using these data (Wilson, 1963;

Doherty, 1963). In this method, Z is the independent

variable.

There are several disadvantages to this method which

are discussed by Stout and Mueller (1968). Briefly, there

are three problems which lead to differences between the

radar and raingage indicated rainfall. First, the radar

samples the rain aloft, whereas the raingage samples it

at the ground. Second, during the descent of the rain

to the ground the raindrops could grow, evaporate, or be

transported horizontally. Third, the radar samples a
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much larger volume than the raingage does.

The first compilation of data consisted of a point

R at a raingage and a Z value taken at that point. A

linear regression analysis was performed on these point

R and point Z values for each storm and each section.

The results will be presented later.

There are quite a few problems associated with the

use of point Z values in this analysis. As mentioned

before, the rainfall could drift far enough to miss the

raingage over which the radar beam measured the Z value.

Also, the movement of the precipitation cells and areas

can cause an area of heavy precipitation to be located

over a raingage during the radar observation so it

would appear to be raining quite heavily over that

raingage. However, the movement of the cell may carry

it over the raingage in a matter of minutes, thus

resulting in a much smaller amount of rainfall there

than the radar would indicate.

Another source of error is in locating the exact

positions of the raingages when using the acetate over-

lay to measure the point Z values. Several authors

have shown the poor correlation between a point estimate

of Z and its comparison with the raingage estimate on

the ground (Huff, 1966; Herndon, 1970). Stout and

Mueller (1968) found that for a point measurement of Z

the radar indicated rainfall rate will be between 0.66
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and 1.52 times the gage rate 687 of the time. Wilson

(1964) made a similar study for different range

categories. For ranges 19-60 nm, 657 of the radar

measurements were within a factor of two of the rain-

gage rainfall. At ranges between 60 and 100 nm, the

percentage dropped to 387g. It is evident that there

are many problems with a point Z estimate of the

raingage measured rainfall.

To bypass the inaccuracies associated with the point

measurement of Z, the radar data were reanalyzed with the

Z values being averaged over an area surrounding the gage.

The gages were spread so far apart that it was not

possible to average the rairigage values over an area. A

regression analysis was performed to correlate the point

R and area Z values of indicated rainfall. By averaging

the Z value over an area surrounding the raingage, many

of the problems associated with point values of Z should

decrease. By averaging Z over a suitably large area

around the raingage, the problem of drift of rainfall

between the beam height and gage height would be

lessened. Also, if there was some error in locating the

gage with the acetate overlay during data reduction, the

area averaged Z would gLve a margin for error around the

raingage. A problem found in the point Z data was that

at the instant the radar observation was taken a rapidly

moving high intensity cell may have been located right
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over a raingage. This resulted in unusually high hourly

rainfall rates for several stations. As a result, there

was a large scatter in the data. The averaging of Z

over an area will modify the unusually heavy rainfall

rates by averaging them with lighter rates nearby.

This will tend to lessen the problem of very large Z

values. A similar problem occurs when an area of

heavy rainfall moves over the raingage station just

after the point Z measurement was taken. As a result,

there would be much more rainfall than the point Z

measurement indicated. An area Z measurement would be

more likely to contain the moving rainfall areas,

resulting in a better measurement. Wilson (1970) has

published a graph relating the area over which the

reflectivity is averaged and the rainfall errovs,in inches,

for a storm with 1.0 inch of rainfall. For a 60 minute

radar collection frequency an area average over one square

mile would result in a 0.65 inch error in total storm

rainfall. I chose to use an area of 400 square miles for

my area average of Z. When Z is averaged over this area,

a 0.20 inch error in rainfall may be expected for a 1.0

inch storm (Wilson, 1970). In the second analysis of

the radar data, I used a card with a square hole cut in

it which was 20 miles on a side. This hole was centered

over the raingage position, and the Z value over the area

was visually averaged. With the point Z analysis there
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were, at most, four values of Z. For the area Z analysis,

averaging of the four basic values of Z resulted in up

to 16 values for Z. This should increase the accuracy

of the regression analysis (Draper and Smith, 1966).

The cases where either R or Z but not both were

equal to zero were handled separately. This analysis was

very useful for observing how well the radar indicated if

it was raining or not, particularly as a function of range,

terrain blocking, and precipitation type. Two statistics

were compiled for each section and storm. The first was

the number of cases when the radar indicated zero and the

gage indicated some rainfall divided by the total number

of cases when the radar indicated zero. This resulted in

a percentage of observations in which it was raining and

the radar did not indicate it. The second statistic is

the converse of the first, lilt is the number of cases when

the radar indicated rain and the gage did not indicate

measurable rainfall divided by the total number of cases

when the radar indicated rain. This statistic shows the

percentage of the observations for which the radar indi-

cates rainfall and the raingage does not indicate rainfall.

A final analysis of the data was performed to deter-

mine if the results would be improved by neglecting the

light rainfall amounts which are less important opera-

tionally than the heavier rainfall. Wilson (1964) neglec-

ted rainfall and radar amounts of less than 0.03 inches
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per hour since they were inaccurately measured by the

raingages. Light rainfall amounts are particularly

subject to error since the rain is more susceptible to

drift or evaporation before it reaches the ground. Also,

the light rain is probably lower in elevation. There-

fore, there is a larger chance of the radar beam over-

shooting the rainfall. A frequency analysis of the

rainfall data for each storm was performed to see if a

natural cutoff point existed below which the light rain-

fall rates could be neglected. The analysis showed a

smooth curve with the number of occurrences of rainfall

rates decreasing as R increased. Since no rational cut-

off point was evident, a statistical method was used to

determine the cutoff point. The mean and standard

deviation of the R values in each storm were computed.

Then, a regression analysis was performed on each storm

with all R values below the mean neglected. The analysis

was not divided into sections since insufficient data

remained after the small R values were deleted. These

results were compared to the regression results of each

storm without neglecting any R values. As a control, a

randomly selected number of observations equal to the

number of observations with R less than the mean were

deleted from the original data and a regression performed

to determine if the change in results was significant or

just a random event.



IV. Discussion of Similar Studies

Many studies have sought to determine the relation

between Z and R for various locations, storm and rainfall

types, and radars. Most of these studies dealt with long

periods of rainfall and with short ranges on the order of

60-125 nm (Wilson, 1963; Wilson, 1970; Peace, 1972; Wilson

and Pollock, 1974). Wilson (1970) studied the idea of

using a raingage or raingages to calibrate the magnitude

of the radar echo and then use the radar for determina-

tion of the areal distribution of the rainfall. Huff

(1966) concluded that rather than using the raingage

calibration as a crutch, more effort should be spent on

the direct measurement of rainfall from the radar echo

presentation. Stout and Mueller (1968) have written a

very comprehensive paper describing some of the ZR

relations derived by other authors. They also studied

the classification of the ZR relations on the basis of

location, rainfall type, synoptic type, and atmospheric

stability, the idea being that an appropriate ZR

relation could be selected based on these parameters

to more accurately determine the rainfall.

Two papers concerning the WSR-57 deserve more de-

tailed mention here. The first is by Wilson (1964) in

which he analyzed data collected by the Atlantic City

WSR-57 radar from seven storms within 100 nm of the
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radar. He found that at a range of 40 nm, in 27 of the

cases with an echo, there was no rain, and in 17 of the

cases with measurable rain, there was no echo. At

approximately 80 nm in range the percentage of cases with

an echo and no rain increased to 87 and the percentage of

cases with a measurable amount of rain and no echo was 97g.

At a range of 100 nm, l27 of the cases with an echo had

no rain, and 337 of the cases with measurable rain had

no echo. In most of these cases the freezing level was

above the radar beam. The radar observations were

recorded on film and digitized for every 15-20 minutes.

Wilson cites Conte's study of the WSR-57 in St. Louis.

Conte found that a rainfall rate of 0.1 in/hr was always

detected to 50 nm, rates of 0.1-0.5 in/hr were detected

to 125 nm, and 0.5-1.0 in/hr rain was detected out to

150 nm. Beyond 150 nm less than 207 of the heavy and

moderate rainfall was detected. The percentage detec-

tion was found to vary with the storms. Wilson found

that the Marshall-Palmer equation used by the National

Weather Service underestimated the rainfall for all

storms. Wilson also compared point and area Z

estimates of R for accuracy. He found that the radar

can only coarsely estimate the point rainfall over a

gage. The area Z estimates were next compared to dense

raingage networks near the radar. Wilson found that at

19-57 nm in range, 347 of the hourly radar measurements



were within one standard deviation of the mean of ten

raingages in the network. At 70-100 nm, this percentage

fell to 23%. Finally, Wilson found that the variation

of the ZR relation between storms reduced the radar

accuracy when the same ZR relation was used for all

storms as is done with the WSR-57.

The second paper I will discuss in detail here is

written by Wilson and Pollock (1974) dealing with rain-

fall during hurricane Agnes of 1972, near Lake Ontario.

They used two 5 cm wavelength radars and a 10 cm WSR-57.

The coverages of these radars overlapped and thus provided

a way to check the radars against each other. They found

that the radar measurements using the Narshall-Palmer

relation underestimated the rainfall, so they applied a

multiplication factor of 1.7 to the radar data. Radar

observations were taken at 10-15 minute intervals. When

the radar was compared to a single raingage, the average

Z value for a radius of four miles around the raingage

was used. It was found that beyond 70 rim, the magnitude

of the radar underestimate increases rapidly with range.

Also, the underestimate increases as the beam height

rises 6,000 feet above m.s.1. This height is a function

of the cloud height, precipitation distribution in the

vertical, and freezing level height. It was found that

the WSR-57 had a 227 underestimate of rainfall when the

beam was above the freezing level. Overestimation of
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rainfall was also shown by two of the radars. The radar

with the higher beam overestimated more than the radar

with the lower beam. The overestimation appeared to

result from a dry layer of air below the radar beams.

The higher beam allowed more evaporation below the beam

than did the lower one. The radars were found to be

more highly correlated with each other than the radar

to raingage correlation. During the course of one

storm the radars both over- and underestimated the

rainfall. Raindrop distribution measurements indicated

that the ZR relation remained constant during the storm.

Therefore, the variability in the radar-to-gage compari-

Sons appear to be due to meteorological causes such as

freezing level and dry layers Of air rather than space

and time variations of the ZR relationship. The results

of these two studies were presented here as a background

for a discussion of my results to follow.
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V. Meteorological Analysis and

Description of the Five Storms Studied

I chose for study five winter storms which had

significant rainfall amounts as they passed over

northern California. The storms occurred on March 28

30, 1974; February 28-March 2, 1974; January 15-17,:

1974; February 5-6, 1973; and January 15-18, 1973.

These storms will be referred to as Storms One through

Five respectively. For Storm One, 36 hours of data were

analyzed; for Storm Two, 33 hours; for Storm Three, 30

hours; for Storm Four, 15 hours; and for Storm Five, 33

hours were analyzed.

In Storm One, March 28-30, 1974, Figure 8, two cold

fronts passed over northern California. The subtropical

high pressure area formed a pronounced ridge over

California before the cold fronts moved in. The first

front moved across the state in a primarily north to

south direction. The front and its low did not

considerably weaken the ridge over California, reducing

the pressure only to 1016 millibars (mb) at Sacramento

(Weaver, 1962). The ridge built back in quite rapidly.

The air behind the front was not particularly cold with

afternoon temperatures in the low 60's and a dewpoint

depression of about 10 degrees F. Winds in the

northern part of the state were from the south. A
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second occluded front then moved in, preceded by a weak

warm front. The associated cold front moved in a

southeasterly direction. This front was stronger with

the associated low pressure zone forcing the ridge to

retreat southward. After the front passed Sacramento

a short wave surface trough developed over northeastern

California near the end of the study period. Sea level

pressures dropped to 1008 mb with rainshowers and strong

southwesterly winds accompanied by low temperatures.

During Storm One a strong 500 mb trough formed near

1300 W longitude. Near the beginning of the period, the

500 mb winds were westerly with a maximum speed of 90

knots over San Francisco. The region of maximum winds

extended directly over northern California. During the

remainder of the period the 500 mb low filled and then

deepened. At the same time, the wind speed slowed then

strengthened again from the southwest with the maximum

speed zone again over northern California. Freezing

levels for this period were indicated by the Oakland

and Medford rawinsonde data and by th Sacramento radar.

The freezing level at Oakland started Out at 8,000 feet

above m.s.l. and fell to 6,000 feet at the end of the

period. At Nedford, the freezing level rose from 6,000

feet to 8,000 feet, dropping to 6,000 feet near the end

of the period. The moisture distribution in the upper

levels is taken from the Oakland rawinsonde data. On
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the 29th at OOZ, the sounding was very dry from 6,000

to 12,000 feet and near the surface. Moist conditions

prevailed over the rest of the sounding. At 12Z, the

dry layer moved up to between 8,000 and 18,000 feet.

By 12Z on the 30th, the sounding was very dry above

5,000 feet. The atmosphere was generally stable

throughout the period.

Storm Two began with a weak ridge over California.

At 12Z on February 28, a strong occluded front began to

move into northern California in a west-southwesterly

direction. Winds following the front were south-

westerly and southerly at 10 to 15 knots. Temperatures

were in the upper 40's with a 3 degree dewpoint depression.

A low formed on the front over eastern Oregon and the

cold front over California became stationary near a line

from the California, Oregon, Nevada border to the San

Francisco area. As the stationary front moved slowly

southward, a second, stronger front moved into northern

California. The two fronts remained nearly parallel in

a northeast to southwest orientation with pressures over

the area near 1000 mb. Slight ridging began behind the

second front and the winds swung to westerly at 10 to 20

knots. The dewpoint depression averaged 7 to 8 degrees

with the temperatures near 48°F. The two fronts joined

by 06Z on March 2nd, the surface pressures increased over

the area and the winds shifted back to a southerly
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direction. Rainshowers continued over most of northern

California behind the fronts. At 12Z on the 28th of

February, during Storm Two, a large cutoff low at 500 mb

was situated 400 nm to the west of Washington. The 500

mb winds were southwesterly over northern California with

speeds of 55 knots over San Francisco and 95 knots over

Eureka. By l2Z on 1 March 1974, the low had moved north-

ward. The winds were still southwesterly at 60-70 knots.

By the end of the storm period the north-south troughline

was on the California coast with weaker westerly winds.

However, over eastern California, the winds were still

southwesterly at 80 knots. The freezing level ranged

from 7,000 to 10,000 feet over Oakland and 5,000 to

6,400 feet over Medford. At 12Z, on the 28th of

February, the Oakland sounding was dry near the surface

and very dry from 9,000 to 15,000 feet. The air was

saturated from 3,300 to 4,800 feet and quite moist above

17,000 feet. At OOZ on the 1st of March the sounding

was saturated or near saturated from 2,500 to 6,500 feet

and at 10,000 to 14,000 feet. Above 14,000 feet the air

was very dry. The sounding was stable throughout the

storm period.

Storm Three began on 15 January 1974 with a warm

front approaching the coast and a weak surface ridge

over northern California. Sea level pressure over the

area averaged 1016 mb with winds southerly at 10-15
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6 degree dewpoint depression. The warm front dissipated

and the following cold front moved over the northwest

corner of California. Sea level pressures dropped as the

cold front moved to the southeast over California.

Pressures fell to near 1008 mb, and the winds remained

southerly. The front then became stationary with con-

tinuous moderate rain and rainshowers north of the front.

The front slowly moved to the south. The pressures

had fallen slightly and the winds remained southerly.

Temperatures were near 50°F with a dewpoint depression

of only 1.0 degree. As the storm period ended a new

wave was forming on the stationary front west of San

Francisco and the winds increased from the south as

the new cold front approached parallel to the coast.

At the 500 mb level in Storm Three the trough and

the wind maximum were located much farther to the north

than in Storms One and Two. The 500 mb winds were

southwesterly with speeds of 50-70 knots over northern

California. The trough axis remained far offshore

throughout the storm period. Near the end of the period

the winds over extreme northern California increased to

80 knots and shifted to a more southerly direction.

Throughout this storm the 500 mb pattern remained

essentially constant. During Storm Three the freezing

levelswere substantially higher than for Storms One



27

and Two. Oakland reported freezing level altitudes

between 11,000 and 11,400 feet for the period. The

freezing levels at Medford ranged from 8,200 feet to

9,400 feet in the period. The height of the freezing

level has a strong effect on the accuracy of the radar

measurement of rain, especially at long ranges. There-

fore this difference in Storm Three should be signifi-

cant in the data analysis. At 12Z on January 15, the

Oakland sounding was saturated at 3,000 feet and also

between 12,000 and 20,000 feet. A dry layer was

located at the surface and between 3,000 and 12,000

feet. By OOZ on the 16th the sounding was moist near

3,000 feet and 14,000 feet with very dry conditions

between these two heights. This condition persisted

until OOZ on the 17th. At this last time the sounding

was nearly saturated from the surface to 12,000 feet with

a very dry layer above. Conditions were stable through

this storm.

Storm Four is very much different from Storms One

through Three. The rainfall amounts were very much

lower than in the other storms. The other storms had

strong occlusions with cold fronts moving into the

northwestern corner of California and then moving in.a

south or southeasterly direction out of the state. This

storm had an occluded front associated with a weak low

pressure center of 1002 mb. The pressure gradients near
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the other storms. This low center was located due west

of Paso Robles which is approximately 200 miles south

of San Francisco. The low centers of the other storms

were mainly off the Oregon Coast. This front approached

the central California coast near Monterey. As the

front crossed into the Central Valley the winds in the

northern part of the valley were from the north at 5

knots. Winds in central California near Sacramento

were easterly. This is an unusual wind pattern compared

to that of the other storms which were associated with

strongly channelized southerly surface winds in the

northern part of the valley. The temperatures were

near 50°F with a 5 to 10 degree dewpoint depression

east of the front. Behind the front, the winds over

northern California were easterly and northeasterly at

5 knots. After the front passed the temperatures

remained in the low 50's and upper 40's with continuous

moderate rain over parts of the northern part of the state.

The 500 mb flow for Storm Four was relatively weak.

The flow split near the Oregon-Washington border. The

southern part of the flow extended down around a weak

cutoff low directly oer the surface low. This low

weakened throughout the storm period. The 500 mb winds

were southwesterly at only 25 to 30 knots. Although

this was a weak storm most of northern and central



29

California received some rainfall. The freezing level

during this storm was near 6,000 feet over Oakland and

Medford. The radar indicated a bright band of 5,000

feet. On the 5th of February, at OOZ, the Oakland

sounding was nearly saturated from 2,000 to 7,000 feet.

The rest of the sounding above 7,000 feet was dry with

the exception of a moist layer near 1,000 feet. By 12Z,

the lower layers had a 5 degree dewpoint depression. A

moist layer moved in above 18,000 feet, while a strong

dry layer was centered at 14,000 feet later in the

period. The sounding remained stable during the storm.

Storm Five, on January 15-18, 1973, is similar to

Storms One through Three. A strong cold front

approached the extreme northwestern corner of California

at the beginning of the period. Wind speeds were 5 to

10 knots from the south over the Central Valley of

California. Temperatures were unavailable due to map

illegibility. The front which was associated with a

cutoff low west of Washington began to move southeastward

over California. The pressures at the low center were

near 1000 mb. The winds strengthened to 15 to 20 knots

from the south. The front swung and continued moving

in an easterly direction. By OOZ on January 17, the

pressures began rising to 1012 mb over northern

California. Near the end of the period the pressures

began falling as a new occlusion approached from the west.
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Storm Five began with a weak 500 nib trough which

had its axis just west of the coast. The 500 mb winds

were from 190 degrees at 45-50 knots. Between 12Z on

the 16th and 12Z on the 17th the troughline had moved

onshore to a position over the California-Nevada

border. During this time the trough deepened consider-

ably and the 500 mb wind became west-northwest at 50

knots. The maximum wind region moved over San Diego

with velocities near 90 knots. This short wave trough

moved eastward and another one followed it on the 19th

after the period of the study. The freezing levels

over Oakland varied considerably during this period. At

OOZ on the 16th the freezing level was at 7,800 feet.

It then rose to 8,600 feet by 12Z. The following day the

freezing level at OOZ and 12Z was 5,600 and 6,000 feet

respectively. The freezing level at Medford also varied

from a maximum of 6,400 feet to a minimum of 4,800 feet.

At OOZ on the 16th the Oakland sounding was saturated

from 2,000 to 9,000 feet and nearly saturated above

16,000 feet. At no height throughout the sounding did

the dewpoint depression exceed 5 degrees. By 12Z on

the 16th a dry layer had developed above 3,000 feet with

moist conditions remaining at the surface and near

10,000 feet. The 17th began with drier conditions than

on the 16th, but by 12Z on the 17th the air was

saturated from the surface to 3,000 feet with dry air
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above.

This discussion of the meteorological conditions

of the storm periods under study will contribute to

the understanding of the results of the comparison

of the radar and raingageindicated rainfall.
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VI. Results of the Radar and Raingage

Indicated Rainfall Comparisons

The first results of this study presented are the

cases where either the radar or raingage, but not both,

indicated zero rainfall. Some of the more important

parameters which effect these results are the beam

height, terrain blocking, and the moisture and tempera-

ture profile in the vertical. Tables 2A and 2B present

these results for both point and area Z measurements

for all the storms and sections. The percentages in

Table 2A are the number of cases when the radar does

not indicate rain and the raingage does indicate rain,

divided by the total number of cases when the radar

does not indicate rain. In other words, it is a measure

of how often the raingage indicates that it is raining

while the radar indicates that it is not. The percen-

tages in Table 2A will be called the "no-echo

percentages." Table 2B is the reverse of Table 2A or

the percentage given by the number of cases when the

radar indicates that it is raining and the gage does

not indicate rain divided by the total number of cases

when the radar indicates that it is raining, i.e., the

percentage of the time that the raingage indicates that

it is not raining while the radar indicates that it is

raining. The percentages in Table 2B will be called
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the "echo percentages."

First, I will discuss the point Z and point R

results in Table 2A. Considering these data it is

immediately apparent that the no-echo percentages are,

with the exception of area six (Figure 3), fairly large.

For all the storms and sections during 267 of the time

that the radar does not indicate rainfall the raingages

indicated some measurable rainfall. The average rain-

fall indicated by the raingages when the radar did not

indicate rainfall was 2.25 mm/hr.

It should be pointed out here that these are not

trivial cases. For Storm One, the percentages are based

on 1,343 observations. The other storms have similar

numbers of observations.

These general figures are not very meaningful, so I

will consider the individual storms and then the sections

in each storm.

Storm One had both the highest (8O7) and the lowest

(47) no-echo percentages. The average of the no-echo

percentages for Storm One is 327g. This is probably large

due to the 8O7 measurement for Section Seven. Storm Two

has an overall percentage of 277. This is very close to

the 267 for both Storms Four and Five. Storm Three has

the lowest percentage, 2l7 of all the storms. Storms One,

Two, Three, and Five are fairly similar in the amount of

precipitation which accompanied them. Storm Four had much
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less precipitation. This would explain why the average

value of R when Z equals zero is only 1.11 mm/hr for Storm

Four while the other storms have average R values of 2.46,

2.75, 2.61, and 2.31 for Storms One, Two, Three, and Five

respectively.

An interesting relationship is that Storm Three,

which has the lowest average no-echo percentage, also had

the highest freezing level. With the higher freezing

levels, the radar beam will reach longer ranges before it

rises above the freezing level. The reflectivity of snow

is 0.2 times as great as that of rainfall (Wilson, 1966).

Therefore, the reflectivity decreases rapidly with the

height as the radar beam crosses the freezing level. In

cases with lower freezing levels, the radar beam will

intercept snow at the longer ranges. The resulting weaker

return signal may lead the radar to indicate zero preci-

pitation even though the raingage may indicate rain. In

Storm Three, which had a higher freezing level than the

other storms, the interception of the freezing level by

the beam would occur at greater ranges than in other

stcrms. Thus, the determination of whether it is raining

or not should be made more accurately in Storm Three than

in the other storms.

It is useful to consider the percentages of rainfall

cases when the radar does not indicate rain as a function

of the range sections shown in Figure 3. It would be
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expected that for shorter ranges, the percentage would be

the smallest since the beam is lower than at longer ranges

and thus samples the precipitation nearer to the ground.

This holds true for Storms Two and Three with 77 and 6%

for Section Six, that area within 50 nm of the radar.

Therefore, for these two storms we can see in Section Six

that almost all of the time when the radar does not indi-

cate rain, it is not raining. Storm One is somewhat

puzzling since the lowest percentage occurs for Section

Five, at 50 -100 nm range in the valley, rather than in

Section Six. At this same time, the percentage for Section

Six was 2l7. For Storms Four and Five, the percentages

are only weakly a function of range.

In all cases except for Storm Four, the maximum per-

centages occurred in Section Seven or in the unnumbered

area of 150-180 nm in range. The maximum percentage was

80% in Section Seven. For 99 cases of the 123 cases when

the radar did not indicate rain, the raingages indicated

that it was, in fact, raining. This rainfall averaged

3.79 mm/hr or 0.15 in/hr. The high no-echo percentages

for these areas are a result of two major factors. The

first is the long range involved. By the time that the

radar beam reaches 100 nm, the edge of region Seven, it

has reached a height of 12,077 feet with a 0.5 degree

antenna elevation. At 180 nm, the beam axis has reached

31,250 feet. At these heights, the beam is normally above
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the freezing level and will return a weak signal as des-

cribed on page 32. Also, at these heights, the beam

could pass over the precipitation which forms below the

height of the beam. Second, at these ranges the beam

will only be partially filled by the precipitation and

thus return a weak signal as described on page 7.

In the Coast Range, most of the rainfall is

orographically induced (Weaver, 1962). This orographic

rainfall is made up of smaller drops and is found mainly

at lower levels (Weaver, 1966). This creates two

problems for the radar. The precipitation may not extend

high enough to be intercepted by the beam. Also, much

precipitation growth can occur at low levels as a result

of cloud drops in the low level orographic cloud being

accreted by the precipitation falling from above

(Harrold and English, 1972). Blocking of the beam by

the mountains will shield from detection much of this

low level rainfall, which forms on the windward side

of the mountains. This is shown in. Figure 5. At 100

nm in range, the precipitation must extend at least to

10,000 feet to be seen by the radar beam passing beyond

the Coast Range. Lastly, the smaller drops have a

lower reflectivity than larger drops. Thus, the small

drops in the orographic rainfall are less likely to be

shown on the radar.

Generally the 150 to 180 nm range area over the
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Sierras has smaller no-echo percentages than the same

range in the Coast Range. The radar is on the wind-

ward side of the Sierras, so therefore the rain must

extend to higher elevations to be seen by the radar

over the Sierras. In all but Storm Five, the average

R value when Z is zero for the Coast Range at 150-180

nm is greater than for a similar range over the

Sierras. Thus, we see that the radar fails to

indicate rainfall over the Coast Range at 150-180 nm

more often than over the Sierras and that the rain that

is missed is heavier over the Coast Range. The other

intermediate range sections do not show any clear-cut

range or geographically related dependencies.

The same analysis was performed on the area Z

data. For the area Z data, the average no-echo per-

centage for all storms is 277, which is very close to

the point Z average of 267. The average value of R

was 1.96 mm/hr. The storm average percentages are

267, 27%, 3l7, 24%, and 27% for Storms One through

Five respectively.

The results concerning Storm Three seem to contra-

dict the conclusions from the point Z data. Here,

Storm Three has the largest percentage. This may be

influenced upward by Section Seven which had 77%.

Weaver (1962) states that orographic rainfall is

favored by high freezing levels. Therefore, Storm
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result larger errors in detection.

Generally, the storm percentages are consistent

with the point Z storm percentages. Again as in the

point Z data, Storm Four had the lowest average value

of R (0.97 mm/br) when Z was equal to zero. The

average R values for each storm in the area Z data

are lower than the average R values for the point Z

data. One explanation of this result is that in

the point Z cases the point at which Z is measured

may be near the edge of a rainfall area. The rain,

which is not indicated by the radar, may be blown into

the gage. By averaging the Z values over a 400 square

mile area there is a better chance that the radar will

pick up the rainfall which is occurring near the rain-

gage. Storm Three has somewhat peculiar results.

Section Seven has the highest no-echo percentage.

This is consistent with the point Z results. Section

Eight, the Coast Range at 50-100 nm, has the lowest

percentage, l07 of all the sections in this storm.

In only 36 of 366 cases did the radar miss the rain-

fall. Apparently, this accuracy was due to the closer

range of this region or to some atmospheric refraction

of the radar beam to a lower height. Also in Section

Eight the breaks in the Coast Range allow detection

of a rainfall at lower heights.
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In Storms One, Two, and Five, of the area Z data,

Section Five has the lowest no-echo percentage. Section

Five is located in the valley at a range of 50 to 100 nm.

It is not at all clear why the radar has more cases of

non-detection of rainfall at closer ranges than at more

distant ranges in the valley. Finally, Section Four

had the highest value of R which was not detected by

the radar in Storms One, Two, and Three, and the second

highest value in Storms Four and Five. Section Four is

at a range of 100-150 nm from the radar. There is strong

orographic influence in this area (Figure 7). Blocking

of the beam by Sutter Buttes would prevent the radar from

detecting the low level precipitation in Section Four.

The second group of statistics computed from these

data in Table 2B is the percentage of time that the radar

indicates that it is raining and the gage does not detect

any rainfall, the "echo percentages."

For the cases when the point measurement of Z by the

radar indicated rain, 337 of the time no rain was detected

by the raingages. The average percentages for the storms

were 247, 307, 347, 437, and 337 for Storms One through

Five respectively. There are several reasons for the

radar to detect rain and the gages not to detect this

rain. At the greater ranges, there is quite a separation

between the height at which the radar samples the rainfall

and the surface. Many things can happen to the rain that



40

the radar has sampled before it reaches the ground. One

of the major problems is evaporation of the rainfall

below the radar beam. This evaporation occurs in the

lee of the mountains where the air is generally descending

and warming. Evaporation also takes place as the pre-

cipitation falls through drier air in the southerly

surface wind found in the valley during most of these

storms (Weaver, 1962). The rain can also be transported

horizontally away from the raingage under the radar

sampled volume of precipitation. Lastly, at longer

ranges, the beam width will tend to exaggerate the

horizontal extent of the strong echoes and therefore

indicate rain where none really exists (Wilson, 1964).

Based on the above considerations, one would expect

more frequently to find the radar indicating rain with-

out a corresponding raingage catch in Sections Five and

Six. Both of these sections are subject to evaporation

due to the lee effect and the drier southerly wind in

the valley during the storms. The data support this to

a certain extent in the point Z study. During Storm One

in Sections Five and Six appeared the highest and the

third highest percentages at 427 and 30%, respectively.

During Storm Two in Sections Five and Six we find the

second and fourth highest echo percentages, 39% and 29%,

respectively. During Storm Three in Sections Five and

Six appear the first and third highest values at 66% and
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4l%, respectively. For Storm Four the same Sections Five

and Six have the fourth and fifth highest echo percentages

at 517 and 44°I, respectively. The problem with Storm

Four is that it was made up of generally weak rainfall

which would be susceptible to evaporation and transport

in other sections as well. Also, Storm Four did not

have the strong southerly channeled winds in the valley.

This disrupted the regular pattern. In Storm Five,

Sections Five and Six are first and fourth in magnitude

with echo percentages of 597 and 3O7, respectively. As

well as Sections Five and Six, Section Four also had

high percentages in Storms Two, Four, arid Five. In the

southern part, this was due to the leeside effect of the

Coast Range. In the northern part of this section, it

was probably the lee effect to a small extent plus the

southerly winds causing the evaporation of the rainfall.

The effect of horizontal transport of rain is also an

important factor for point Z data.

The average echo percentage for the area Z measure-

ments is 3O7. This is slightly lower than the point Z

measurement echo percentage. The average echo percen-

tages of cases when the radar indicated rainfall and

the raingage did not indicate the rainfall are 247, 3O7,

387, 427, and 237 for Storms One through Five respectively.

Again as for the point Z data, Storm Four had the highest

echo percentage. This is probably due to the lightness
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of the rainfall and the moderate temperatures with low

dewpoints which allowed evaporation to occur. In Storm

Three, we find that Section Five had the highest echo

percentage of 7470. Of 69 cases with a radar echo, in

51 of those cases no rain was detected by the raingages.

Section Five also had high echo percentages in all the

other storms. This again is due to the leeside effect

and evaporation. Sections Four and Six also had fairly

high echo percentages.

An unusual result in this analysis is the size of

the echo percentages for Section Three, which had echo

percentages of 37% in Storm One, 35% in Storm Two, 58%

in Storm Three, and 3570 in Storm Four. This is an area

of strong orographic rainfall, so this result is not due

to leeside downslope evaporation. With the area Z

average, the horizontal extent would be exaggerated as

in the beam width case above. The terrain elevation in

this section is between 400 and 1,000 meters. Also, the

antenna elevation is raised to 30 when pointed toward

the Sierras to rise above the ground clutter. As a

result, the beam axis is at about 15,000 feet over this

area. Thus, some of the precipitation which is seen by

the radar over this area will be in the form of snow.

The snow is very subject to horizontal drift, and thus

it has a higher chance of missing the raingage under

the radar beam.
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At the longer ranges, the echo percentages are

smaller. This is probably due to the fact that for the

radar to indicate precipitation at these longer ranges

the precipitation must be of substantial height and hori-

zontal extent. The chance of this stronger rainfall

not being detected by the raingage when it is detected

by the radar is smaller than for the lighter rainfall.

Therefore, at the longer ranges when the radar indicates

rainfall, there is a good chance that rain really is

occurring. Also, if the radar does not indicate rainfall,

that does not necessarily mean that it is not raining

there.

These data indicate that averaging the Z value

over an area does not appreciably increase the accuracy

with which the radar detects the precipitation. When

the radar does not indicate rainfall, the chance that

there really is rainfall in that area during a storm

period is a strong function of range. The greater the

range, the greater the chance that it is raining when

Z equals zero during a storm period. When the radar

indicates that it is raining, the probability that it

is not raining is primarily a function of the geogra-

phical location, windward or leeward side of the

mountains, and meteorological conditions such as wind

and the degree of saturation of the lower level air dur-

ing a general storm period.
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As previously stated, I originally planned to

derive an empirical relationship to relate the rainfall

rate given by the raingages to the theoretical rainfall

rate from the WSR-57. A preliminary analysis indicated

a very wide scatter in the two values of rainfall rate.

In an attempt to derive a better ZR relationship and

eliminate errors due to using only one ZR relation for

all storms and areas, I decided to bypass the Marshall-

Palmer relation and compute new ZR relations using

linear regressionanalysis for the various range and

geographical sections. This analysis would result in

a compilation of "true" rainfall rates computed using

the new ZR relations for each reflectivity value, Z,

and for each storm and section.

The Sacramento radar presents unique problems as

a result of its location. It is located on the leeward

side of the long Coast Range to the northwest, west, and

southwest. It is also located on the windward side of

the Sierra Nevada Range which rises abruptly to the

northeast, east, and southeast. Finally, to the south

and partially to the north, the Central Valley presents

a very flat terrain. The location of the radar in this

region of widely contrasting geography has led to a

large amount of variability in the derivation of the

ZR relations.

Battan (1959) and Stout and Mueller (1968) have
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compiled very extensive listings of the ZR relations

determined by various authors. The National Weather

Service uses the Marshall-Palmer relation of Z200R1-6.

It has been found that one ZR relation does not hold

for all locations and storm types. The form of the ZR

relation is ZARb (Appendix 3). Rattan's listing gives

values of A that range from 16.6 to 730 and b that

range from 1.2 to 2.9. Part of the variation in the

values of A and b may be due to inadequate data for

calculating the regression curve (Battan, 1973).

Battan listed three ZR relations as an example of this

variability as a function of precipitation type. The

ZR relation for stratiform rain is Z200R1"6; for

orographic rain, Z11131R]-.7-; and for thunderstorm rain,

Z486R37. For this study, orographic rain, continu-

ous rain, and rainshowers are the primary rainfall

types. Stout and Mueller give ZR relations for

continuous rain and rainshowers in Oregon of Z295R1-59

and Z327R1"66. Doherty (1963) computed Z26R2°2 for

rainfall of less than 20 mm/hr. Two ZR relations compu-

ted for orographic rain are Z31R17- for orographic

Hawaiian rain at the cloud base, and Z'16.6R1-55 for

orographic rain within the cloud (Stout and Mueller,

1968). Another author listed in the paper by Stout and

Mueller computed Z208R153 for orographic Hawaiian rain.

The wide variability is obvious.
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The first analysis considered here is of the point

Z and point R data set. The data were compiled as

previously described. A linear regression analysis

was performed for each storm and section. The results

along with the supporting statistics are presented in

Table 3. The statistics presented for each storm and

section a::e (1) the number of ZR pairs analyzed in the

regression, (2) the ZR expressions presented as RAZb

and ZCRd (for comparison with published relations),

(3) the coefficient of determination (R2), (4) the F

statistic for the significance of the regression equa-

don, and (5) the value of R (in mm/hr) for a given Z

value (in mm6Im3). The coefficient of determination,

(R2), gives a measure of the amount of variation in R,

the dependent variable, due to the variation in Z. If

(R2) equal.s one, all of the change in the dependent

variable is due to a change in the independent van-

able. If (R2) equals zero, there is no relation between

the two variables. The F test is a statistical test of

the significance of the regression equation. Consider

the linear equation of the form 1nRB+A1nZ we can test

the null hypothesis that A0 (meaning there is no func-

tional relation between R and Z) against the alternative

hypothesis that AO (signifying that there is a statisti-

cally significant functional relationship between Z and R).

If Ft, the calculated F value, is greater than the
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critical F, taken from the F test Tables (Draper and

Smith, 1966) we reject the null hypothesis and conclude

with 957 confidence that there is a relation between

Z and R (Draper and Smith, 1966).

considering Storm One, we observe the very small

(R2) values. The largest (R2) value in Storm One is

0.155 for Section Five. This is a very small value and

really does not show much of a relation. For this

section, only l5.57 of the change in R values is due

to a change in the Z values. Thus 84.57 of the change

in R is due to some other factors. By plotting a graph

of mR versus lnZ, it can be readily seen why there is

such a poor correlation. There are, at most, four Z

values in the point Z data and for each of these values

there are many values of R. This wide scatter of

points does not present a very strong relationship.

One defect of the point Z analysis is the small number

of Z values. This fact results in a rather poor

regression analysis (Draper and Smith, 1966). This

problem should be reduced in the area Z analysis as

described on page 14.

Even with this apparent lack of relationship be-

tween Z and R, several general trends can be observed

even if a specific R value can not be given for each Z.

No relation could be derived for Sections One or Seven

since most of the Z values were equal to 866 mm6/m3.



For these cases no predicted R values are given. The

data for Section Four resulted in an inverse relation,

i.e., the stronger the echo, the weaker the rainfall

rate. This is the only section where the F test shows

no relation. This inverse relation is the result of

one large Z value which coincided with a small R.

Neglecting this part a better relation would result but

no rational criteria for throwing out pairs like this

are apparent. Inverse relations occurred in other

storms, so this one is not an isolated case. An

explanation for this strong echo with only weak precipi-

tation is that a strong echo actually existed during

the radar observation but that it moved over the raingage

so fast that only a little rain fell in that gage. This

inaccuracy is a direct result of the long 60 minute

rainfall observation interval. Since at this range the

radar beam is well above the freezing level, it is

sampling snow. The snow could have been transported

horizontally and thus have missed the gage.

It is useful to compare the values of R as a

function of Z for each section. It can be seen that as

the range of the section from the radar increases, the

R value generally increases as' well for a given Z,

except for Sections Five and Six. For example,

consider Z6133 rnm6/m3. Then Section Five has Rl.8l

mm/br, Section Six has R2.29 m/hr, Section Three has
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R3.39 mm/br, Section Eight has R3.78 mm/br, and Section

Two has R=5.36 mm/hr. These R's can be compared to

R7.62 mm/hr which is given by the Marshall-Palmer

relation. On the basis of these data it appears that the

radar overestimates the rainfall at close ranges and

underestimates the rainfall at long ranges.

Finally, the ZR relations shown here are not very

consistent with previously published relations. Section

Two, with Z54R2.8l is fairly consistent for an oro-

graphically influenced area. No detailed discussion of

the specific ZR relations appears here since the emphasis

is on the comparative rainfall values predicted by these

ZR relations in relation to the different regions and

storms.

In Storm Two, Sections One, Three, Four, and Seven

have insufficient numbers of points, so no regression

equation was derived. Again, the (R2) values are very

small, particularly for Section Six. In Section Six,

for any Z value, the relation predicted an almost

constant R or 2.22 to 2.45 mm/hr. Here, the rainfall

intensity is just not a function of Z. Again there is

wide scatter in the Z versus R graph. There is no clear

method which can be used to reduce this scatter according

to Wilson (1963), who has also shown examples with very

large scatter as shown here. As in Storm One, Section

Five of Storm Two has the best (R2) of 0.110. A pattern
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similar to that of Storm One in the values of R for a

given value of Z is found in Storm Two.

In Storm Three, Sections One and Three have constant

Z values. The variation in R as a function of range for

a given Z is evident in Storm Three also. Section Three

at range 0-50 nm has an average R of 3.81 mm/hr while

Section One, at 100-150 nm has an average R of 5.36 mm/hr.

In Sections Two, Four, Five, Six, and Seven, the F test

shows that there is effectively no functional relation

between R and Z. The very small

than 0.044, confirm this. There

in the ZR pairs to arrive at any

unexpected result is the much be

Section Eight. An (R2) of 0.291

better than any previous values.

(R2) values, all less

is just too much scatter

sort of relation. An

tter correlation for

is not good but it is

The ZR relation of

Z=l51R2°2 for Section Eight is not unreasonable in the

light of the variability in ZR relations shown by Battan.

Section Eight receives primarily orographically influenced

rainfall. This is shown quite clearly in the predicted

values of R. For the higher values of Z, the R values

for this section and storm are much larger than the R

values for the other storms at the same Z values. Thus,

the orographic rainfall component for Storm Three in

Section Eight results in much rainfall forming below the

radar beam and not being indicated by the radar.

Storm Four was weak and therefore very few values of
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Z greater than 866 nim6/m3 were recorded. Section Five

had an inverse relation in this storm. Here (R2) was

effectively equal to zero and no relation was shown.

Again in Storm Four, as in Storm Three, Section Eight

has the best relation. The F test indicates that the

relation is significant and the (R2) of 0.248 is similar

to Storm Three, Section Eight. The predicted R values

for Section Eight during Storm Four are much smaller

than for the same section during Storm Three. This is

to be expected since the onshore surface to 500 mb flow

was much weaker over this section in Storm Four than in

Storm Three. Thus, the orographically induced rainfall

component is much smaller in Storm Four.

The results for Storm Five are similar to the other

storms. The general R values for the different Z values

are lower than in Storm Three but higher than in the

other storms. The pattern of increasing R with range

for a given Z value also continues in Storm Five. The

lowest R values are in Sections Five and Six with R

increasing with range. This can be easily seen by

inspection of Figure 9. When a storm first appears,

it has a weak echo. As the storm moves toward the radar

it appears to intensify on the radar scope. The rainfall

rate can remain essentially constant yet give stronger

echoes at closer ranges. The radar STC is designed to

compensate for this effect, but it takes into account
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only the hr2 range attenuation relationship (Weather

Radar Manual). The apparent increase in precipitation

intensity at shorter ranges is partially a result of

a greater percentage of the beam being filled with

precipitation at these shorter ranges. At the same

time, the beam axis is lower with respect to the melt-

ing level at the shorter ranges and not subject to the

freezing level errors (page 32).

In the analysis of the point Z data, a very wide

range of ZR relationships and small (R2) values were

found. This was primarily due to the very large scatter

of the data points. A more detailed examination of the

results was reserved for the area Z data.

Since the point Z data is subject to many errors

as previously mentioned, the radar overlays were

reanalyzed by computing the average value of Z over

400 square miles around each raingage as suggested by

Wilson (1970). This was done in hopes of achieving

better regression results between the Z and R measurements.

The R values were not averaged over an area since the

raingages were so widely spaced. A shorter time interval

for both the radar and raingage observations would help

the results, but this is not operationally feasible.

The area Z results are shown in Table 4. The most

obvious change from the point Z data is that there are many

more values of Z possible. This should provide a more
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useful regression analysis. Also, for several sections

in the point Z data, the Z value was a constant small

value. Therefore no regression could be made. With

the area Z, the averaging process resulted in more Z

values. Therefore a better regression analysis could

be performed.

Storm One has some very good and some very poor

results. Section One has an (R2) of 0.321, which is

the best so far. The F test also indicates that this

relation is significant. The ZR relation of Z106RL33

is well within the range of equations listed in Battan.

The long range of Section One from the radar is evident

in the data. Beam filling, beam height, and beam height

with respect to the melting level all result in a maxi-

mum Z value of only 2180 mm6/m3. Yet this Z was paired

with an R of 9.68 mm/hr, the largest R value of all the

storm data. Thus, at this long range only a small range

of Z is associated with a large range of R values. In

comparison with the other sections, the radar under-

estimates R for a given Z at this range of 100-150 nm.

Section Seven, at same range as Section One but on the

Coast Range, also has a small range of Z for a large

range of R. At the higher Z values, Section One has a

larger R for a given Z than does Section Seven. The

reverse is found for small Z values where Section Seven

has the larger R values. This effect is probably a
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result of the orographic component of the rainfall. In

Section Seven the strong southeasterly flow impinges on

the Coast Range and forms much low level orographically

induced rainfall, much of which the radar does not pick

up. In Section One the orographic coiriponent is not as

large as that for Section Seven, and as a result, lesser

amounts of rain are formed under the radar beam.

Sections Two and Eight, which are at 50-100 nm

range, have similar comparative results as Sections

One and Seven. This is to be expected since Section

Eight is in the Coast Range and Section Two is located

in the Sierras. At the lower Z values Section Eight

has higher R values than Section Two for a given Z.

This is probably due to the same orographic factors

in Sections One and Seven. At the higher Z values

Section Two has higher R values for a given Z than

Section Eight. The stronger R over the Sierras for a

given Z is probably due to the change in antenna

elevation. The antenna is set at 3° elevation when

pointed to the Sierras to enable the beam to pass over

the Sierras. At this higher elevation the beam will be

sampling snow. Thus, for a given Z value there will be

more precipitation over the Sierras than over the Coast

Range. For a given Z, Sections Two and Eight have lower

R values than Sections One and Seven. This is a result

of the range attenuation problem. Since the STC
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functions only out to 125 rim, at these longer ranges no

attempt at normalization is made.

Sections Three and Six at ranges less than 50 nm

have lower R values than Sections Two and Eight for a

given Z. At these closer ranges there is less terrain

blocking of the beam, the beam is more nearly filled,

and it is mostly below the melting level. All of these

factors result in a stronger echo for a given rainfall

rate at the shorter ranges. For the same R the echo

will be stronger at shorter ranges than at longer

ranges.

Section Five has the lowest R values of all the

sections for each Z value. This section is at a range

of 50-100 nm in the valley. The western side of this

section is on the leeward side of the Coast Range.

Thus some of the rainfall that the radar indicates at

beam height may be evaporated before it reaches the

surface. This is a partial explanation of the lower R

values for a given Z. In the valley, the surface wind

in this storm was mainly channelized to blow from a

southerly direction. At the lower levels the orographic

effect is weak in the foothills of the Sierras on the

east side of Section Five. In the northern part of the

valley, the southerly wind is probably somewhat drier

than the wind impinging on the coast. Therefore, this

could also induce some evaporation in the lower levels.
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These three effects are the major reasons for Section

Five to have lower R values for a given Z.

Section Four has an inverse relationship. Since

it is based on 150 observations, this is not a trivial

case. Storm One was located primarily over the northern

part of Section Four so most of the data points are for

the Redding, Red Bluff and Shasta Dam area. This area

is subject to evaporation due to the lee effect of the

Coast Range. It is also subject to rapid uplift of the

channelized valley winds. Some combination of these

factors has led to the inverse relationship. The reason

for this is unclear, although it is probably a result

of the steep slope in the area.

For all of the sections in Storm One except Three

and Four the F statistic indicates a relationship,

although the (R2) values are still quite low. Gener-

ally, it can be seen that as a storm moves toward the

radar its intensification is due to range, beam height,

and beam filling effects and probably is not a true

change in precipitation intensity.

Storm Two has quite unusual results in the area

Z analysis. Four out of the eight sections have

inverse relations. Sections One, Three, Four, and

Seven all have inverse relationships. The F tests

for these sections all indicate that with 957 confidence

there is no functional relationship between Z and R for
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these sections. Section One has a small number of data

points which are widely scattered on the Z versus R

graph. The small (R2) and the F test indicate that

probably there is actually no relationship and that the

inverse relation is meaningless. Section Three is very

similar to Section One. A small number of widely scat-

tered ZR observations has led to a meaningless inverse

relation. Section Four has more observations but they

are just as widely scattered as in Sections One and

Three. The (R2) value is effectively equal to zero.

Therefore, there is effectively no relation here and the

inverse relation is of no consequence. This is still

probably a result of a small number of observations and

a wide scatter of these observations. This problem also

occurs for Section Seven. The wide scatter of a small

number of observations results in (R2) near zero and F

test values which indicate no relationship.

Section Five also has a small number of observa-

tions, but this section has the highest (R2) of the whole

storm. This section had a ZR relation of Z4O3R283.

The exponent is large compared to those relations listed

by Battan. The only factor which would cause this

section to have a better relation than Sections One,

Three, Four and Seven is that it is at a closer range

than Sections One, Four, and Seven. Another factor is

the valley location of this section.



Sections Two, Six, and Eight, have much larger

numbers of observations. This appears because the first

front which moved through California during this storm

became stationary and remained over these areas. The

second front then moved in behind this first front and

strengthened it as they joined and moved out of

California together. Even though Section Six had a

large number of observations they were still greatly

scattered and the F test indicates that the equation

is not significant. Looking at the graph of Z versus

R for this case the scatter is so great that no

relation appears to exist. This is for ranges of less

than 50 nm in the valley. Sections Two and Eight have

some relation as indicated by their respective F tests

and the smaller scatter of their data points. Comparing

these two sections as in Storm One the same relationship

exists for larger Z values. For the larger Z values

Section Two had the higher R values. For the smaller

Z values, Section Two still had greater R values, the

opposite of the relation in Storm One.

Throughout Storm Two the results are quite poor.

The only major visible difference between this storm

and Storm One was the behavior of the fronts as they

crossed California. In Storm Two the first front became

stationary and remained so until a second front streng-

thened it and they moved on as one front. This is
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unlike the steady movement of the front in Storm One.

A final feature of this storm was the rapid change of

the vertical moisture distribution at Oakland. At OOZ,

28 February 1974, the region from 6,000 to 12,000 feet

above m.s.l. had a dewpoint depression averaging 16

degrees. This dry layer became drier and ascended

2,000 feet by 12Z. By OOZ, 1 March 1974, the region

from 9,000 to 14,000 feet became completely saturated.

In the next 12 hours it became dry again. These rapid

changes in the moisture distribution and the unique

frontal behavior could in part account for the wide

scatter of data points for this storm.

Storm Three, like Storm One, has some very good

and some very poor results. Section One had the

highest (R2) of my whole study of 0.502. The ZR

relation for this section was Zl4lR93. Section One

in Storm Three has the same pattern as did Section One

in Storm One. The maximum Z value is only 2180 mm6/m3

but it has an R of 19.3 mm/hr. As a comparison, the

National Weather Service ZR relation gives an R for

this Z value of approximately 4 rn/hr. Thus, again for

this section a small range of Z values provides a large

range of R values. Comparing Section One with Section

Seven, its Coast Range equivalent, the same relation is

seen as in Storm One. At high Z values Section One has

higher R values than Section Seven. At the lowest Z



60

values Section Seven now has the higher R value. This

could occur because of more low level orographic rain-

fall in Section Seven than in Section One. The effect

of beam height could explain the much higher R values

for Section One than for Section Seven when Z2l80

mm6/m3. Over the Sierras the antenna elevation angle

is increased to 3° to clear the ground clutter. At

this elevation the beam would be intercepting snow

at these ranges. Over the Coast Range the beam is

lower; therefore, it does not intercept as much snow.

As a result a given radar reflectivity for the snow

over the Sierras will result in more rainfall than the

same reflectivity over the Coast Range.

This is more evident in a comparison of Sections

Two and Eight. Even though they are both at the same

ranges, Section Two has higher rainfall rates for

every Z than Section Eight. With the antenna elevation

of 3° over Section Two the beam axis height is between

17,531 and 33,409 feet above the radar station, which

is well above the freezing level. Over Section Eight

with antenna elevation of 0.5° the beam height above

the radar station varies from 4,835 to 12,077 feet,

just below or at the freezing level. Since snow is

much less reflective than rainfall, a given Z over

Section Two would result in more rain than a given Z

value over Section Eight. Again, in most cases,
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a given Z than Sections One and Seven.

Sections Five and Six have small numbers of

observations which are very widely scattered as shown

by the small (R2) values and the F test. Generally

speaking, Sections Five and Six have the lowest R values

for a given Z in this storm. With the high freezing

level and the usual synoptic pattern, it is hard to

explain the poor results and wide scatter of the

observations at the close range of Section Six.

Again as in Storms One and Two, Section Four has

an inverse relationship. A small (R2) and the F test

show an insignificant ZR relationship even though it

is based on 115 observations. These observations had

a large scatter on the Z versus R graph. While this

scatter would lead one to believe that this inverse

relation is just a random event, the inverse relations

in Storms One through Three would seem to caution

against such a conclusion of randomness.

Storm Four has quite different characteristics from

the other four storms. The occluded front moved into

California from the west and moved due east across the

state. The low pressure area was weak compared to the

other storms. The usual southerly winds which are chan-

neled up the valley are absent in Storm Four. In 'their

place are easterly and northerly winds which vary greatly



62

in direction and speed through the storm period. Sections

One and Seven had insufficient data for analysis.

During this storm most of the rainfall occurred in

the central Coast Range, Section Eight, and the valley.

The rain was generally light. The only section in this

storm with an affirmative F test was Section Eight. As

is obvious from the number of cases and the range of Z

values most of the rain fell in Section Eight. The

maximum R value was only 4.8 mm/hr, which is only 0.19

in/hr. The R values for a given Z in Section Eight are

the smallest in Storm Four than in all the other storms.

The (R2) of 0.186 for Section Eight is the highest (R2)

in Storm Four. Section To had a maximum Z value of

only 866 mm6/m3. For all Z values the R values for

Section Two were lower than the comparative R values

for Section Eight. Section Eight had the higher rainfall

due to the orographically induced rain. Also, the

easterly winds in the valley would tend to inhibit rain-
fall in the Sierras.

Sections Five and Six both had more rainfall than

Section Two but less than Section Eight. This is the

first case where the valley had a larger R for a given

Z than the Sierras. This is due to the different wind

regime and the weakness of the storm which had dissipated

greatly by the time it reached the Sierras.

Surprisingly, Section Four, which had inverse
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relations in Storms One, Two, and Three, had the second

best (R2) of this storm. The northerly winds in the

northern part of the valley and the weak storm

apparently created a more stable rainfall regime over

this area. This was based only on 13 observations so

it is not very conclusive. Section Three had an inverse

relation for this storm. The small number of observations

and their scatter make these results questionable, as

were the results for Section Four.

The final storm is Storm Five. This storm is

synoptically similar to Storms One and Two. Sections

One and Seven which are at the longest ranges ate the

only sections with no relation between Z and R accord-

ing to the F test. The (R2) for Section Seven is

effectively equal to zero. The R versus Z graph

revealed that this poor relation is due to a wide scatter

of the R values assocfated with the larger Z values. The

small Z and R values had a better correlation. Section

One has a wide scatter of R values over all values of Z.

At long range with the beam above the freezing level

much variability comes into the measurements.

Section Eight has an (R2) of 0.165 and a ZR relation

of Z37.3R295. In Storm Five most of the R values in

Section Eight are greater for a given Z value than all

the other storms. The R values in Section Eight for each

Z value are more widely scattered for the smaller Z
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values than for the larger values.

Section Two also has a wide scatter through all the

Z values. Again as before, for a given Z, Section Two

has smaller R values than Section One. Comparing

Sections Two and Eight reveals an exactly opposite set

of results than for Storm One. Here, at the smaller Z

values, Section Two has larger values of R than for Section

Eight at the same Z value. This is exactly opposite of

the results of Storm One. At the larger values of Z

Section Eight has larger values of R than Section Two.

The Z versus R graphs for Sections Two and Eight for

both Storms One and Five appear to be similar in the

amount of scatter. For the lower Z values Storms Five

and Three are similar in that Section Two has larger

R values than Section Eight. The only apparant differ-

ence between Storms One and Five which may account for

the change in the relation of Section Two to Section

Eight is that Storm Five occurred in January and Storm

One occurred in March so that the temperatures over

California were generally colder for Storm Five than

for Storm One.

Section Four, although it is at the same range as

Sections One and Seven, has lower R values for a given

Z. The valley location of Section Four allows for more

beam filling and less terrain blocking. As a result, a

given R will have a higher Z over the valley than over
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the mountains. Likewise, a given Z will result in less

rain in the valley than in the mountains.

Sections Three and Six both have good (R2) values

of 0.25] and 0.245. Both sections have lower R values

for a given Z for all the other sections except Section

Five. Compared to its performance in the other sections,

the radar overestimates the rainfall at these close

ranges. The major difference between Section Three and

Section Six is that Section Three has larger R values

than Section Six at the larger values of Z. This is a

result of the 3° upward tilt of the antenna over Section

Three. The upward tilt causes the radar to sample more

snow over Section Three than over Section Six resulting

in a larger R for a given Z.

Again, as in Storms One, Two, and Four, Section Five

has the lowest R value for a given Z. This is consistent

with the leeside effects and drier surface winds

discussed previously.

The results of this portion of the study have led

me to some broad conclusions concerning the behavior of

the radar during certain storms and over particular

geographical areas. What holds for one storm appears to

be contradicted by a different storm. This does not

appear to invalidate these conclusions, but it indicates

that meteorological conditions which effect the response

of the radar changed significantly among the five storms.



A much larger sample of storms would be needed to arrive

at more consistently applicable set of conclusions for

use in utilizing more fully the operationally available

radar data.

A final analysis of the data was made to determine

if removing the less important light rainfall rates

would improve the results. First, a regression analysis

was conducted on all the sections at once for each storm

with all the data present. Second, a similar regression

analysis was performed after all the R values less than

or equal to the mean were removed from the data. Finally,

a third analysis was conducted on the original data after

a number of observations equal to the above analysis

were removed at random. The results are presented in

Table 5. Adding the scatter of the data between sections

due to range and geography to the wide scatter in the

data points within each section will tend to decrease

even further the chance of getting a good relation.

Storm One had an (R2) of 0.03, and the F test indi-

cated some relation between Z and R. Storm Two, as

before, revealed absolutely no functional relationship

between Z and R. The analysis of Storm Two gave an (R2)

of zero. Storm Three had a much better relation with an

(R2) equal to 0.152. The F test definitely indicated a

relationship between Z and R for Storm Three. The ZR

relatiOn of Z56.3R247 is reasonable. Storm Four had
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the best relation of all storms with an (R2) of 0.293.

The F test again indicates a functional relationship

between Z and R. The analysis of Storm Five resulted

in an (R2) of only 0.052 but with a favorable F test.

It is obvious that these relations are poor, but what

is more useful is a comparison of the same statistical

parameters after the small R values are removed.

Considering the results after the R values less

than or equal to the mean have been removed from the

data we find no statistical relationship at all between

Z and R for any of the storms. All of the F tests

indicate that there is no functional relation between

these R and Z data pairs. Storm Four, with an (R2) of

only 0.027, had the highest correlation. Evidently the

small R values are necessary to obtain a higher correla-

tion between Z and R. The large R values have a much

greater scatter and thus a lower correlation than the

whole range of R values in the original data.

A control test was used to determine if this

deterioration in the results was due to eliminating the

small R values or if it was due to performing the

regression on fewer data points. Comparing the random

results with the original results, the (R2) values

increased slightly for Storms One, Two, and Three, and

decreased for Storms Four and Five. It appears that

some of the reduction [n correlation was due to having



fewer observations, but most of the reduction was due to

the removal of the R values less than or equal to the

mean. No improvement in the interpretation of the radar

data can be made by neglecting the light rainfall amounts.



VII. Summary

This sample of only five storms precludes making

many generally applicable conclusions about the use of

operationally available radar data. The ability of the

radar to detect precipitation is a function of the region

over which the precipitation is occurring and the range

from the radar. At ranges between 100 and 150 nm over

the Coast Range it has been shown that the radar failed

to detect precipitation which was occurring at the time

of the observation up to 777 of the time. At ranges less

than 50 nm this percentage ranged from 87 to 367g. In a

similar study of the WSR-57 radar at Atlantic City,

Wilson (1964) found that at 40 nm, only l7 of the radar

observations failed to detect the precipitation while at

100 nm this percentage rose to 337g. My study yielded

much poorer results at ranges less than 100 nm with

similar results at 100 nm.

These Inconslstantresults may be due in part to the

varied valley and mountain terrain surrounding the

Sacramento radar. The possibility of radar operator

error also must be included.

The results of this study also show that the

Sacramento radar overestimates precipitation at short

ranges and underestimates precipitation at the longer

ranges. Wilson (1964) and Wilson and Pollock (1974)
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found that the radar underestimated the rainfall at

ranges greater than 70 nm and also when the beam was

above the freezing level. The underestimates are due

to beam height, interception of the freezing level,

beam blocking by terrain, and horizontal spread of

the beam. The overestimation at closer ranges occurred

due to inadequate range normalization and evaporation

of rainfall below the beam. Wilson and Pollock (1974)

also found this to be the case.

The results of the linear regression analysis of

the Z and R data yielded very small (R2) values with a

maximum of 0.502 and a minimum near ..
This very poor

correlation is a result of the very wide scatter of the

data points on a graph of lnZ versus lnR. Wilson (1964),

in a similar study, found that beyond 60 nm "the hourly

rainfall amounts determined by radar are very weakly

correlated with the corresponding gage amounts," As a

further comparison of these results, it should be noted

that Huff (1966) found (R2) values of 0.35 to 0.62 between

radar and raingage indicated rainfall in Illinois. Stout

and Mueller (1968) found (R2) values of up to 0.96 for

ZR relations determined when the rain was categorized

by the synoptic situation.

The very much smaller values of (R2) found in this

study can be due to many causes. This study unlike those

cited above included ranges to 150 nm, which would
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contribute to the poorer correlations. The terrain

surrounding the radar varies considerably in elevation

and exposure to the radar beam. This introduces much

variability into the results. Finally, inaccuracies

in the operation of the radar associated with variation

of the antenna elevation and in the detection of

precipitation on the radar oscilloscope display would

result in a large scatter of the data. The detection

and measurement of precipitation by this radar has been

shown to be very poor.



Table 1 Key to the Radar Overlay

Color Decibels Estimated Echo Theoretical
Code (1) Symbol Precipitation Intensity Rainfall Rate

in/hr

Green 0 Light Weak 0.1

Blue 15 Moderate Moderate 0.1-0.5

Brown 27 + Heavy Strong 0.5-1.0

Red 30 ++ Very Heavy Very Strong 1.0-2.0

Purple 36 X Intense Intense 2.0-5.0

Orange 42 XX Extreme Extreme 5.0

Any of Layer Any of
above aloft above

Area or line
movement

Cell or Echo Movement

(1) The echo intensity is determined by
applying 15 db to the radar circuit
to eliminate the weak intensity from
the radar scope, 27 db to eliminate
weak and moderate intensities, etc.

Radar
Reflectivity

mm6/m3
866

866-11,400

11,400-31,500

31,500-105,000

105 ,000-453,000

453,000

Any of
above

Top 230
Base 80

Max top \_3b0 /

Top of
melting level



Table 2A

The Percentage of Cases When the Radar Does Not Indicate Rain
and the Raingage Does Indicate Rain

Point z Area Z

Storm and Average R when 7 Storm and Average R when
Section Z=0, Rin mm/hr Section Z-0

1

Sierra 180 1.52 30 1

1 1.78 20 1 1.32 25

2 1.87 25 2 1.20 28
3 1.43 30 3 1.34 48
4 4.01 24 4 5.42 25
5 1.95 4 5 .254 1

6 1.42 21 6 1.45 16
coast 180 4.45 55 7 3.65 46

7 3.79 80 8 1.50 21
8 2.38 33

2 2

Sierra 180 1.93 28
1 2.73 32 1 2.65 25
2 2.63 35 2 2.50 45
3 2.54 16 3 1.78 31
4 4.32 22 4 5.08 33
5 1.94 10 5 .254 3

6 1.98 7 6 1.38 8

coast 180 3.45 42 7 4.03 39
7 3.25 43 8 2.47 31
8 2.82 31.

3 3

Sierra 180 1.50 22
1 1.30 20 1 1.60 20
2 2.79 16 2 3.00 31



Table 2A continued

3 2.46 18 3 1.62 21
4 5.45 12 4 5.99 33
5 1.54 11 5 1.02 23
6 1.66 6 6 1.59 36

coast 180 4.46 44 7 1.78 77
7 2.79 30 8 1.93 10
8 2.18 28

4 4
Sierra 180 .89 23

1 .86 21 1 .83 40
2 1.13 25 2 1.13 33
3 .508 16 3 .254 16
4 1.19 31 4 1.22 26
5 .99 26 5 .36 16
6 .75 28 6 .780 21
7 2.22 18 7 2.12 14
8 1.31 35 8 1.10 28

coast 180 1.30 34
5 5
Sierra 180 2.92 33

1 3.05 21 1 2.43 28
2 2.12 25 2 2.12 31
3 .254 12 3 .254 25
4 2.92 20 4 3.16 25
5 1.92 22 5 .457 13
6 1.92 21 6 1.41 24

coast 180 2.77 52 7 3.56 39
7 2.63 29 8 2.35 31
8 2.66 29



Table 2B

The Percentage of Cases When the Radar Does Indicate Rain
and the Raingage Does Not Indicate Rain

Point Z Area Z

Storm and Average Z when 7o Storm and Average Z when
Section R0 Z in mm/m3 Section R0

1

1 866 11 1 433 10
2 866 19 2 866 20
3 866 31 3 650 37
4 866 23 4 866 22
5 2180 42 5 2180 37
6 3500 30 6 866 33
7 866 22 7 650 17
8 2180 14 8 2180 15

2 2
1 866 27 1 650 27
2 866 19 2 650 20
3 6133 38 3 866 35
4 866 45 4 650 44
5 2180 39 5 866 41
6 2180 29 6 2180 31
7 866 19 7 650 17
8 866 20 8 433 21

3 3
1 866 14 1 650 19
2 866 36 2 650 33
3 866 50 3 650 58
4 866 27 4 650 33
5 866 66 5 433 74
6 866 41 6 433 46
7 866 17 7 650 11
8 866 22 8 433 29



Table 2B continued

4 4
1 866 33 1 0 0
2 866 53 2 433 59
3 866 33 3 433 35
4 866 70 4 433 65
5 866 51 5 866 42
6 866 44 6 650 42
7 866 57 7 433 42
8 3500 9 8 650 11

5. 5
1 3500 24 1 433 14
2 2180 21 2 866 17
3 866 23 3 866 17
4 3500 47 4 433 36
5 3500 30 5 866 31
6 4800 59 6 2180 25
7 866 39 7 433 24
8 2180 24 8 866 18
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Table 3

Point Z Regression Results

Storm 1

Section 1 2 3 4 5 6 7 8

# obs. 34 166 31 79 34 112 82 204

RAZb
none .242 .289 11.6 .12 .511 none .852

b= .346 .282 -.20 .312 .169 .171
Z B Rc

54 82.3 e-2 897 52.5 2.61
c 2.81 3.55 -5.0 3.21 5.92 5.85

(R2) .112 .129 .028 .155 .049 .048

F5t'. 20.6 4.29 2.25 5.85 5.74 10.6

Fcrit 3.9 4.18 3.96 4.10 39 3.84

for Z R computed from the above ZR relations
215 R in mm/hr

433 Z in mm6/m3

650

866 2.66 1.93 3.03 .98 1.61 2.69

2180

3500

4800

6133 5.36 3.39 2.07 1.81 2.29 3.78

10300

14500

18700

22950 8.58 4.90 1.58 2.75 2.83 4.71

34625

46300

58025

69750 3.38 5.69
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Table 3 continued

Storm 2

Section 1 2 3 4 5 6 7 8
# obs. 19 134 16 23 39 137 47 181

RAZb none none none none
.349 .186 1.89 .612

b .304 .278 .024 .183
Z = BRC

B' 31.5 403 e27 14.7
c 3.29 3.59 41.8 5.46

(R2) .071 .110 .001 .034

Ftest 9.87 4.58 .154 6.24

Fcrit 3.92 4.08 3.92 3.80

for Z R computed from the above ZR relations
215

433

650

866 2.72 1.22 2.22 2.18

2180

3500

4800

6133 4.95 2.09 2.32 3.03

10300

14500

18700

22950 7.38 3.03 2.41 3.86

34625

46300

58025

69750 2.45 4.71
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Table 3 continued

Storm 3
Section 1 2 3 4 5 6 7 8
# obs. 32 73 6 101 15 20 99 111

RAZb none none
1.05 1.72 1.31 .105 1.72 .083

b- .171 .082 .076 .324 .122 .496
Z BR

B .771 .001 .008 992 .011 151
c 5.85 12.2 27.7 3.09 8.26 2.02

(R2)= .035 .006 .003 .044 .007 .291

Ftest 2.609 .606 .0371 .833 .742 44.8

Fcrit 3.98 3.94 4.67 4.41 395 95

for Z R computed from the above ZR relations
215

433

650

866 3.32 2.97 1.68 .941 3.90 2.36

2180

3500

4800

6133 4.66 3.52 1.80 1.76 4.95 6.23

10300

14500

18700

22950 3.89 1.90 11.9

34625

46300

58025

69750



Table 3 continued

Storm 4
Section 1 2 3 4 5 6 7 8
# obs. 2 21 11 14 23 57 7 89

RAZb none none none none 1.8 .186 none .12
b -.01 .239 .341

Z BRC
B- e59 1096 493
c -100 4.18 2.93

(R2)= .0003 .069 .248

.006 4.13 28.7

Fcrit 4.32 4.04 3.95

for Z= R computed from the above ZR relations
215

433

650

866 1.69 .941 1.21

2180

3500

4800

6133 1.66 1.25 2.34

10300

14500

18700

22950 2.05 5.36

34625

46300

58025

69750



Table 3 continued

Storm 5
Section 1 2 3 4 5 6 7 8
# obs. 27 215 59 51 67 89 21 121

RAZb
A none 1.45 .307 none .326 .108 none .242

.127 .267 .192 .341 .332
ZBZC

B .054 83.1 330 665 72.2
c 7.87 3.45 5.21 2.93 3.01

(R2)- .030 .097 .055 .198 .109

Ftest 6.69 6.13 3.76 21.5 14.7

Fcrit 3.84 4.02 3.99 3.95 3.92

for Z R computed from the above ZR relations
215

433

650

866 3.42 1.88 1.19 1.08 2.29

2180

3500

4800

6133 4.39 3.16 1.75 2.11 4.39

10300

14500

18700

22950 5.21 4.48 2.25 3.32 6.82

34625

46300

58025

69750 5.93



Table 4

Area Z Regression Results

Storm 1

Section 1 2 3 4 5 6 7 8
# obs. 59 236 54 150 58 158 131 267

RAZb
A= .03 .227 .339 4.95 .146 .353 .67 .733
b .753 .383 .263 -.08 .293 .217 .282 .202

ZBRc
B= 106 47.4 60.3 20 699 120 4.14 4.57
c= 1.33 2.61 3.8 -12.5 3.41 4.6 3.55 4.9

(R2)- .321 .157 .069 .004 .156 .075 .046 .072

Ftest 26.9 43.6 3.87 .633 10.4 12.7 6.18 20.5

Fcrjt 4.02 3.89 4.03 3.91 4.01 3.91 3.92 3.87
for Z R computed from the above ZR relations
215 1.70 1.77 1.39 3.16 .711 1.13 3.06 2.18

433 2.85 2.32 1.68 2.97 .869 1.31 3.71 2.51

650 3.90 2.72 1.86 2.88 .980 1.43 4.17 2.72

866 4.86 3.03 1.99 2.80 1.07 1.52 4.53 2.87

2180 9.68 4.31 2.56 2.61 1.40 1.86 5.87 3.49

3500 5.16 2.92 2.51 1.62 2.08 6.68 3.85

4800 5.81 3.16 2.44 1.77 2.20 4.10

6133 6.42 3.35 2.38 1.90 2.34 4.31

10300 7.85 3.86 2.27 2.20 2.61 4.76

14500 4.22 2.23 2.44 2.80 5.10

18700 2.64 2.97 5.36

22950 2.80 3.10 5.64

34625 3.15

46300 3.42

58025 R in mm/hr

69750 Z in nirn6/m3



Storm
Section
# obs.

RAZb

b=
Z B Re

B
c=

(R2)=

Ftest

Fcr it

for Z
215

433

650

866

2180

3500

4800

6133

10300

14500

18700

22950

34625

46300

58025

69750

Table 4 continued

2
1 2 3 4 5 6 7 8

21 200 24 47 45 195 43 225

9.97 .684 6.3 2.59 .12 .942 5.75 .756
-.165 .233 -.125 -.03 .353 .08 -.07 .179

e1-4 4.9 e-5 e32 403 2.05 e24 4.85
-6.06 4.29 -8 -31 2.83 11.5 -14 5.59

.017 .044 .013 .0008 .108 .010 007 0.29

.345 9.08 .297 .036 5.20 1.94 .318 6.83

4.38 3.85 4.30 4.08 4.08 3.84 4.08 3.84

R computed from the above ZR relations
4.13 2.39 3.19 2.18 .803 1.51 3.93 1.97

3.71 2.80 2.94 2.14 1.03 1.60 3.74 2.29

3.45 3.10 2.80 2.10 1.18 1.65 3.63 2.41

3.29 3.32 2.69 2.03 1.31 1.68 3.56 2.53

4.14 2.39 1.99 1.82 1.84 2.97

4.57 2.16 1.92 3.25

4.90 2.41 1.97 3.46

5.21 2.64 2.01 3.60

2.10 3.97

2.16

2.23

2.25

2.34

2.39



11

Table 4 continued

Storm 3
Section 1 2 3 4 5 6 7 8

# obs. 25 83 3 115 19 40 102 112

RAZb
005

1.07
.201 none 5.70 .566 .497 .139 .085

b .427 -.09 .108 .115 .54 .515
Z BR

141 41.3 e'-9 204 445 46.9 121
.93 2.34 -11.1 9.25 8.69 1.96 1.94

(R2) .502 .139 .006 .017 .006 .094 .355

Ftest 23.1 13.1 .65 .289 .251 10.4 60.0

Fcrjt 4.28 3.95 3.92 4.45 4.08 3.95 3.92

for Z R computed from the above ZR relations
215 1.60 2.01 3.49 1.01 .913 2.15 1.34

433 3.38 2.71 3.29 1.08 .990 3.06 1.92

650 5.25 3.22 3.16 1.14 1.04 3.82 2.36

866 7.17 3.66 3.10 1.17 1.07 4.44 2.75

2180 19.3 5.42 2.83 1.30 1.20 7.09 4.44

3500 6.62 2.72 1.36 1.26 5.64

4800 7.61 2.64 1.40 1.31 6.62

6133 2.59 1.45 7.54

10300 9.87

14500

18700

22950

34625

46300

58025

69750



Table 4 continued

Storm 4
Section 1 2 3 4 5 6 7 8
# obs. 2 21 13 13 28 65 14 107

RAZb
none .060 7.09 .035 .154 .283 none .139

b= .459 -.34 .573 .277 .198 .36
ZBRc

B 446 330 330 812 550 237
c= 2.18 -2.9 1.74 3.61 5.04 2.77

(R2) .072 .078 .141 .072 .052 .186

Ftest 1.46 .929 1.81 2.02 3.45 24.07

Fcrjt 4.38 4.84 4.84 4.22 4.00 3.94

for Z R computed from the above ZR relations
215 .705 1.16 .763 .684 .819 .970

433 .980 .913 1.14 .835 .941 1.25

650 1.17 .794 1.43 .932 1.03 1.43

866 1.34 .726 1.70 1.01 1.08 1.60

2180 1.29 1.31 2.23

3500 1.49 1.43 2.64

4800 1.62 1.52 2.97

6133 1.73 1.60 3.22

10300 1.77 3.90

14500 4.39

18700 4.81

22950

34625

46300

58025

69750



Storm
Section

ohs.

RAZb
A-

b'

Z = B Re

Bu
c=

(R2)-

Fte St =

Fcr it =

for Z
215

433

650

866

2180

3500

4800

6133

10300

14500

18700

22950

34625

46300

58025

69750

5
1

45

.506
2.98

9.97
3.35

.057

2.59

Table 4 continued

2 3 4 5 6 7 8
241 72 79 64 191 57 248

.904 .059. 4.58 .114 .115 2.59 .292

.20 .475 .279 .333 .349 .034 .339

1.66 384 16.4 665 490 e27 37.3
5.00 2.1 3.58 3.0 2.86 29 2.95

.064 .257 .054 .151 .245 .0007 .165

16.4 24.2 4.47 11.0 61.3 .042 48.6

4.07 3.89 2.98 3.90 4.0 3.89 4.02 2.89

R computed from the above ZR relations
2.51 2.64 .756 2.05 .683 .756 3.10 1.80

3.10 3.03 1.05 2.51 .861 .961 3.19 2.29

3.49 3.28 1.28 2.80 .990 1.10 3.22 2.64

3.82 3.49 1.46 3.03 1.08 1.22 3.25 2.89

5.00 4.18 2.27 3.94 1.48 1.68 3.97

5.75 4.62 2.86 4.48 1.73 1.99 4.66

4.90 3.32 4.90 1.94 2.23 5.15

5.15 3.71 5.26 2.10 2.41 5.64

5.75 4.76 2.48 2.89 6.69

6.17 5.58 2.77 3.25 7.54

3.03 3.56 8.16

3.82 8.76

4.44

4.90

5.31



Table 5

Storm 1 2 3 4 5

Original Data

RAZb
A .99 2.44 .194 .23 .835

.148 0 .405 .265 .166

ZBRC
B= .98 56.3 2.57 3.03
c= 6.73 2.47 3.78 6.03

(R2)- .03 .152 .293 .052

Ftest= 30.5 104 24.5 54.3

Fcrit 3.84 3.86 2.89 3.85

R Less Than or Equal to Mean R Removed

RAZb
6.05 3.06 5.47 1.91 4.85

b -.003 .037 .023 .054 .019

ZBRC
B e601 e30 e74 e12 e81
c -333 27 43 18.6 51.5

(R2) 0 .006 .004 .027 .004

Ftest .027 3.1 1.37 3.81 2.14

Fcrit 3.84 3.84 3.84 3.90 3.84

R Values Removed at Random

RAZb
1.02 3.25 .188 .198 1.05

b .017 -.043 .408 .286 .135

Z BRC
B 3.12 e27 59.7 270 .670
c 58 -23 2.45 3.49 7.41

(R2) .042 .002 .17 .103 .039

Ftest 22.7 1.18 56.8 15.6 20.3

Fcrjt 3.84 3.84 3.84 3.92 3.84
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Figure 1 Typical Radar Overlay
(See Table 1)
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Figure 3 Overlay Sections
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Figure 7 Topography of Area
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Figure 8 Storm One Frontal Movement and 500 mb Height Field
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Appendix 1

The Radar Equation

From Battan (1973), the average power received by

the radar receiver, r' is given by:

Pr= PtAQØh Z

72 2 r2

where = transmitted power

A = antenna aperture

9 = horizontal beam width

0 = vertical beam width

h = pulse length

wavelength

r = range from antenna

Z radar reflectivity
= nD

= backscattering cross-section

Assumptions which limit this equation
(1) Zero attenuation along the path between

radar and storm

(2) The echoing volume of the radar at range
r is completely filled with precipitation

(3) The precipitation at range r has the
reflectivity factor Z.

(4) The limits of the beam are accurately
defined by 9 and 0.
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Appendix 2

List of Symbols

db decibels, a measure of relative power, e.g.,

relative power of transmitted and received

radar signal.

D Diameter of a raindrop.

E - angle of antenna elevation.

h height of beam axis above terrain.

m.s.1. - mean sea level.

mb millibars

mm - millimeters

nm nautical miles

R rainfall rate, in units of mm/hr

(R2) coefficient of determination, usually written

r2 but used in this paper as (R2) to avoid

confusion with the square of range.

r - range from radar in nautical miles

STC - Sensitivity Time Control, range normalization

circuit on the WSR-57 radar

z - radar reflectivity, in units of mm6/m3,

defined as Z = nD6

ZR - the rainfall-radar reflectivity relation in

the form ZARb

06Z - 6AM Greenwich Mean Time
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Appendix 3

The Form of the ZR Equation

Part I

The equation relating radar reflectivity Z and

rainfall rate R generally has the form

Z = CRb

where C and b are taken to be constant.

The derivation of the form of the ZR equation

(Decker, 1975) is based on the following assumptions.

A given volume of air of height H, and cross sectional

area A, is assumed to contain a population of n raindrops.

The number of raindrops per unit volume, N, is given by

N n/HA. The raindrops are assumed to be spherical,

of constant diameter D, and falling with a constant

velocity v. The height H is the vertical distance that

the raindrops will fall at velocity v in a time period

t, i.e., H vt. The terminal velocity v is given as a

function of D by Battan (1973).

v = 1.62 x D½ (1)

This equation (1) holds for raindrop diameters of 1-4

mm.

For the given values of N and D, the equation for

the radar reflectivity factor Z is given by Battan (1973).

ZND6 (2)

The equation for rainfall rate R, with units such

as mm/hr is,
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R H A N 4/3rr (D/2)3
(3)

At
In equation (3),

4/3 rr (D/2)3 volume of a raindrop

A = area over which the volume
of water will fall

t time period of the sample

Substituting H - vt into equation (3),

R v N 4/3'rr (D/2)3

= v N 4/3ir (D/2)3

Substituting equation (1) for v,

R 1.42 x D' 4/3-rr (D3/23)

i i 1fl341.- N

6

Solving for D, D (__6 R
(4)

\1.42 x io IT N

Substituting equation (4) into equation (2),
/ 6 R \6/3.5ZN I___________
l.42 x 103 -TYN

/ 6 R 1.71

U.42 x 103i-r N

N (_____ 1.71 (_1_\l.71

1.42 x 10-ir N ) R-71-

(N
\

(_6
1.71

=
1.71) l.42 x iO3)N /

1(.001346)1.71

(
0.71

RL71

N
/
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(1.232 x l0) ( i
\

R1"71

N°'71) (5)

Equation (5) is in the form which is generally used in

the field of radar meteorology, Z cRb.

Battan (1973) lists values of the exponent b which

range from 1.16 to 2.87. The exponent 1.71 which was

derived here is within the range of values listed by

Battan.

Battan lists values of C which range from 16.6 to

703. The wide variation in C may be due to the l/N071

term in equation (5). Variations in N in the atmosphere

sampled by the radar will lead to different values of C.

If N is doubled, i.e., N' 2N,

1 1 1

(N')071- (2N)071 1.64 N"71

Therefore, doubling the value of N changes C by a factor

of 1/1.64. Different N values also result in different

values of R for a constant D. Finally, if the value of

D were to change, the terminal velocity v would change

also and result in a different value of R. This dis-

cussion points out some of the reasons for the large range

of the values of A listed in Battan.

This simple development has provided a physical

basis for the form of the ZR equation. This derivation

justifies the use of the equation Z ARb for regression

analysis of the Z and R data.
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Part II

A physical basis for the form of the ZR equation was

not considered in any of the papers cited in this thesis.

Several authors determined the form of this equation

empirically from measured drop size distributions

(Wexier, 1948; Wilson, 1963). In these analyses, Z was'

calculated from the drop size distributions and plotted

against the value of R which was measured at the same

time.

Marshall and Palmer (1948) based their determination

of the form of the ZR equation on a different empirical

equation. Measurements of raindrop distribution with

size have been statistically fitted by the general

relat ion

where

ND N0 e

D = diameter of the raindrop

NDD number of the drops in the diameter
interval D per unit volume

N0 ND when D 0, = 0.08 cm4

A = 41R021

Also, they defined Z by the relation

Z ND D6D
Substituting for ND results in the commonly used form of

the ZR equation.

Spilhaus (1948) used a drop size distribution law as
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a link in relating Z and R in the standard relation.

This law is

where

DR
in D -k2u2

R 0

- median drop diameter
D

R = total rainfall rate

SD

RD contribution of drops of diameter
D to the total volume of water

k 2 = a constant0

Combining this equation with R RDD, and Z ND6SD,

Spilbaus derives a ZR equation of the form Z=ARb.

Although it is possible to derive the form of the

ZR equation based on physical principles as in Part I of

this appendix, the authors of the papers which I have

cited here used an empirical approach in the determina-

tion of the ZR equation.




