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_ _ Abstract

Data from the Automatlc Picture Transmlssnons (APT) of the. TIROS N and NOAA-7
polar-orbiting satellites has been used to determine cloud-top temperatures and brightness
.for convective storms that produced heaVy rain. Tt\we study is restricted to the period May
to September 1979 and 1982 over Alberta and Saskatchewan.

As a storm passes over a point on the ground, the rain accurpulation is a result of
the combination of the cloud's speed. size of the rain area, and the rain rate. The results
presented here suggest that ran accumulation is inversely proportuonal to temperature,
due 'mainly to enhanced rain rates at lower temperatures or a greater temperature
difference between the cloud top aend the tropopause. No correlation was found
between rainfall and bnghtness (other than,a threshold valug of brlghtness indicative of
heavv rain), but this was not unexpected as the satellite-measured brnghtness was not

.

corrected for sun or vnewung angle. '

Based on the above, a simple rain-estimation technique has been developed. Th|s
"was tested against an mdependent data set of storms chosen only on the basis of their
appear;nce on the infrared satellite imagery, without any knewledge of the associated
precnpltatnon The scheme performed well for isolated convective storms. but gave poor
results for more complicated situations such as merging cells. due mamly to the large
amount of obscuring cirrus debris.

The technique presented‘here can,be used as a simple "now-casting” tool for

isolated storms and should serve well as the basis for a more compiicated, and accurate,

—

satellite-based. rain-estimation scheme.

,
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1. Review and Preview

1.1 Intreduction

Rainfall is vital to sustain life but too much too quickly can bring floods. destruction
and. death. Precipitation measurements are therefore important for a number of‘
endeavors which affect the well-being of mankind. Some of these, discussed by Barrett
and Mertin (1981) in their book "The Use of Satellite Data in Rainfal\l Monitoring” include:
rainfall ‘i\hyventories, moisture budgets, water resource monitoring, river monitoring and
control, Aesh flood warnings, pest and plague control and crop growfh programs.
Unfortunate\y, the distribution of rainfall is often not well known due to a combination of
its large fluct\u\ations ov~r short intervals of space and time and a deficient observing
network. \\ -

"

| There are \curr ., «ree methods by which rainfall is measured. Most simply, ran
is collected in a graduated' cylinder or bucket, although the design of the bucket may be
qunte sophisticated. These devices (known as rain gauges) are often .placed hundreds of
kilometers apart and mspected only once per day, so that small scale varuatnons of rainfall
are poorly represented Near continuous momtorlng of rainfall, in both space and time. is
possible with the use of radars capable of detecting precipitation- sized water drops.
However, only a relatrvely small area can be covered in this way and, as radars are
expensive, they are usually located only near population centres. Much effort has
therefore been directed in recent years to the devising of schemes‘whe\reby rain arﬁounts'

can be deduced from satellite imagery of the infared and visible energy from ,-c}oud tops.

____Satellites-gffer the_advantage of repeatedly viewing large areas.in a relatively_short period

of time (ranging from five minete‘s to several days). Considerable success has been
achieved estimating precipitation from convective storms. Synoptic-scale rainfall has
‘proved more troublesome, however work in this area continues to prdgrees; An
excellent re\(iew of techniques for inferring rain from satellite images is given in Barrett

AN

and Martin's 1981 book. Accordingly. only the highlights are presented here.



1.2 Review

1.2.1 Baeic Relationships

| The first investigators to relate satellite measured cloud top brightness to
precipitation were Whitney and Fritz (1961). They were able to show that a small,
isolated, bright cloud seen on a TIROS-| image was related to precipitation on the ground
and reasoned that brightness \was indicative of heavy convective activity. The major
conclusion over the next 10 years of study was that the brightest convective clouds were
the most likely to contain precipitation (Woodiey and Sancho, 1971). However, while
strong radar echoes are associated with bright clouds, the reverse is not always true, and
the echo area is often much less than the cloud area (Martin and Suomi, 19?2).

Clouertop temperatures can be evaluated by measuring their infrared radiance and
assuming black body radiation. Lethbridge (1967), for late spring, found that the
brobability of precipitation within 3 hours after the passage of a cloud .increased with
decreasing cIdud-top temperature but was only 50% for temperatures less than -24°C.
More importantly, this study marked the first time that temperature and brightness_
measurements were ,cembined, which improved results considerably. The 3-hour
probabilty of rain was only 5% for warm, dark clouds, but rose to 75% for cold. bright
clouds. It was concluded that brightness was important, as it distinguished between thin
and thick clouds for low temperatures. A cumulonimbus cell (Cb) could. therefore, be
identified on a satellite photograph as a cold, bright cloud. '

Cumulonimbes clouds can also be identified by their explosi\)e growth, seen on a

____sequence of satellite images_as'a rapid increase in the anvil area. Rain-estimation

techniques which employ this time element are called "life-history”" methods by Barrett and

Martin.

1.2.2 Life History Methods

The simplest life-history method is that of Stout et al. (1879). Volumetric rain
rate is corrélated to cloud area and its rate of expansion, cloud area being deflned as the
area enclosed by the 245K ( 28°C) or 20(&W/m2 temperature and brightness contours

respectively. Coefficients to convert cloud area and lts rate of change to rain rates are



determined from correlation to radar-derived rain rates. In a test over the southern

Atlantic, the correlation between radar and satellite estimates ‘'of one hour rain amounts
was 0.84. N ‘ s |

y

Griffith and Woodley developed a similar techmdue (described in Griffith et al..

1978} except that rain intensity is also taken to be a ft\mctlon of the Cb's stage of

development. Cloud areas are tracked, classified as being\.‘ir\ their growing or shrinking

stage and correlated to echo area. As radar echoes can b\g used to infer rain rates, a
relation can be established between cloud area and rainfall. A’\\different relatior‘m exists for
the growing and shrinking phase, with more rain inferred wt;ile the cloud is growing.
Also, the amount of predicted rain is distributed through ithe cloud depending on
temperature, with most of the rain assigned to the coldes% areas. .The correlation
coefficients for .satellite-estimated to gaugé-rain amounts over Florida were as high as
0.80 for one hour amounts and 0.93 for 6-9 hour amounts. When applied to convective

. stbrms over the High Plains States (Griffith et al.. 1981) rain estimates had to be édjusted

downward to account for the lower precipitable water content of the air, but otherwise

the technique worked well. In their 1981 paper, four empiriéal relationships were
- outlined:
1. "Rain clouds are those which are as cold or colder than -20°C.

2 Rainfall is directly proportional to cloud area on any given picture.
3. Rainfall is inversely proportional to cloud-top temperature.
4 Rainfall is a function of cloud life cycle, that is, more rain is inferred in the early

stages of a cloud's history than in the later stages.”

Augustine et al. (1981) evaluated the Griffith and Woodley technique over————

southern Florida and found that the correlation of satellite versus gauge rain amounts
'varied drastically for changes in study area and duration. For ex. nle the correlation
coefficient for an area of 500 km? and one hour was\only 0.2, v = “== maximum

i

correlation of 0.9 was obtained for 8350 km? and 6 hours. -

Scofield and Oliver (1977) devised a method by which rainfa:. est -ould be
made directly from half-hourly GOES satellite images. Cloud-top tempe. 2t .sed to
determine base 30-minute rain rates. Enhanced rain fall is assigned to cloud: = 3G to

features seen on the satellite photographs, such as: rapidly exganding wviis,



clouds, merging cloud lines and "overshooting tops”, ie. tops of cells that appear highly
textured on the visible image and which have likely penetrated the .tropopause. This
technique was developed to assist in the estimation of rain amounts associated with
extreme weather events. It has been succesfully applied to storms which caused flash
fioods over eastern United States (Schneider’and Scofield, 1980; Scofield, 1981).
Howaever, similar to the qriffith and Woodley method; additional factors needed to be
introduced when the technique was applied to different geogrfapbicalf"}regions. For
example, a precipitabie’ water factor was required so that“Féin'/::lur;\ounts over the Plain
States would not ,ble over-estimated. The opposite problem was encountered over the
southern statéﬁ”"\;\‘lﬁerg slow-moving, steady-state storms gave more rain than expected

(Scofield and Qliver, 1980).

1.2.3 Bi-Spectral Methods

Lovejoy and Austin {1979a) introduced a bi-spectral method. that is, one which
combines infrared and visible-range information. Satgllite-measured cloud-top brightness
and temperature values are assigned to grid points at Whi_ch the occurrence of réin or

no-rain is deduced from radar data. Thresholid vaiues of temperature and brightness are

then used to infer rain or no-rain, and varied in order to minimize a "loss function” involving

o

the incorrect inferences of:
1. no rain assigned, rain observed, and

2. " rain assigned, no rain observed.

In this manner optimum values of temperature and brightness which lead to the best

estimate-of rain areas-are-determined. -

The next step taken by Lovejoy and Austin (1979b) was to estimate rain amounts.
They found that rain areas were highly correlated to rain ém0unts, but weakly correlated to
rain .rates. An average rain rate (as determined by radar) was used to estimate rain
amounts for convective storms over Montreal and the Global Atmospheric Research
Programme (GARP) - Atlantic Tropical Experiment (GATE) area. The RMS difference
between radar and satellite-inferred one-hour amounts we;e 40% and 20% respectively.
Using a single image and a single rain rate, it was estiméted that the RMS difference for

one hour convective rain amounts over Montreal would be 48% for satellite versus gauge.



it was concluded that the most revealing information concerning rain amount is contained
in the area of cloud cover, and that a single image provides little information on rain
intensity. As noted by Barrett and Martin, this runs counter to the claims of the Griffith

and Woodley or Scofield and Oliver technique.

1.2.4 Other Work

Wiley and Laitsch (1983) investigated the effect of varying the amount of satellite
data on the accuracy of rain estimates. Rain accumulations were estimated for the month
of August 1979, over the Great Plains, using various frequencies of the number of
satellite pictures per day (ranging from 2 to 24). ‘Rain rates of 2.5mm/6hr were assigned
to cloud areas deemed to be raining by a meteorologist, wih\ad‘ditional rainfall ascribed to
storms that appeared more intense. |t wés found that the correlation of monthly rain
arﬁounts for sateliite versus gauge was 0.51 for 2 pictures/day and 0.59 for 24
pictures/ da'y. | '

Adler and Fenn (1879} used th:e rate of change of cloud-top temperature (dT/dt),
measured at B minute intervals, to infer updraft velocities. They showed that larger
updrafts are associated with more severe storms. in 1981, Negfi and Adler presented
examples which showed that the clouds with the coldest tops (Tmin) had both the highest
‘radar reflectivity and rainfall rate. They concluded that dT/dt and Tmin were correlated to
precipitation rate for well-defined Cb’s, as seen on satellite imagery. Adler et al. (1981)
presented a physical model that related rain rate to Tmin, along with supporting
' case-studies. Using much of.the information contained in the above work, Adler and
Markus (1983) introduced an index, based on rate st change of cloud area and
temperature, that could be used to predict severe weather. In hind-casting examples,
tornadic outbreaks could be predicted as much as 30 minutes in advance.

Temperature structure, rather than absolufe values. may also be used»to infer
severe weather. Recent work (see Hymsfield et al., 1983, for example) has shown that a
"V" shaped structure is'often associated with severe weather, and indicative of a storm’

that has penetrated well into'the stratosphere.

r
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1.2.5 Physical Relationships 1
The rain-estimation techniques described above give only empirical relationshibs.
The underlying physical basis is that a cold, bright cloud implies a thick cloud, and that the
probability and intensity: of precipitation increases as thickness increases.  That
precipitation is reléted to cloud thickness is well known. "Rain is usually préseht.in clouds
th;cker'than 3,000 meters or those with tempera;tures below -10°C to -20°C, and rarely
falls from clouds less than 700 matres thick. It is necessary, then, to relate temperature
and brightness to thickness. Temperature is considered first.
~ - Absorption (and re-emittance) of infrared radiation in fhe 8 to 12 um range is
strong for liquid water drops but weak for water vapour. The cloud top is, therefore,
assumed to be a black body so that its radiation is proportional to the fourth power of
temperature. Measurements from space can then be used to determine the cloud-top
radiation temperature which is usually equated to the actual cloud-top temperature. From
lgﬁowledge of the atmospheric Iépse rate, the height of the cloud top cah be calculated.
For thin clouds, the radiation measured by the satellite’s radiometer is a result of some
layer through the cloud (or. possibly even some radiation frorﬁ the ground) so that the
radiation temperature is higher than the actual temperature. However, in these cases the

clouds are usually so thin that precipitation is highly unlikely. More difficult, and of more

concern here, is the problem of differentiating between a precipitating deep convective

‘cell and its associated cirrus anvil, both of which may be radiometrically thick and
therefore have the same cloud-top'temperature. This can sometimes be done using
brightness. in conjuction ‘with tempe}ature. There is little doubt, however, that the
occurrence of precipitation can be correlated to cloud-top temberatures. This is the
principal hypothesis on which are built many of the rain-estiﬁation techniques described

above.

I~

The interpretation of brightness measurements is much more difficult than that for .

température and only a brief over-view is given here. The following discussion is taken
"~ from Chapter 7 in Barrett and Martin (1881).

Studies have shown that brightness is highly correlatedrto thickness, espccially for
stratus clouds éver water. However, clouds become optically thick at approximately

]

1km, so the association weakens as depth increases. Brightness from various cloud



§

shape§ have been modelled, such as infinite planes, cubes or cuboids, and towers rising
out of slabs. As waell as thickness, the width of the cloud is very important. Reflectance
from the top of a cube is only one-half that of a plane, but increases as width increases.
This suggests that the observed increase in brightness of a grewing Cb is causedb mainly by
the.increase in width. Unexpectedly, turrets act to decrease brightnesé, as viewed from
above. The fractional light reflected from the top decreases. but is compensated by an
increase in radiation from the sides of the turret.

Generally, brightness decreases as the angle of illumination increases (using“O" as
overhead illumination). However, the rate of decrease depends upon the cloud s optical
depth and shape. Also, the brightness, as measured by the satellite’'s radiometer
(radiance), depends upon the angle of view. Radiance may increase when the satellite is in
the anti-solar direction and the angle of illumination is smal!.

At any time, then, the bri‘ghtness‘depends on a combination of cloud thickness and

geometry, angle of illumination and angle of view.

1.3 Purpose of Present-Study

Rain estimation from satellite data for the Prairie Provinces is in its infancy.. The
only investigation to date was that of Wieler (1981) who, based on comparison with radar
data, détermined threshold values of temperature and brightness (-50°C, 145) that would,
delineate areas of hea\vy ra‘_in.‘ As this study represents only the first small ;teps, the
present goals are rather modest. They are: to determine whather precipitation amounts
or ntensities' ?.rom cbnvective storms are correlated to cloud-top temperature and
4brightne§s ana, if so, is the relationship strong enough to become ‘the basis of a
rain-estimation technique. | |

To tﬁis end, storms which gave heavy rainfall (>10mm) over Alberta and
Saskatchewan have been investigated. Cloud top temperatures and brightness were
obtained from measu\rements made by the radlometer on-board the TIROS- N and NOAA-7
polar-orbiting satellites and recorded at the Unvvers:ty of Alberta satellite recelvmg station. |
Data are recorded for two "passes” per day when the satelllte is over Western Canada.
Passes are separated by about 100 minutes. Rain data consist of amounts-and intensities

supplied by the surface observationnetwork of the Atmospheric Environment Service of



Canada (AES). |

Except on a few rare occasions, radar data have not been employed. As this is a
preliminary investigation, it was thought preferable to keep the analysis‘of data as simple
as possi'ble. Also, the study is designed so that case- studies can be qu1ckly and easily
added at some future date. Radar data do not allow euther of the above. Flrstlyl1 the
conversion from radar echoes to rain accumulatlon maps is very time consuming-almost an
order of magnitude greater than real time at its worst. Secondly the rain amounts are'
given only in large ranges (eg 10- -25mm) too coarse for use here. Admittedly, this
dlfflculty can be overcome, but the data and computer programs are owned by the Alberta
Research Council, and changes to programs are not always feasible. In fact,‘ at»the‘
this report was written, the rain-accumulation program was not completely operational.
>Also, the radar data would have to be re-mapped onto the satellite image (or vice-versa)
and this is not a trivial task. Finally, and most lmportant, an empirical relationship is used to
convert radar echoes to rainfall, and tne conversion is not necessarily adequate under all
conditions. The consideration of all possible errors‘in the radar-derived rain amounts is
beyond the scope of the present study.

However, it is undeniable that the inclusion of radar data yould be highly desirable,
and is the next logical step to take. As will be seen, some problems were| encountered
which would not have occurred had radar data been used. - Since the number of ground .
observing sites is quite small, the sample size is also small. Moreover, confusion can arise
‘if the time of the satellite pass is much different than the time rain was observed. As
always when simplifications are made, some compromlses are mevutable

Chapter 2 presents a descrlptlon of the satelllte and its radiometer. The method
by ‘which storms were selected and analyzed is given in chapter 3, followed by a
~discussion of each storm in chapter 4. This mformatlon is used to construct the
rain-estimation scheme presented in chapter 5. ’Thevapplication of this scheme to infer -
rain amounts from satellite images | is given in chapter 6. Finally, conclusions and

suggested future work is discussed in chapter 7.

\
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2. The Satellite

2.1 O'rbit and Sensors

@

Cloud-top tempera!ure and brightness was obtamed from the Automatic Picture

2. 1 1 Descrlptnon

Transmlssnons (APT) data recorded at the University of Alberta from the TIROS-N and
NOAA 7 polar orbiting satelhtes Both satellites are part of the TIROS series and differ
only in the calibration constants required to convert radiance to temperature (as will be
discussed shortly). A complete discussion of the satellite and its components is given hv
~ Schwalb {1978).. Consequently, only a brief description is given here.

The satsllite is placed in a sun-synchronous orbit a; an altitude of approximately
865 km. Sun synchronous means that the satellite passes \over any g:ven Iatltude at the
‘same solar time each day. The orbital parameters §re given in figure 2.1 which also |
displays a typical path of the satellite. The Earth is viewed by an on-board scanning
radiomefer, known as a Advanced Very'}:iigh Resolution Radiometer (AVHRR), by means of
a mirror rotating at 360 RPM psr'pendicmar to the éatellite's path. Data is obtained across
the entire horizon but reigined only for 55 on either side of the mirror’'s nadir. Beyond
this r‘ande, limb darkéning and foreshortening limit the usefulness of. the data. This
" coverage corresponds to 2987 km ‘on the ground at the equator and extends to
apprnxi_mately;- 550 of latitude at 50° north. As the satellite regresses 25° per orbit, there
isa..rge arnount of overiap between two successive images. In tt;is manner, Alberta is in
the satellite’'s field - of view fdr at least two passes in tﬁe afternoon. As the mirror scans
the Earth data are collected at the rate of 66.5K words p:ar second. However, of this,
only every third scan line and only two of five frequency bands {one visible and one
infrared) are fed to the APT transmitter. Furthermore, the/ data along a scan line are
averaged to yive a near cons(tant resolution of ilkm. As only/ every third scan line is sent,

the between-line resolution is:
' !

(6368 Kn)(27)/(102 min) (120 scans min™') =3.3 Kp .

i
J



PM ASCENDING NODE ORBIT

Q’
. Orbital Period 102 minutes
.Regression 25.5° /orbit west
Inclination Angle - 9g° . '
Height Above Ground 865 km . '

Figure 2.1 Orbital parameters for the Tiros-N
and NOAA-7 sateliites. . ' ¢

\.



The APT signal is amplitude modulated at an equivalent digital \l"ate of 4160
words/ sec (or 2080 words/line at 2 lines/sec). The information consists of 9309 words

each of visible and infrared data with the remaining 262 word consisting of

~ synchronization pulses and calibration data. This is diic‘]itized at 'the University of Alberta a)t'

3200 Hz (1600 words/line) S0 that the 909 words are "squeezed" into only 700 words.
This reduces the 4km resolutlon along a scan line to 5.2 km. However, the dlstance
between these "new” pixels is only 4.2km. Consequently,.some information is smeared
from:one pixel to the next. .

The infrared and visible radxatlon measured by the radiometer are represented by
digital counts between 0-255. Hngh counts correspond to high reflectivity and low
temperature for the vusnble and infrared bands respectively. Usmg calibration data from
the radiometer and the fact that the radiometer output (in digital counts) is very close to
' inear makes it possible to construct -a calibratribn curve which converts counts, as
recorded by a gro:nd recetving station, to temperature. Brightness counts canh be
c’:onver.ted to reflectance values measured in watts/m’. However, a§ outlined in section
1.2.5. the interpretation of these values is more difficult than for t_he infrared. As no

attempt was made to normalize the brightness for angle of illumination or viewing angle,

the values were left as digital counts.

2.1.2 Calibration of Infrared Data

~Calibration data are seni .. L. satellite with each scan line. There are 16 pieces
of calibration data, each rec *~d ove. .- lines, so that a total of 128 lines are needed to
receive all the information. T Town as a telemetry frame, as is shown in figure 2.2.

Of these, only boxes 1-13 and 15 are of concern here.

.The first 9 boxes consist of "wedge” values. Each wedge is assigned a known
digital count before the satellite is launched. By comparing digital wedge values received
on the grou‘n“d to the expected values, it is possible to relate grounq-keceived_v aigital
counts for cloud temperature and brightﬁess to satellite meaéUred counts. The two can
dif fer slightly because of the digital-to-éﬁalogue and back to :digital conversion of the APT
signal. . Boxes 10-13 are digital counts from the radiometer viewing four ‘platinum

resistance thermometers (PRTs) embedded in its housing, which is designed to be a black

"
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body.

A

Box 15 contains coynts for the sensar viewing outer space. 'To obtain a

relationship between received digital counts and temperature (for the infrared information,

of course) the following procedure is employed:

1.

~

A relationship is obtained between known Wedge values and received wedge
values, using a cun;ve-fitting routine from the Interactive Michigan Statistical
lerary (IMSL) computer package. |

Using the curve established above, PRT received counts are converted to satellite
counts.

Using expressions given by Lauritson et al. (1979) and listed in appendix A,
satellite kPFﬁ' counts are converted to temperature. The four temperature
estimates are then averaged. |

The black-body radiation associated with the above temperature is caltulated
using an approximation of the integral of the Planck function and the spectral
response of the radiometer (see appendix A). This gives one ponnt' for the
radiance versus digital count calibration curve.

The above point and the counts associated \Nitﬁ the radiance of space (box 15)
are used to constrpfct a straighf line- graph relating radiance to digital counts. As

the response of the radiometer is not exactly linear. a small correction is applied

‘(see Appendix A).

Radiance values for each temperature, in 2°C increments from 27°C to -73°C. are
then calculated using the same routine as in step 4.
Combining (5) and (6), a curve of temperature versus satellite digital counts is

~ e

constructed.

Using curves from (1) and (7), a calibration curve of temperature versus received

digital counts is made.
Finally, received digital counts are converted to temperature, using the curve
established above and interpolating as necessary between the 2°C-interval

temperature values.

13



2.1.3 Accuracy of Temperature Calibration

Two different satellites, both of the TIROS series, are used in this study, each
having its own calibration curve. These curves, derived as in step (é) above, and averaged
over .12 passes for _NOAA-7, and 18 passes for TIROS-N, are given in Table 2.1. The
uncertainty qu -ed is *1 standard deviation and is seen to be of order one 1 count. -This
sﬁggests an uncertainty of =1 count in the digitizing process. Using this, columns 3 and 5
of Table 2.1 give the uncertainty in temperature, which ranges from 2-3°C at low
temperatures to 0.5° at high temperatures. It is still necessary, however, to compute a
separate calibration curve for each orbit. Variations of up toﬁO°C for a given count, are
possible from one pass to the next.
. There are other factors which can contribute to uncertainties in the temperature.
Even with the non-linearity correction introduced in step (5) above, errors of +1°C at
300% (22°C) and - 1°K at 200°K (-73°C) can still occur (Lauritson et al., 1979). The sign of
th error is for actual temperature minus derived temperature. ‘

Errors can also be introduced if clouds are thin, in wfuch case the radiation

received by the satellite is from some .other layer of the atmosphere, and not from the

cloud top itself. The derlved temperature would be an average temperature through the

layer. As mentioned in section 1.2.5 this should not be arproblem'here, as thin élouds will
Iikely'not be precipitating. A similar condition may exist in a moist, but »c‘:lobd-freé
atmospt;ere. Here, some radiation-is emitted by the atmosphere as well as the Earth's
surface. The derived surface temperature will therefore be less than the true
temperature. As noted by Wieler (1881), Curtis and Rao (1969) estimate that, in the
Tropics, the magnitude of this effect can be as large as 4°C. As the atmosphere in Alberta
is drier than that of the Tropics a realistic estimate of the error would be approximately
2°C. Again, this is not of great importance here, as cloud-free areas are of little interest

in the present work.

Combining the various errors, then, the uncertainty in cloud-top temperatures is

likely to be £3 - 3,5°K.

14
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2.2 Gridding of Images
: {‘,
- 2.2..' Resolution of Image
As mentioned previously, the resolution between and within scan lines is 3.3km by
5.2km respectively. The smallest érea of information, or pixel, represents an area.of
approximately 17 km?. By comparison, resolution at the satellite subpoint before

processing for APT transmission is 1.1km by 0.8km. The area of a small cumulonibus cell

may be less than 50 km? or only 3 pixels on the APT image. Clouds of this size are t00

small for the temperature, and brightness structure to be properly resolved on the APT
images. . For such cases, where possible, images with full resolution from the High
Resolution Picture Transmissions {HRFT) of satellite have been obtained from AES. These
pictures contain a grey scale enhancement curve so that the temperature of any pixel can
be determined within a certain temperature range. While thls does not allow accurate
interpretation of the t'empevi'ature, comparison to the APT derived value will give some

indication if the resolution is deficient. This is discussed in greater detail in chapter 3.

2.2.2 Gridding Accuracy

In ord‘e‘r to relate satellite measurements to rainfali observed on the ground, it is
neceséary to locate the position of the rain gauge on the satellite image. This requires
transforming from a coordinate system described by latitude and longtitude to one
defined by a scan line number and position along that scan, a procedure which will be
called "gridding" here. ‘Tﬁe equations to perform this task are gi\;en in great detail by
Reinelt et al.{1975). A summary of the essential equations can be foun;:i in Greaves (1981)
or Wieler (1981) and are repeated heré in appendix B. The input required for the
'equations are the orbital parameters given in Figure 2.1 plus thé time and longtitude at
~ which the satellite last crossed the eéuator. Basically, the gridding procedure is as
follows. The time of acquisition of the satellite’s signal is recorded and subtracted from
the time fthe satellite last crossed the equator. Using the satellite's orbital period and
regression ratef it is then possible to determine the satellite’s position at the time of signal
acquisition. The same orbital parameters, along with the scan rate (120 scéns/min) can

then be used to calculate the position of any pixel or, as done here, to transform from a

[
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latitude-longtitude position to one described by the number of the scan lines alftef
acquisition of sngnal and the position along that line.

For each satellite pass, "grid marks” are applied directly onto the satelhte image at
calculated latitude-longtitude intersections. The positional accuracy of these.marks s
determined by comparing the satellite image to an overlay of prominent landmarks (e.g.
large lakes) and the known position of latitude-longtitude intersections. The overilay is
superlmposed on the satellite picture and adjusted so that Iandmarks visible on the satellite
picture are aligned with those on the overlay. The gridding is accurate if the grid marks
are co-located with the latitude/longtitude intersectnons. If not, the gridding is in error
and can be corrected, based on the magnitude and direction of mis-alignment of the grid
marks. After correcting for any error, the position of the rain gauge on the satellite image
can be calculated. When the gridding is poor, the usual reason is uncer{ainfy in the time of
equator crossing which has been in error as much as 10 seconds (20 scan lines). The
error normally varies slowly from day-to-day, so rather than apblying a large correbtion
each-day, an approximate correction is applied to the equator crossing time before
gf.idding is preformed, and updated as necessary. The amount and rieed for updating is
determined from a daily check of the griddiﬁg accuracy as described above. It is
fortunate that timing errors.vary only slowly, for when no land marks are visible it is
impossible to check the accuracy of the grid /marks.

The time of satellite equator crossing is, at best, accurate té only the nearest

second SO {haf the corresponding uncertainty in distance is:

(+0.5 sec)(2n) (6368 Km)

1102 min) (60 sec/min) - = 3.3 Km

This is, of course, the distance between scan lines. However, an informal survey of lab
technicians who perform the gridding operation on a regular ‘basis revealed. that the
smallest discernable shift between grid marks and the overlay latitude-longtitude
intersections is two scan lines, éorresponding to a distance of 1.4mm on the satellite
images produced at the University of Alberta. A shift of one scan-line is Qndetectable,
while a three-iine shift is quite noticable. Even so, itis difficult to maintain an accuracy of

two scan lines across the entire picture. A good match in one area might be made at the

17



expense of a poor match elsewhere. An uncertainty of =3 scan lines {10km) in gridding
has therefore been adopted. Strictly, this uncertainty should prevail only in a direction
perpendicular to the scan line. 'Errprs in equator crossing time do not affect the position
along a scan line. While uncertainties in this direction can be incurred due to errors in the
longtitude of satellite equator crossing, they are generally quite smail and result in an error
less than the distance between pixels. However, for the sake of simplicity, the
uncertainty in the position of the rain gauge is assumed to be described.by a circle of
radius 10km. "

Finally, in order to deduce cloud motion, two sequential images must be overlaid
This can be done using landmarks or the grid marks as a guide. However, due to the
rotation of the Earth beneath the satellite and the Earth's curvature, the latitude-longtitude
intersections do not form right angles. This producés a distortion across the image so
that it is not possible to overlay tw;‘ images with corr'xplete accuracy. |f the area of

interest is small, then the error is usually less than 10km. However, if the area is large.

uncertainties of 30km are possible. This is of crucial concern wher. trying to map'.

possible rain areas along the path of a convective cell. as will be seen in Chapter 6.
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3. Selaction and Analyses of Data

3.1 introduction

As was stated at the outset, the objective of this study is to correlate
precipitation, as measured on the grouna, with satellite-observed cloud-top terﬁ;ﬁerature
and brightnéss of a convective storm. in this chapter the criterié by which case gtudies
were selected, sources of data and their limitations, as well as the method used to analyze

the data are discussed.
3.2 Selection of Sample

3.2.1 Required Rain Amounts

Case-studies were selected on the basis of observed point rainfall, ’the only
discriminator being a lower limit on the 'ho.urly amount that must be exceeded. A rather
high limit was chosén for a variety of reasons. A small amount of rain could be due to
either a weak éonvectlve cell passing directly overhead or the result of a more intense
storm that just grazes the observing site. As large rainfalls are relat.ively uncommon,
when they are observed it is more likely that the cell passed directly overhead and the
observed rajn amounts are repres.entative of the storm'’s ‘maximum output. Also, storms
which produce large rainfalls are of great general nterest as they can, in extreme cases,
cause local flooding or crop damage. Often, a single storm can contribute over 25% of
the\total monthly rainfall at a give}w location. Finally, if too low a limit is placed on the rain
amount, the sample sizeb becomes unreasonably .Iarge.' AES, for the purposes of weather
reporting, defines heavy rain as a rain rate of > 7.5mm/hr. This, of course, refers to rain
intensity. There are no guidelines as to what accumulation constitues a "large” amount so,
somewhat arbitrarily, 10mm has been adopted here. There is no objective basis for this
choice. However, amounts of 5mm or less are fairly ¢ommon and may pass without
notice, while 20mm within an houf is a rare event and generally receives considerable
attention. ‘ ‘

The require.ment for a storm to be inciuded in the sample, >then, was a report of >

10mm of rain in one hour or less. A further requirement was that the rain must have
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occurred within one hour of the satellite pass.
3.2.2 Araa of Study

It is desirable to confine the study area to regions which fall under the same
weather regime and climatic controls. Pr_ecipitatién amounts may be dependent on
geographical location without being reflected in the cloud-top temperature or brightness.
An example is the lower rainfall over the Plain States as compared to the eastern United

States due to the Io“wer water vapour content of the air. Relatively uncomplicated

topography is also required. Mountains and valleys contribute to mechanisms which can

result in great variations of local weather.and precipitation patterns over small distances.
The above conditions refer to the need for the study area to be homogeneous. As

the area becomes large, there is a greater risk that some unknown variable will affect

precipitation amounts. Homogeneity is of great importance, but, from a practical

viewpoint, if the area is made too small then the sample becomes too small to be of any

value. This is espemally true here, as there are only a few observatlon sites distributed

over a very large area. Consequently the study area is of considerable size. namely

Alberta and Saskatchewan. These two provinces are characterized by flatland or rolhng

hilis in the south. a mixture of forests and lakes in the north and the Rocky Mountains to:i‘.‘

~

the west. However, even within‘ a relatively homoger'»eous region the climate may vary
considerably. Southern Saskatchewan, for example, is much drier than most of Alberta,
and the area near Red Deer, in central Alberta’ is well known for its frequency of
hail-storms.

British Columbia was excluded because of its complex terrain. Manitoba was not
included As it can come under the influence of warm, moist air from the squth, a condition

which is uncommon in Saskatchewan and very rare for Alberta (Hare and Thomas 1974). '
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3.3 Sources of Rain Data

3.3.1 Tipping Bucket Rain Gauge

Ideally, a running total of rain accumulations over a very short time period (i.e. of -

order one minute) is best suited for comparison to satellite plctures This would allow
alculatlons of rain intensities while the satellite was overhead, as well as accumuiations
over the time period between passes. At selected observing sites this information is

recorded using a device known as a tipping bucket rain gauge (TBRG). The gauge is

21

connected to a rotating drum’ (one revolutlon in 24 hours) an which a tick is. placed for........

each 0.2mm of rain that falls into the bucket Unfortunately these records are not easny
accessible. Instead, hourly amounts and maximum accumulations for time periods ranging
from 5 minutes to 12 hours are calculated from the TBRG chart; and monthty sumrnaries
ar_emade available to the public on a form krwown as TAB31, an example of which is given
in figure 3.1. The right hand side of the chart gives the hourly accumulations in tenths of

mnlhmeters Th%left hand side gives maximum accumulation over various time periods

which can then be converted to rain intensities in mm/hr. However, at best the time that

these values occurred is known to only the nearest one-half hour, and then only if there
was no more than one period of heavy rain that day and it lasted less than one hour. This
would be the case. for example, if just c‘ne convective storm passed over the rain gauge
on any given day. Fortunately, this is a relatively corrwmon occurrence so that the left hand
side of the TAB31 chart can be used to estimate both amount and duration of
precipitation. ‘ | |

Column 3 of the TAB31 chart is the ratio of the 24-hour rain accumulation as
measured by a standard gauge and the TBRG. This is used to correct the TBRG amounts

so that there is only one estimate of 24-hour rainfall. When the factor is outside the

range 0.5 - 1.5, the amounts are left uncorrected and flagged as such. Normally. this

occurs only when rainfall totals are very light.

There. is no guarantee, though, that the rain accumulation has been accurately
measured by the standard gauge. Under windy conditions, when rain is{élown away from
the vertical, the gauge amount can be a gross under-estimate ot the true rainfall. Even

when it is not windy, large errors may be incurred. Barrett and Martin (1981) give results
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from various investigators which indicate - that the difference of measured rain amounts
from co- located gauges is in the range 5 - 20% but can be as large as 30%. When hail
accompanies ‘the rain, errors are probably Iarger Hail cannot enter the TBRG but can
easily fall into the standard gauge. The foliowing procedure is used to determnne the
amount of liquid precipitation. Hail is collected from an undisturbed area on the ground
(equal in size to the opening of the gauge) and its water equ'ivalent measured.” This is then
subtracted from the total amount of precipttation (hail plus rain) in the standard gauge.
Under these conditions, uncertainties in rain amountic of 20-30% are expected.

While such large uncertainties are disquieting, they do not present a major
drawback. Rather, they represent a limit on the accuraé:y of any satellite-inferred rain
amounts. The ultimate goal to stri\re for then is for predicted and measured rain amounts
to agree within 20%. -

The geographlcal distribution of stations equipped with TBRGs is glven in flgure

3. 2 Not all stations are operatlonal at the same time as they open and close as economlc '

industrial and social needs dictate. The total of statnons given in figure 3.2 is 63, with 31
in Alberta and 32 in Saskatchewan. Normally, approximately 53 of these are operational
" at any given time. The majority of stations are south of latitude 55 with only t\wo stations
in the mountains. As a resultt most case-studies are from the southern half_of Alberta and
Saskatchewan. |
3.3.2 Climate'Stations

- Daily rain accumuiations are available from the AES climate station network shown

in figure 3. 2 The 24 hour period is normally 08:00 to 08:00 local standard time. These

can be used as an aid in verlfymg satellite-inferred rain amounts in that tth represent an-

udper limit to the predicted amounts.~ This will be dlscussed in more detail in chapter 6.

3.3.3 Surface Weather Reports
There are a number of observing stations (see figure 3.2) which report weather
conditions’ every hour and more often if there is a "significant” change. The significant

changes of concern here are: begining or end of precipitation, beginning or end of a

. thunderstorm and certain changes of visibility or ctoud ceilings. Changes in rain intensity
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need not be reported, but they are often accompanied by significant changes in ceilings or
visibility. From these reports it is possible to obtain the duration of precipitation and,
‘more importantly, the time it occurred accurate to within a few minutes. - - is much
better than the one-half hour provided by the TAB31 chart. important information cah
also be 6btained from the remarks section of the reports, such as movement of
thunderstorms or location of heavy showers". Finally, cloud amounts may reveal whether
or not a storm passed directly overhead. For example, a report that showed only a few

tenths of the sky covered by cloud would indicate that the cell only grazed the station.

3.4 Selectic\m Effects
~ Attention'is now turned to some implications induced ‘by the method of selecting
the sample.

A tybical thunderstorm cell goes through_threé stages of development: growing,
mature and dissipating. Most of the rainfall occurs in the mature stage, and very little is
associated wbith the dissi.pating st‘age." Often, three cells are present in a single convective
storm, each in a different stage. The lifetime of a single cell may be less than one hour,
but because new cells are being generated as old ones dissipate. the storm may endure
for several hours.

By choosing the sample based on rain amounts > 10mm, the sample assufedly
consists mainly of mature storms. However, when' a rain-estimation technique is applied
to randomly selected satellite images, storms’in all stages of deveiopment migﬁt be
representedl A correct prediction of rain for a storm in its mature stage would be a vast
overestimate shouid the cell be in the dissipating stage. For any fain-estimation scheme to
have a chancé to succeed it must be able to distinguish between the different stages of
development.

Normally, the stage of d(gvelopment ‘can be determined from a sequence of
-safellite images. Scofield and Olivér {(1977). for example, characterize a dissipating storm
‘by the cloud area shfinking or stationary Wi,th time. Unfortunately, with a time resolution
of 100 minutes, this procedure is not feasible here.

By necessity, a different approach is used. A growing storm will not be as "cold”

as a mature storm as the cloud top is still rising upwards. Similarly, due to the large thin
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anvil, a dying storm will be less bright than a mature storm. It may be, then. that some
broad limits of temperature and brightness can be. used to delineate a cell in the mature
stage. This is'an imperfect solution at best. but without more frequent satellite pictureé, it
is the only alternative.

Another difficulty impoged by the selection method is that to infer rain amounts
successfully requires not only that mature storms are cold, bright clouds but also that all
cold, bright clouds pronce rain. The sample selecfion procedure excludes the possibilty
of finding cold bright non-raining cells. To detect these would require selecting cases
strictly from the satellite images. However, the useable cases would still bé restri‘cted to
those in which the storm passed directly over a fipbing bucket rain gauge. Considering the
small number of gauges. a Iafge number of storms would have to be considered just to
find these few fortunate events. As a compromice, a small number of days have been
chosen using only the satellite imagery (the independent sample) to test against any results

found from.cases selected using rain data (the dependent sampie).

3.5 Ahalyses of Satellite Data

‘Convective storms suitable for study are determined from the hourly “amounts
given‘ in the TAB31 charts. For these storms. contour maps . of satellite viewed
temperature and brightness are produced. The next step is to determine whether or not
the convective core passed’ directly over the station. Moreover. when the time of the
satc\éllite image and observat_ion of rain are considerably different, it is necessary to adjust

the position of the cloud, in order to estimate the temperature and brightness over the

- station at the time rain was observed. .

'

3.5.1 Position of Raingauge Under Cell

The relative position of the rain gauge beneath the convective cloud i1s of great

importancg in determining the expected amount of rain. The most copious rain falls

beneath or very close to the deep. convective core, with lesser amounts associated with
the anvil. On a satellite image it is often difficult to separate the core from the cirrus
debris in which it is embedded. There are some clues which make this task easier, as

outlined by Scofield and Olivef (1877). In most cases the core is usually found near the
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direction of upper level winds

Figure 3.3

3

Relation of a typica] thunderstorm’s rainfall pattern
to the cloud-top temperature contours.

<
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tightest temperature gra;dient on the upwind side of the cloud. This is 'shown
schématically in figure 3.4. However, if the cell is small or growing so that the anvil has
not yet spread downwind, then the core is in the middle of the cloud. Another difficulty is
determining th;a size bf the rain area. Wheﬁ inferring raiﬁ from satellite images over
Montana, Griffith et al. (1981) found that apportioning most of the rain to only 1 - 10% of
the cloud area best fit the radar-derived rain areas. in the same region, Wiley and Laitsch
(1983) assigned rain to 25 - 50% of the cloud area. These studies were estimating rain
amounts, but the situation here is somewhat different. Allthat is required is some means
of dividing the cloud area in order to separate the most likely area which contains the

convective core from the rest of the cloud. Using the two studies noted above as

guidance, this has been done. by dividing the convective cloud into three zones. Zone 1 .

comprises 20% of the cloud's area nearest the upwind temperature gradient, or the
central area if there is no large elongated anvil. This is presumed to contain the convective

core. though it is possible for the core to be much smaller than this area. Zone 2

represents a transition between the core and the anvil under which rain is expected, even

if the storm only grazed the station. and consists of 30% of the cloud area. Zone 3
encompasses the remaining 50% which represents the thin, non-precipitating anvil.

Case studies are classified according t‘o which cloud zone passed over the station
in order to remove the dependence of rain amounts on distance from the convective core.
When two or more cells have merged the brightness can often be used to separate the
std8rms before attempting to construct the zones.

3.5.2 Adjustm’ent of Cloud Positionl

When the time of the satellite pass and observation of rain are nearly coincident, it
is immediately apparent which cloud zone passed over the rain gauge. However. when
they differ, the motion of the storm needs to be known. Given two sequential satellite
images this is a simpie task, assuming straight-line motion, a reasonable assurhption over
the short intervals considered here. Howevér, when cells>are merging or e:/olving rapidly,
then it may. not be possible to identify which zone passed over the station. For these
cases, two zones may be quoted with the most likely given first. When only one image is

available, storms are assumed to move with the 700mb flow. As this is only an

Q
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: differjnce for which results become unreliable is also unknown.

approximation, two possible zones will be given for the majority of these cases.

‘The adjustment of the cloud position is also necessary for determining the
temperature and brightness over the rain gauge at the time rain was observed. If the time
of rainfall is hot accurately known, then it is assumed tf}at the rain is associated with the
lowest temperatures that passed over the gauge. as determined from the track of the
storm. In all cases, after adjusting for cloud position, the temperaturé associated with the
rain is assumed to be the lowest within 1dkm- of the gauge, to account for position
uncertainty. fhis is espécially important near areas of tight temperatﬁre gradients. The
positional accuracy here is insufficiént to determine if the rain is associated with the

gradient or merely an artifact of the uncertainty in the gauge's position.

3.5.3 Evolution of Cloud

While the above procedures can be used to correct for the position of the cloud.
it cannot account for any evolution that may have taken place in the interval between
observation of rain and the satellite pass. .

Adier and Fenn (1979) showea that, for severe storms, the cloud-top
temperatures can decrease faster than 1°K/min. through the range 240°K to 235K {-33°C

to -38C). However' the associated severe weather occurs 15 to 30 minutes after the

period of maximum growth, when the minimum temperature is reached. From their

published curves, below approximately -459C to -50°C temperatures.decrease at a much
slower rate (as Iow as 0.1°C/min). Accordingly, reasonable temperature estimates (x5°C)
are possble if the satellite pass is within 30 minutes of rain observation. Furthermore,
both.the Scofield and Oliver, and Griffith and Woodley technlques use 30- mmute GOES
data to infer rain successfully This would also mdlcate that, except for a rapndly growing
cell, the temperature at a given instant is representative of conditions over one-half hour.
Unfortunately, no parallel study exists for brightness, and its rate of change is unknown.

Generally, the longer the time between satellite pass a

larger the uncertainty of the quoted temperature and brightn e values. However, as the

rate of evolution for any particular storm studied is unknown, the maximum time

!

-

bservation of rain, the .
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3.5.4 Additional Sources of Satellite Data

~

“As was noted earlier, the APT images consist of only every third scan from the

\ .
AVHRR and that the data along each scan are averaged. HRPT images employing all scan

lines with full resolutions are available from A\ES. _

A l"grey scale” is applied to the HRPT images so that each pixel is represented by a
certain shade of grey, depgndent on its temperature or brighfness. The calibration of the
temperature grey scale is made using a curve similar to that givén in Table 2.1. An

enhancement curve can be constructed so that certain temperature ranges are highlighted,

but for most of the infrared pictures and all Qf of the brightness images used here. the

0-255 range of digital values is divided evenly into 17 shades of grey. This leads to
increasingly larger ranges of temperature at high digital counts. For e'xample, the -40°C to
-56°C range is represented by only one shade of grey.

While such large ranges might appear to make the HRPT imagés useless, this is far
from true, due to their superior resolution.. The resolution at th.e satellite subpoint is
approximately 1.2knf12 compared to 17km?* for APT pictures. Small cloud areas that may
be poorly’resolved on the APT irhages, especially those with tight temperature gradie'nts,
may be better represented on the HRPT photographs. If the HRPT and APT temperature
estimates differ by more than one éhade of grey. the APT estimate is disregarded because

of jts lower resolution. As will be seen, this occurred on'two occasions.

3.5.5 Brightness
As mentior{ed earlier. brightness values are left as digital counts, and have not been
corrected for sun angle. As the specific cases examined here are all confined to a
~one-month period only (though not of the same year) at approximatel'y; the same time of
day, the sun angle is approximately constant. However, becéuse brightness values have

not been "normalized”, comparisonsto most other studies cannot be made.

]
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3.6 Apphcation of Sample Selection and Analyses ’

The previous sections have explained the procedbpe used to obtain and analyze the
dependent sample. Given below are the steps taken in the application of these
procedures.

The time period for selection of the sample was restricted to May through
September, as convective activity is rare outside this period. Satellite data were availabe
for June -Sept. 1979 and May-Sept. 1982. Locations for which > 10rhm of precipitation
in less than one hour were reborted‘were found using the TAR31 charts (charts for
Saskatchewan had-to be ordered specially and those for May 1979, 1982 and June 1982
were not received). Only those storms for which the precipitation was within one hour of
the satellite pass were considered. Next, satellite pictures were then inspected to
determine if the precipitation was the the resuit of convective activity. This was generally
not a problem:; isolated cells or obvious cells embedded in other clouds were evident in all
but two cases.

Temperature and brlghtness contour maps were then produced and the location of
the rain gauges placed on the maps. Finally, the cloud position was ad;usted as explained
in section 3.4.2 and the temperature and brightness over the gauge estimated. Where
other convective clouds, not selected by the 'procedure given above, were found to lie

near a rain gauge. the temperature, brightness and precipitation amount were also

recorded. These additional storms serve two purposes. They may aid in determining the -

temperature and brightness cut-off for which < 10mm is expected or reveal the existence
of cold, bright, non-precipitating storms.

Each case is discussed in some detail in the next chapter. Evén cases which
eventually proved not to be useable are included, as they illustrate some of the difficulties

encountered.
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4. Case-Studies

4.1 introduction

For each case, temperature and brightness contour maps are given. Unlass
otherwise indicated, the scale of all maps is approximately 1 cm = 45 Km. An arrow is
drawn in the upper-right hand corner of each map pointing northwards. Generally, only
the 0°C' and 80 digital count contour, for temperature and brightness respectively, are
labetled. Shading is used to indicate areas gnclosed by temperatures below and brightness
above some "critical” value. The value changes from one case to the ne‘xt and is given in
each figure. The contour intervais are given in Table 4.1. When availéble, weather
observations were obtained and these are listed in appendix C. At the end of the chapter.

a summary table of all pertinent information is given.
4.2 Case Studies

4.2.1 July 07 1973

Edson received 11.1mm from 20-21 GMT, with the‘ heaviest precipitation
occurriiig from 20:05 GMT to 20:40 GMT. as seen from the weather observations given
in Table C.1. Edson was scanned at 20:30 GMT on the first of two satellite passes over
Alberta on this afternoon.. The temperature and brightness maps are vgiver; in Figure 4.1.

A large storm is seen to lie over western Alberta. As Edson was scanned while
' the heavy rain fell. thé temperature a‘nd brightness associated with the rain are those
values directly over the station, namelyj"~53°C and 170 respectively. Lower temperatures
of -.57°C lie just 20km to the northwest. Even though the cloud extends far south of
Edson, it is very narrow and the area encompassed is quité small. Consequently, Edson is
determined to have been passed by Zone 1 of the cloud.

The second satellite image is at 22: 10 GMT. Temperature and brightness maps are
given in Figurés 4.2. It is seen that the storm decayed while moving northeast at
approximately 50km/hr. Minimum cloud-top temperatures decreased 5°C. No heavy rain

was being reported at this time.
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4.2.2July 101979 - | , /
. The temoerature and brightness maps for the 21:40 GMT satellite pass are given in
Figure 4.3 and 4.4 A number of stations recorded preg:i.pitation near this time with both
) Edson and Saskatoon receiving at least 10.0mm. Only one image is,'available for ttgis d\ay.
The upper air flow (hot shown) was predominantly from the southwest, except over

central and northern Alberta where it was light and variable.

Figure 4.4 shows a cloud band with embedded cells .running through central‘

Alberta before curving southward over Saskatchewan. A nur‘rlber of isolated cells are
also evident over Saskatohewan as seen in Figure 4.3 Each area of interest is discuseed
separately below. .

" In Alberta, Edson is under Zone 1 at the southern end of a bright cell. The
temperature and brightness over the ra gaugé/_are -49°C and 156, . respectively.

" Brightness values in excess of 170 are only 10-20km to the west.

Edson received 11.3mm of rain from 21-22 GMT. The weather observations.

given in Table C:.2, show that only light rainshowers were present at 21:00 GMT, but
moderate showers were occurring at 22:00 GMT. While no heavy rain was reported, it is
assumed to haVe occurred closer to 22:00 GMT. This is consistent with Edson under
Zone 1 at the time of the satellite pass. Accordingly, the temperature and bric_jhtness over
Edson from the contoor maps have been adopted as being associated with the heavy
rainfall. It is also noted, from the 2200 GMT report. that the storm was moving to the
northeast.

Another Iarge cell lies over central ;'\Iberta. At the time of the satellite pass.

Calgary was just south of this cell with Penhold and Rocky * untain House east of the

cloud. Assuming a northeasterly motion, both Penhold and Rocky Mountain House would.

have been passed by Zone 3 of this cloud. - It is possible that the storm missed Calgary
compietely. N - ‘

As expected, very little rain was observed at these three stations. Calgary did not
receive any rain from 21-22 GMT, while Rocky Mountain House and Pephold{had only
O.8mﬁ1 and 2.6mm, respectiveiy from 22-23 GMT.

In southern Saskatchewan, a complex of three cells lie near Swn‘t Current. The

high resolution AVHRR visual lmage shows that there are distinctive breaks between\the
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cells. This is aiso detectable on the APT images, but is not as obvious. There are two
TBRGs in Swift Current, one at the airport and another operated by the Canadian Dept. of
Agriculture. Both lie very close to the breaks between the cells, with the temperature.and
brightness overhead equal to -49°C and 143 for Swift Current A, and -49°C and 153 for
Swift Current CDA. . .

Swift Current CDA rec;euved 4.4mm from 20 21 GMT and 3. Qmm fell at the
airport during the following hour. A northeasterly cloud motion would result in the storms

} [
‘just grazing the gaugﬁs, so that they would have been passed by Zone2 or 3 of the cloud,

_although Zone 2 seems more I'ikely. Considering the proximity of the cloud over the .

airport, the temperature and brightness values overhead are accepted as representative of
the conditions prevalent when the rain was observed. As the rain at the agricultural station
occurred at least 40 minutes before the satellite pass. it will not be considered here.

The final cloud‘ of interest is the large cell lying dver central Saskatchewan.
Outlook, at the southern end, would have been crossed by Zone 2.or 1, while Saskatoon
is under Zone ; and North Battleford, is beneath the anvil. The temperature and brightness
over Saskatoon are -52°C and 165, respectively. The speed and movement of the cell are
unknown however, assummg that the storm moved northeast, then the temperature and
brlghtness values that would have passed over Outlodk are -45°C +5 and approxnmately
160. |

Saskatoon received 10mm in just 15 minutes. The weather observations, given in

Table C.2 show that heavy showers occurred from 21:03 to 21:26 GMT, which is close

to the time of the satellite image. As the gradients are quite flat, the temperature and

brlghtness values over Saskatoon are representatlve of those associated with the heavy

showers. .
Qutlook feceived 6 1mm from 20-21 GMT with 5 7mm in only 5 minutes. North

Battleford recorded 3.7mm from 19-20 GMT. Woeather reports for North Battleford

given in Table C.2, show that heavy rain was cbserved, but 50 minutes before the satellite

pass which is to long to be of use here.

-~
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4.2.3 July 11 1979
. This is one of two cases where the resolution of the APT data was insufficient to
measure the cloud-top temperature accurately. (see also July 15, 1979). The rain-gauge
data from around Edmonton confirm that the disturbance treated here is of a very small
scale. Edmonton Municipal .Airport received 39.5mm: of ran betwéen 19-22 GMT.
During the same time period Edmonton Namao, Ellerslie and Edmonton international Airport
received 8.0mm, 2.1mm and 0.6mm, respectively. From 20-21 GMT, the Municipal
Airport recorded 17.7mm, while the other three stations received barely more than a
trace of precipitation. In the next hour (21-22 GMT) a further 10.3mm f.ell at the
Municipal Airport. The weather observations, given in Table C.3, show that the Municipal
Airport feported heavy thund‘ershowers from 21:26 GMT to 21:32 GMT. The movement
of the shower was toward the east or southeast. Namao reported heavy showers to the
south ét ufZl:OO GMT and thunder at 21.3% GMT but no precipitation until 22:00 GMT.
During this time the International Arrport reported heavy showers to the north.. At
_ Ellerslie, the University of Alberta climatological station. only v1 .3mm fell from 21-22 GMT
Attention is now turnéd to the temperature and brightness maps for the 20:35
GMT safellite pass, shown in Figure 4.5 and 4.6. No large convective clouds are seen
over Edmonton although considerable activity is evident to the north. Both Namao and the
Municipal Airport are under an area of relatively high temperatures, whereas it is known
that heavy rain was occurring at this time. The nearest clouds to the Municipal Airport lie
less than 10kn:1 to the west, with a cloud top temperature of -27°C. However, close
inspection of ttl'xe HRPT infrared image for this day (not shown) reveals a small bright spot
in the centre of the cloud which is definitely a whiter shade of grey than the surrounding
- cloud. Comparison to the grey scale gives a temperature in the range -40°C to -56°C.
it is assumed that this is the storm which dumped heavy rain.on the Municipal

Airport and that positioning errors account for its apparent location west of, rather than

over Edmonton on the satellité image. Comparing the APT and HRPT data, the dcr.ved.

temperature differs by > 13°C, indicating that the cloud is bélow‘{he limit of resolution of
the APT image. |
While this case is left in the sample (at least for the time being) it is of limited use

as the temperature is known only to within £8°C. The maximum brightness of the cloud.

-4
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from Figure 4.5b, is 165. A visible range HRPT image was not available for this day, and
so due to lack of any other information the above brightness value is accepted as found.
C .- .

Considering the large amount of rain, it would seem safe to assume that the Municipal

Airport was crossed by Zone 1 of the storm.
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4.2.4 July 14 1979

On this day, Kindersley received 8.6mm of rain from 21-22 GMT. Temperature
and brightness contour maps for the satellite passes at 21:50 GMT and 22:30 GMT are
given in Figures 4.7 and 4.8, respectively.

Based on the surface weather reports,. given in Table C.4, most of the rain
occurred near 21:30 GMT. This is 40 minutes after the first pass and 60 minutes before
the second. Due to this large time lag, it is difficult to discern which cloud passed over
Kindérsley and produced the precipitation. By overlaying the two maps, a general
southerly motion of clouds in western Saskatchewan is evident, but it is very difficult to
follow any particular ~'»ud area. The direction of flow at 500mb and at the surface (not

shown) also supports this movement.

The disorganized nature of both the temperature and brightness fields belie the

convectuve nature of the precipitation (as reported in the surface observations). Even
though it is known that Cb's are present, this ns far from obvious from Figures 4.7 or 4. 8.
It is possible that they are hidden by a layer of higher cloud. However, if Cb's are present,
then their tops must be quite warm, as no particulary cold cells are evident near Kindersley
on either image; temperatures being in the -30°C to -35°C range.

The lack of any well defined cells and the large time lag between the satellite
images and the observation of rain over( Kindersley meke it impossible to identify the
rain-producing cloud. Consequently. this case it not used. However, it is important to
note that eloud'tops are quite warm. It is unknown if insufficient APT resolution played a
role, as HRPT images were not available. The surface ebservations show that there were
many brief showers, suggesting that the weather was dominated by many small cells. ltis

possible; but unsubstantiated here, that either some small cellélbenea_th the resoidtion of the

APT image or a cell with a short lifetime (or both) caused the heavy rain at Kindersiey.
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4.2.5 July 15 1979
The satellite images at 20:45 GMT and 22:25 GMT show only scattered small cslls,

as seen on temperature and brightness maps given in Figures 4.9 and 4.10. However,

“when the satellite images are superimposed it is evident that one of the small clouds did

indeed pass over the rain gauge. Outlook received 1 1.7mm in only 15 minutes, sometime

between 22 GMT to 23 GMT.

From Figure 4.11, the minimum cloud top temperature is only -35°C, QUite warm
for a suspected Cb, and t_he small cloud size raises suspicions regarding‘;x possible
problems with resolution. From the HRPT infrared image for this day (noté shown),
comparison with the grey shade gives a cloud-top tehperature in the range 5-40°C to
-56°C. In fact, a few co-workers asked to determiﬁe the category for this cloud placed it

in the next coldest range.

i
'

The temperature adopted is -48°£8°C with a brightness, from fig 4.10 of 155+5.
However, similar to July 11,1979 while included in the sample. the large temperature

uncertainty limits the usefulness of this case.
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Butlook
.

Ry
o Figure 4.11 ' Expanded view,of temperature contours near Outlook
on July 15, 1979 at 2225 GMT.

ot
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4.2.6 July 29 1979

The temperature and brightness maps for the 21 :40 GMT pass are given in Figure
4.12 and show Calgary lying under Zone 1 of a large cloud. The temperature and
brightness values over Calgary are -43°C and 168 respectively. However, the lowest
temperatures of 48°C are only 10km to the southwest. | _ ' |

" The second satellite pass at 23:00 GMT viewed only the western half of Alberta
* (not shown). A cloud mass with a temperature of -50°C is seen at the easterntedge of the
image. If, as seems probable, this is the same cloud that was over Calgary, then cloud
motion is easterly at ‘approximately 45km/hr. P

Calgary received 10.0mm of rain from 21-22 GMT with 8.1mm in 30 minutes.
Weather reports for this day were not available, Eut there is little doubt that the cell over
Calgary on Figyre 4.12 produced the rain. In accordance wnth the discussion glven in
section 3.4.2, the lowest temperature within 10km of the gauge has been adopted as

associated with the rainfall, namely -48°C. The brightness, however, remains unchanged

at 168.
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4.2.7 August 05 1979
The tempera.ture and brightness maps for the 20:25 GMT pass are given in Figure

4.13. A large organized band of cloud with embedded CH's, lying along a TROWAL, is
seen to curve northwest-southeast through Alberta and Saskatchewan. Other |solated

“cells cover wastern Alberta and southern Saskatchewan.:

Cold Lake lies underneath a cold bright area within the cloud band. The":.“:';.”

temperature and brightness overhead are -57°C and 153 respectlvely Temperatures of’“

-60°C and brightness values over 160 are only 20km to the west-southwest.

* . . -ld Lake received 24.0mm From 20-21 GMT, all within 30 minutes. Weather.

reports for this day were not available, so a more accurate timing of the ramfall is not
pOSSIb|e. For lack of any better information then, the values of temperature and
brightness over Cold Lake have been adopted as associated with the rain.

-‘From the temperature and brightness maps for the second pass, at _22:05 GMT,
© {see Figure 4.14) it is seen that the edge of the cloud band has moved approximately 80km
eastward. The movement of “the individual cells.; however dppears to be to the
northwest but this is not certain. The cloud m'ﬁsﬁ'at was over Cold Lake has dissipated
and merged with the background Cloud Consequently |ts Jd‘lzrectlon of motion is unknown

'f
"and Cold Lake may have been passed over by Zone 1 Or 2»of fche storm.

\

Two cells are seen over western Alberta in fsqure 4.1%. Edsopn.lies durecty under

Zone 1 of one of these, with a cloud- top temperature of ~50°C and' brugh\hess of 156.
From 21-22 GMT, Edson received 14.1mm of precupltamon

Rocky Mountain House is under Zone . 1 of, the other cell, with ‘a2 cloud-top

temperature overhead of -35°C. ' The minimum’ clcyhd temperature is -40°C. The

‘ brlghtness over the station is 155 with values of 160’on|y 10km to the north. Rocky

Mountain House recorded just 0.7mm’ from 21-22 GMT. ' :

Based on the satellite maps, a cdld, very bright storm passed directly: over

Outlook. In fact, the brightness value of 190, seen on Figure 4.14, was the highest value

encountered for the entlre study Unfortunately hourly rain amounts are missing for this

day. For interest's sake only, the 24 hour accumulation was 14. 1mm, though how much

of this is due to this storm is unknown. ~

%
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A‘s" in Figure 4.13 except at 2205 GMT

" Figure.4.14
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4.2.8 August 21 1979

The first satellite pass was at 21:00 GMT. From the temperature and brightness
maps, given in Figure 4.16, a small Cb is evident 55km northwest of Lethbridge with a
cloud-top minimum temperature of -54°C and maxin:um brightness of 161.

By the time of the second pass, at 22:40 GMT, considerable changes have
occurred. The temperature and brightness map‘s in Figure 4.17 show a very cold cloud
mass of low brightness covermg southern Alberta The coldest area lies close to the
position of the Cb Q_:d from the first pass, with a temperature of -64°C ang brightness

)

of 14Q.0lf this'is t ame cell as on the first image, then it has moved very little mdeed.

. Whlﬁt‘)ﬂe 5j}£}g\b flow, as shown in Figure 4.18 is quite slack, it is unusual for a Pralrle

O
convectlve;torm to remam stationary for over 100 minutes. More likaly. the Cb noted
\""v?f

_from the first pass drifted southeast while a new cell developed in its place. The

temperature and brightness over Lethbridge at 22:40 GMT are -55°C and 127,
re’s,pectively While the highest brightness values in southern Alberta t155) are 15km south
O\:&Lethbridge.’ It is euggested that this is the remnant of the Cb seen at 22:00 GMT. The
’l}qrge increase in the area ‘ki:"o‘\{ered by coid clouds with decreasing brightness suggests that
the storm is ir\ its dissipating stage. Consequently, any rain received at Lethbridge should
have fallen between passes. This is confirmed by the rain data. )
Lethbridge received 10.4mm of rain from 21-22 GMT. The weather reports,
given in Table C.5, ehow that a light shower was first reported at 21:14 GMT, and

precipitation continrued until 22:44 GMT. Although no heavy rain was reported. it must of

occured between 21:14 and 22:00 GMT, probably towards the latter half af this period,

as heavy showers surrounded the station at' 22 GMT. Unfortunately. the Lethbridge -

observer did not indicate thfe shower's direction of movement.

~ Estimation of cloud-top temperature and brightness over Lethbridge requires
interpolation betWeen the two satellite passes, to correct for the storm’s evoiution. . This
cannot be done accurately, ae the development is not a linear process npr is it known
exactly when the rain occwed However, some educated guesses ‘Can be made.

-

From Figure 4. ‘|6 the temperature gradient of the cell does not flatten out until the

-40°C contour. On the temperature map for 22:40 GMT, this occurs in the r_‘ange of

-50°C to -55°C. Assuming that 'the precipitation is not associated with the tight

56



temperature gradient on the boundary of the cloud, then the clqud-top temperatere was
most likely in the range -40°C to -55°C when rain was observed. As noted previously, the
rate of change of cloud-top temperature is more rapid in the ear]y stages of the cell's
development. As the ‘heavy precipitation rell after the first pass, the associated
temperatu’re shourd be a good deal lower than -40°C. because the storm was still growing
and the temperature eecreasing. Similarly, as the rain ended before the second pass, the
‘ temperature over Lethbridge during the rain would be slightly higher than -5B5°C. Also, as
the rain occurred closer to the time of the second pass, the temperature should be toward

the colder half of the range given above. As arough estimate, then the temperature over

Lethbridge while reporting precipitation is assumed to. be in the range of -47°C to -E@P‘Gﬁ Rt

Brightness is even more difficult to estimate. The temperature field is relatively
_straight—.fo‘rward. Cloud-top temperatures become progréssively lower towards the
centre of the cloud. The same can not be said of 'brightn/ess (see Figure 4.17) as values
fluctuate tﬁreughout the cloud area. with the highest values south of Lethbridge. Most

. Iikely, the brightness was in the 140-150 range las the minimum and maximum values over

two pictures are 130 and 160). However if the area of higher brightness south of.

Lethbridge pessed over the“\station, then the range given above is an underestimate. '
Even if all of the above is correct. it is stillidnknown if Zone 1 or 2 would have

passed over Lethbridge. Obviously this case is of limited usefulness. Be that as it may.

the final estirr;\)ates of temperature and brightness over Lethbridge -during the heavy rain are

-47°C to -52°C and 140 to 150 respectively.

‘
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S08 ANALYSIS
HeteHTs ano VoRTICITY
20007 21 AUG 1979

21 AUGUST 1979
) /
S/M TROUGH PASSAGE
S/ RIDGE TIME:
CONVECTIVE DAY CATEGORY:

TOTAL HAIL REPORTS:

MEDIAN HAIL TIE: N/A

EL.Ijgure 4.18 500mb and surface maps for August 21,

<\ 24007 AUG 2] 197

/

1979 at 2400 GMT.
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4.2.9 July 01 1982

The two satellite passes for this day were at 20:30 GMT and 22:10 GMT;
respective temperature and brightness maps are given in Figures 4.19 and 4.20.

A very large storm is geen to be moving east-northeast over southern Alberta.
Between passes, minimum cloud-top temperatures drop fro‘m -59°C to -63°C. Brightness

decreases dramatically from a large area with values > 160 (maximum of 170) to only a

/
small area with values > 150 with a maximum of 153.

This storm dumped more than 66mm of ran on Lethbridge\in less than one hour

before moving eastward and giving Vauxhall 26.2mm from 20-21 GMT and Brooks

21.5mm in. the next hour. As seen on Figure 4.19, the temperature and brightness over
Vauxhall are -49°C and 157, but, less than 30km away, along the storm's track, the
’ temperature; and brightness are -58°C and 168, respectively. It is assumed that Zone 1 of
the cell passed over Vauxhall and that the latter quoted temperature and brightness values
are asslomated with the rain. From Figure 4.20 Brooks is seen to be directly below the
storm. The temperature and brightness are -58°C and 14‘7, though brightness values of
150 are just to the east.

This is a straight-forward example of a large weli-defined storm. lts velocity is
approximately 55km/hr toward the east-northeast. Considering the large rainfall at
Lethbridge and the fact that point accumulatnons of over 20mm were produced for at least
2% hours, this must be judged as atﬁgvere storm.

It is also of interest to note that Calgary. on‘:_,the 20:30 GMT satellite image. is under
the storm’s anvil in an area that is both cold (-56°C) and bright (162). but no rain was
observed. This illuvstrates that temperature and brightness alone are insufficient

predictors of rainfafh. :
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*4.2.10 July 10 1982
The satellite passes were at 20:30 GMT and 22:10 GMT. Coronation received

11.0mm of precipitation from 22-23 GMT. ' The surface weather observations, given in
Table C.6, show that heavy rain began at 22:40 GMT and subsided by 23:00 GMT. Figure

 4.27, the temperature contour map at 22:10 GMT shows that there are two cells west of

Coronation, with mmm‘lum temperatures of 55°C and -41°C. “As it is not possible to:

determine which of these cells gave Coronatibn its rain, no further consaderatlon is given

¥y
to this case.

64



Ponnee

50 Km

Figure 4.21 .“Temperature contour map for July 10, 1982 at 2210 GMT.
Shading indicates areas of T < -40°C,
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4.2.11 July 14 1982

—

Aa 21:20 GMT, many Cb's ‘Eovered Alberta And Saskatchewan as shown on the
tempera\ure and’ brightness maps given in Figures 4.22 and 4.23. Those in Alberta are
embedded in a large cloud mass. . The second pass, at 22:55 GMT, viewed only western
Alberta, as can be seen from temp’erature and brightness maps give: in Figure 4.24.
There is little continuity in cloud pe,ttern hetween passes, in that individual cloud areas
cannot be foliowed from one imaée to the next. However it is known that cloud
continued to move into northwest Alberta from Brmsh Columbia, resultmg in 75 100mm
of rain over the Smoky River Basin, north-west of Grande Pralrle

Underneath this cloud mass, heavy rain fell at both Grande Prairie and Edson.
Weather reports for the two stations are given in Table C.7-. At Edson, continuous rain
and stratiform clouds. dominated the weather, indicating a synoptic-scale disturbance.
Grande Prairie, on the other hand, exberienced lightning and thunder Iwith‘ mode'rate or
heavy rain reported for almost 7 hours, beginning at 15:30 GM/Tt Mos’t probably, the rain
was due to a combination of a synoptic disturbance with embedded Cb's, resulting in
contnnuous rain of varying intensity. » ’ | | |

Sunce the rain at Grande Prairie and Edson is not the result of convective activity

alone, these two ‘cases are not suitable for inclusion in this study. From Figure 4.23. the

cloud over Edsom was neither very cold nor very bright. This ‘indicates that the
temperature and brightness threshold values used to infer heavy raifi,will be quite different
for oonvectiue and synoptic-scale situations, ‘

2 were 3 other locations Wthh recorded > 10mm of pre(:|p|tat|on on this day.

~Vegre ceived 12 5mm from 20- 21 GMT Figure 4.23 shows a small bright cloud

slightly north- northeast of Vegreville. The 'oloud top temperature and brnghtness are

-59°C and 164 respectnvely although over Vegrewlle the values are only -47°C and 160 '

The temperature gradient is very tlght. After shifting the cloud by-10km (the uncertainty in

position) the cloud tops over VegreVilIe could be as cold’ as -55°C, with brighmeés,-.

essentnally unchanged The movement of the cloud is unknown However, a ge‘neral

easterly motlon would place Vegreville under Zone 1 or 2 of the c}oud with the latter

o,
more ||kely. S
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in’ Saskatchewan Outlook is seen to be under Zone 1\ of a Iarge cell with a

\

temperature and brlghtness of -60°C and 154, respectlvely Brightness values over 160
are only slightly to the west. Unfortunately the hourly rain data are mlssmg The 24 hour

ralnfall t’otal was 24 Omm Shghtly to the southwest, the same storm ‘gave Elbow 23.8mm

“from 22-23 GMT and 24.2mm over 24 hours. Given thls situation, it seems reasonable to

o

. assume that the 24 hour ‘accumulation of 24 0mm.recorded at .Outlook was also due solely

-to the passage of this one storm Elbow would have passed under Zone 1 of the storm‘

‘ and if no drastic evolution took place, the temperature duting ralnfall would have been
'.-55_?C 1 C wnth brnghtness in the range 155- 170 ' |
) ~ Saskatoon Alrport crossed by Zone 2 of the storm, receuved 5. 4mm of rain
bé‘tween 22°23 M;f The temperature and, brightness assocuated with this ra:n would be
:~--55°C‘>‘td -57°: 155-160 respect{,vely. Nearby Saskatoon Water received 4.8mm in
‘ the same tlme perrod ang,with the same temperature and brlghtness values | ez »

Further south a small cell is seen to he over Moose Jaw The temper’ature and

' brlghtness overhead are -540C and 145 respectlvely However the extrerne temperature;;

L

. and bnghtness values are only TOkm to the south- west at -58°C and 165.- The cloud is

, v] R
very small and were it shifted northwards by TOk‘PR it would miss Moose Javi entlrely\ )

T

Only 0.7mm of rain was dbserved from 21 22 GMT The weather observatlons' '

'gnven in Table C«7 report I|ght rain- showers f'rom 20 12 GMT to 23% 2ndl w1th @ -

thundersh0wer at 21 17 GMT Slnce there is no specualrreport noting the ena of the
-’

a.

thunderstorm itis assumed that thls is an oversnght on the observer s parand not snmply o

"

a missing report. . Mammatus a s:gn o_/;ntense convectnie actlwty ‘was observed wuth this

9

storm as well. X

R
.

There is no doubt that the cloud over Moose Jaw was. a Cb . As little ram was -’

s

reported thrs is an example of a cold brnght cloud that did not produce any significant

raln at Ieast not .at the tnme it was in the satellite's fleld of vrew While |t is p035|ble that

S,
heavy rain assocxated wuth the storrn ;ust mxssed the statlon thls does n/qtfseem to be the

< N

. case, as the observatlons glve no lndicatlon of heavy showers nea‘f‘by It is noted, .

however that only 20km to the west, CarOn recelved 6. Omm on this day.. No other_

nearby..statton rep,ortjed more than 2.0mm, consistent with the small size of the storm.

e

d‘ ‘, ‘ . . ‘: . . ~{‘
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4.2. 12 July 16 1982
Figure 4. 25 gives the temperature and brrghtness maps for the 20: 55 GMT

g
satellite pass. A Iarge cold br|ght cloud consnstlng of two cells is seen to cover much of

southeastern Saskatchewan Thns cloud moved northeast and gave 75- 100mm of rain

v

near Duck Mountain, in eastern Manltoba

TBRG data are ava|lab|e for Regina and Indian ~~ad PFRA, both of which would be

under Zone 2 of the storm

Regma recelved 2.6mm from 20-21 GMT The. weather observa&ons glven in

Table C.8, show that a moderate shower occur d at 20:37 GMT. At 21:00 GMT, heavy '

showers were observed north to southeast of the station. Indnan Head recelved 6 9mm
-from 20- 21 GMT and another )0 4mm.from 21-22 GMT. However, no accurate timing

“of the precupltatlon 1s possuble and it is not known if the 17.3mm total is the result of one

q’or two perlods of rain Consequently lndnan Head is not lncluded in the sample. The

temperature and brlghtness over Qegma are -55°C and 162, respectlvely At %hould be

noted also that a northeastevlfﬁwﬁt;on would have taken Zone 1 of }he western cell

‘ over Indlan Head and could have produced the heavy rann from 21- 2@GMT % e

.
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4.2.13 July 18 1982 .

¢

Temperature and brlghness contour maps for the ftrst pass, at 20:35 GMT are
g:ven in Flgure 4.26 and 4. 27 A brlght cell lies Just northeast of Cluff Lake \i

northwestern Saskatchewan The temperature and brughtness flgures over Cluff Lake are
, o
‘&nly 29°C and 141, “but 10km to the north- east the respectlve values are 49°C and 152
,l R . v

The centre of the cftloud is 35km northeast of the statlon

Temperature and brightness maps for the 22 15 GMT pass are shown in Figure
y @ ' 4.28 and 4. 29 The,cell near Cluff Lake has moved northeast at approxlmafelyPSOkm/hr to
walie south of Uranium City. Its temperature @hd brightness have both decreased Another

cell now hes just to the northwest of Cluff Lake with a temperature and brlghtness of

,_J
. P

‘lﬁ‘{“ o . i .
o ‘54°C and 148. respectively. ' R

Cluff Lake received 10. Omm of rain between 19-20 QMT Thls lS conslstent wuth

°

precipntatnon» falllng )ﬁ’?ﬂom the.c is) on the 20 35 contour maps.w lY*'lS also noted that

2.6mm were‘ recewved, frof lé}nlght be related to the cloud norfh of Cluf’l’

Lake sho_wn in Figure . . this second per“lod has no‘( been»ﬂncluded in. the

I’ u~’
,v

' sample. ' T \ w .. o . )
o Other statlons in the drea reported Iess than lOmm However Nofth Battleford
and Cold Lake were in the path of large cells. Itis seen on anure 4 26 .that Cold Lake hes
under Zone 1 of a large cloud mass. The temperature and brlghtness Wlthln YOkm are

-43°C and 154, respectlvely Colder and brighter values (- 47°C 158) prevanl 35km to the

.ua dper ¥

KR
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e,

AtE

o,

h

northwest. This cell moved northeast at 55km/hr and, as seen in Figure 428 Q

+

r temperatures-are only slrg‘htly hugher at the tlme of tthe second pass, whlle the brightness
has decreased to 120. . ) - i

The hourly rain amounts are missing for this day. The 24-hour total was 16.2mm,

but how much of this amount came from this ce\ll is unkown. The weather observations
for 19-23 GMT Yre given in Table C.8. Outside of this period, ohly a few light rain

: Showers were reported ,:\tZis seen that moderate, oF heavy rain: occurred for almost the
, entlre hour from 20-21 GMT. Using 5Bmm/hr as an average rate for <he moderate rain,
~ and lOmm/hr for the heavy rain leads to an estimate of 8mm durmg ‘this hour. Thns 1S
likely an underestlmate as heavy rain durxng convective showers is often much greater than

10mm/hr. The only other period of-moderate rain was 19:33-20:00 GMT. Assuming

-

ty

B
i)



|mpl|es 117;1;:;&;’1;\,! ‘have fallen from 20 21 GMT. Accordlngly the rainfall total for the
hour is estu‘ha ‘)’to be 8-11mm. . \Q
" One r\of 4the .coldest: cells seen on the 22:15 GMT lmac_?e lies east.of North
Battleford wnth“l oud-top temperatures as low as -58°C. The cell is not very bright,
however, with onin few pixel values greater than 140. One bright patch is only 20km
east of North Battleford a\d may have passed over the station. It is not certain where this
‘ cell originated. From the 20:35 GMT contour maps it would appear to be due to the
intensification of the small cell that is 35km 'west"of North Battleford. Assuming this to be
true, then the bright patch would have passed over North Battieford at 21 20 GMT with an
estimated temperature and bru@ﬁness of 51°C +3°C and 145 150. respectlvely ThlS
areais quute smail, less than 10km in diameter, which is of the same order as posmomng
uncertamtles Consequently elther Zone 1 or 2 of the cloud could have passed over the
rain gauge North Battleford received 5 8mm from 21-22 GMT with'5. Oomm jn only 5 |
minutes: From the’ wyeather reports guven m Table C.S, the hea»;fst precupltatlon.,,

P ul._J oo
occurred at 2 1:32'GMT, very close to the estimated time that the B/ v
< T .

the station.

w
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4.2.14 Auéust- 1 1982

‘ The temperature and brlghtness maps for the first satellite pass at 20 50 GMT are
given in Flgure 4.30. Numerous cells are evident over central Alberta. Rocky MOuntaln
House lies under Zone 1 of one of these clouds, with overhead‘&-temperature and
~ brightness values of -49°C and 147, respectively. Minimum temperatures of -53°C lie
15km to the north. ’ .

Qonslderable change has occured between the two satelllte passes, as seen “from

s -the te'ﬁperature and brlghtness maps for 22: 30 GMT displayed in Figure 4. 31. The anvils

f some cellsphave merged while others have decayed and are no longer visible. Overall,
brlghtness over central Alberta has decreased The area of temperatures < -50°C that

was near Rocky Mountain House earher has moved east-southeast at 45&"hr to north of
’ )

and over Lacombe ’ (;;_..,, A Vw@rj»‘_ S 4 |
' v 9\’ C .. Y,
Rocky Mountain Housé receNe.d 8. 7mm of rain frWMT The weather

reports, iven ln Table C 10. she that the heavnest reci |tat|on be an: at 20: 20 GMT
g ‘%{ precip 29

,/

Wthh is 30 mmutes before the“batelllte pass After ad;ustlng the cloud posmon for this,

‘ dme dlfference the temperature and brrghtness over the statnon is -47°C and 149

’

ted as assocuated with the ralnfall W|thout

e

loud. The temperature and brlghtness over

respectuvely Theése are the final values'

2

any correctlon for possnble evolutlon of.

e

Lacombe from Flgure 4 31 are - 50°C and 134 respectuvely An area of hlgher brlghtness

hes south of Lacombe but there is ng evndence it ;Qa}sed ower thé station. Because of the
% ,
great amount of cirrus debrls itvis not poss:ble to dlscern the Iocatton“of the convectlve

’ core. Based on extrapolatlcpn from the -first satelllte pass elthe‘r Zone 1 or 2 of the Cb

. 'u,’}‘ A
D A ', A :

-

" may have passéd il

5"'> wrth a total of 7 7mm un le§s than one. hour! It ‘would.

appéar that the satne cell that gave ‘the heavy *ram ‘to Rocky Mountaln House IS also .

N "
responsnble in paﬁ’t for the raln at Lacombe However the area'of temperatures less than

. -50°C hJaslalmost passed Lacombe at 22‘30 GMT anl‘d‘ yet 4.0mm- was réponted from B A

23 24 GMT. It may be that the small cold brlght cloud near Rocky Mountaln House at

_J22 30 GMT intensified whlle movmg eastward and resutled m seme of the 23- 24 GMT

79

',\

precnpntatlon at Lacombe The amount ascrlbed to the 23324 GMT perlod is, therefore o
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5.4-7.7mm.,
) L]

4.3 Summary

A summary table for all cases is given in Table 4.2. This includes cloud-top
temperatures and brightness values,” precipitation amounts and the Clo_ud zones 'which
passed over the station. TableI 4.3. presents the duration and intensity of precipitation

. where this could be obtained from the TAB31 chdrts.



- Date
07/07/79
"10/07/79

11/07/79
15/01/79

29/07/79

05/08/79

21/08/789
01/07/82

14/07/82

116/07/82
18/07/82

11/08/82

<

Table 4.2

Rain Accumulations,

>

Ctoud Top Temperature (T) and Brightness (B)
For Case Studies Discussed in Chapter 4

Station

Edson

Edson
Penhold

Rocky Mtn House °

Swift Current A
Saskatoon
Out ook

Edmontc
Qut lock
Calgary

Cold Lake
Edson
Rocky Mtn House

'Lethbridge

Vauxhall
Brooks
Calgary

Vegreville

- Qutlook
E Tbow
Saskatoon A
Saskatoon W
Moose Jaw

V)
Vs

Regina
Cluff Lake
Cold Lake

N Battleford

Rocky Mtn House
Lacombe

.5+

Rain T
{mm) (°C)-
11.1 -53
11.3 -49
2.6 -42
0.8 -38
3.9 -49
10.0 -52
6.1 -45+5
10.3 -48+8
11.7 -48+8
10.0. -48
24.0 -57
141 -50
0.7 -35
10.4 -49+2
26.2 -58
21.5 -58
0.0 -56
12.5 -55
24.0 -60
23.8 56.5%2
5.4 -56+1
4.8 -56+ 1
0.7 -58
2.6 -55
10.0" -49
9,5+2.5 ~43
5.0 -51+3
9.7 -47
-50

.5

1

B
L nts)

170
156
178
165
153
165
160
165
155+5

168

- 153

156
155

1455

168
150
162

164
154
163
158
158
165

162
152
154
148

145
134

Zone

' 83



A

/\«

Table 4.3$ Pﬁecipitation Amounts and Intensities
From. the Monthly Rain Gauge Summaries (TAB31) -

Date Station Duration - Amount Intensity

- (min) (mmx10) (mm/hr)
07/07/79 Edson 5 56 65
10. 58 35
] 15 81 32
« 30 113 o 23
- 10/07/79 Saskatoon 5 65 78
10 86 : 52
15. 106 42
15/07/79 Out Took 5 82 98
10° 95 57
5 117" 47
29/07/79 Calgary 5 29 35
’ ‘ 10 41 26
15 55 : 22

( 30 81 . 16 =
60 101 . 10
- 05/08/789 ‘Cold Lake 5 96 115
: ' 10 174 104
15 204 82
30 - 240 48
Edson 5 118 142
10 141 - 85
21/08/79 Lethbridge 5 . 32 38
' 10 63 38
15 a5 38
30 104 21



Date

01/07/82

14/07/82

18/07/82

11/08/82 °

Table 4.3

B

Station

Brooks

yauxhall

'Elbow;.tm

-~

N Battlieford
&y
Rocky Mtn House

!

Lacombe

(con' t)

Duration
(min)

246

Amount
(mmx1Q)

81
110
153

66
130
192

101
157
220
237

50

212

Intensity
(mm/hr)
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5,. Results

5.1 lntroductlon ‘
\
An attempt will now be made to relate cloud-top temperature and bnghtness to

precipitation, based on the case-studies given ih the previous chapter. The interpretation
“of results presents its own dlffacultles and these too .will be explamed Before

proceedlng a warning with regard to the scope of this chapter is in order. The number of

cases are few, the sample biased and many assumptlons had to be made to estimate

cloud-tgp temperatures and brightness. Consequently, .. is unreasonable to expect the -

quality of data used here to‘reveal, in any great detau!, the relationship between
temperature or brlghtness to prempltatlon should one exist. Instead, the goal is to
develc£- some broad guidelines that can be used to distinguish heavy rain events. "

,. The trend-of precupltatnon amounts versus temperature and brightness can be seen
from anure 5.1. This gives the average precipitation amount (rounded up to the nearest
vemm) for various ranges. of 'temperature and brightness for "Zone 1" cases only and
"pre‘Cipitation > 10mm" cases, as taken from Table 4.2. The number in brackets. below
‘the am.ourtt, is the number of storms in that range. Three storms have been excluded

because of therr large temperature uncertainty: Outlook on July 14 and 15, 18789 and

Edmonton on July 11 1979. Aiso, Vauxhall and Brooks on July 01, 1982 and Elbow and -

Outlook on July 14 1982 have been kept as seperate cases. !t should be noted, though
" that for the days given above, the precnpntatlon at the two stations resulted from the same
storm so that these are not mdependent cases. Figure 5. 12 and b each contain 14 points
with an overiap of 10 cases between the two. ‘

- The trend is very clear. Precipitatioh amounts increase with d‘ecreasing
temperature. For all cases for which there was > 10mm (from the TBRG hourly amounts)
the temperature is < -45°C. Changes in bri‘ghtness" do not seem to be correlated vxrith
precipitation except that a low cut-off is apparent. Heavy precipitation'cases are lall

associated with brightness > 145. ‘ .

These trends are now discussed in more detail, beginning with brightucss.
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50 110 19.0
S0 Average
265 105 | 17.0 14.5
(2) (3)
155-164| 10 | 120 | __ | 75
(1) (3)
145-154 | 95 10.0 230 | 150
E | (1) (2) (2)
c <
8 <144 — —_— —
e
(a)
/p]
9p] 11.0 220
L
Z
E | : o
- I =156 —_ 10.5 25.0 18.0
(D .
o 2
T (2) (2) .
m - \
. 155-164 - 12.0 18.5 16.0
(3) (2)
145154 | __ | 100 230 | 150
(3): (2)
'—:514).. _ . .
>-4, -45--54, <-55
S TEMPERATURE (°C)
® . b
Figure 5.1  Precipitation amounts for rénges of cloud-top temperétufe

and brightness for {a} Zone 1 cases and (b) heavy rain cases.



5.2 Praecipitation and Brightness
A graph of precipitation amounts versys brightness for Heavy rain cases is given in
Figure 5.2 along with the least squares regression lines The correlation coefficient is only

0.08. Brightness values were not corrected for sun angle. Also, its rate o change is

' unknown so that the values adopted for those cases where the time of the satellite pass

and observatlon of rain differed may be in error That little correlation was found .

-between precipitation and brightness may well be a result of these two deflcuenCIes All
. that‘ can,be said is to repeat what was noted earlier. namely that there may be a lower I:mlt
of. 145 that must be exceeded for heavy rain to occur. It is also possible that .this limit is
net constant, but may depend on the tirne of year. .
Attentxen is now turned to cloud-top temperature which, vbesed on Figure 5.1,

holds the best hope for success.
5.3 Precipitation and Temperature

5.3.1 Rain Amount and Temperature

Precipitation amounts versus temperature for 7one 1 cases and heaVy rain cases

are given in Figures 5.3 and 5.4, respectively. Data for the locations on July 11,14 and.

5

15, given earlier, are excluded. Also, rain amounts and temperature for Vauxhall and
Brooks (July 01, 1982) have been combined and averaged as have Elbow and Outiook (July
4. 1982). |
~ Figure 5.3. for Zone 1 cases. exemplifies the difficulty in'attei'npting to interpret
results based on insufficient data. The regression line is given for this graph. and the

correlation coefficent is 0.55, which is just significant at the 5% level. However, this

value can be radically changed by the removal of only two points. |

The point representing Rocky Mountain House on August 05, 1979 at (-35°C:

0.7mm)} anchors the low end of the re’gression line. Without this point, the correlation
coefficient drops to 0.37. On the other hand, Mo_ose Jaw on Julty 14, 1982 represents
the only example of a ‘cold, bright cell with very little precipitation (-58°C, 0.7mm).
Without this point, the correlation_coefficier#t' is 0.86, v:/hi’ch is significant at the 1% Ievel.

It is interesting to note that none of the climate stations in the vicinity of Rocky Mountain
\ ’ :
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/

~" House repofted more than 1.0mm, implying that the storm.did not produce much rain.
However, riear Moose Jaw, 6.0mm was recorded at Caron. There is little evidence to
?. . .

indicate that a rain-producing cell just missed Rocky Mouritain House, but this may have

<occurred at Moose Jaw:

Turning to Figure 5.4, the precipitation versus temperature curve for heavy rain

TBRG records), it is seen that that there are two clusters of points. One is near (-50°C,
4 "

10mm) and the Jther is at (-58°C, 24mii). The correlation coefficient for this graph is

: / ~ ‘ .

0.81. significant at the 1% level. This does not, however, take into account the

uncertainties in either the teinperatuie or precipitation measurements.

Bascd on Figure 5.4, then, given that > 10mm has occurred. it may be possible to

infer the cloud-top temperature to within a few degrees. lItis, of ccurse, the reverse task
that is of more interest. and for Figure 5.4 to prove useful in ‘this regard. all cold, bright

cells must produce rain. Stated another way, In order to have any hope of inferring heavy

N
> rain from clouqitop temperatures/, it must be shown that the cloud top temperature -
i,

distribution for conveactive storms producung heavy rain is significantly different than the

\/> /Ipopulatnqn dlstrlbutnon for all mature Cbs. Unfortunately the population distribution, LS
Kl

unknown and itisnota truvxal task to determine it.

TWO optnons were consndered here, neither of which proved feasnble First. |t was’

thought that the cloud-top- »ternpsrature for all convective clouds viewed by the satellite on
the days in the dependent sample could be used. However, there are two flaws that could

fead to erroneous’resuits:

7T, some cells could be in the growing stage so that there might be a bias toward

- 3

"warm” temperatures, and

2. . the atmospheric conditlons\\_ which produced the storms in the dependent sample

might be widespredd, so that cells would rot be independent of each other.
An alternative is to assume that, on average, the cloud top of a mature Cb will

reach the tropopause. If storms that produce heavy rain are colder than average, then the

-minimum  cloud-top temperature should be lower than the average tropopause

temperature.
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. Tropopause temberatures are available only for Aleerta at Calwgary, Edmonton,
Penhold and, for the summer of 1979, Rocky. Mountain House. The test is, therefore,
restricted 6nly to Alberta storms which produced > 10mm of rain. Tropopause
temperatures were kindly supplied by the Alberta Research Council for. the summer of
1979 and 1982 (the same period as for the dependent sample). For 32 days on which Cb
activity was evident on the satellite images, the mean tropopauée temperature was
-55%C+4°C. For only those ‘days. on which heavy rain was recorded it was -539C+4°C,
while the mean minimum cloud-top temperature ‘of the rain-producing storms was
-53°C+4°C. It cannot be said that the heavy rain-producing etorms are any colder than the
"naverage" tl‘sopopause temperature or, by extension, any colder than the avaerage Cb. The
obvuous dnfflculty though is that it is unkown on how many of the 32 days selécted there
were heavy ramfalls The average tropopause temperature may also be heavily bnased

The only alternatlve left to determine if useful estimates of rainfall can be deduced

from satellite imagery is to simply test against an independent sample. Th:s is done in

Chapter 6. as wilt be discussed shortly.
Thus far. only rain accumulatnons have been consudered However accumulation

on the ground, due to the passage of aCb. is a combination of:

1. speed of the cloud . .
2. size of the precipitating area within the cloud, and A
3. the storm's rainfall rate.

If cloud-top temperature is correlated to rain amount, it must also be related to one, or all

of the above. Each possibility is now discussed in turn.

5.3.2 Temperature and S;aeed of Cell

For a given rain rate and rain area, the rain amount is inversely proportional to the
speed of the cloud. Cell velocities could be measured directly from the satellite images
for 8 of the storms investigated here. As shown in Table 5.1, the mean ‘speed is
50+8km/hr. The uncertainty in a single measurement is gi\gen by the p'osition error over
two satellite images (20km) divided by the.interval between images (100min.) or 12km/hr.
The speed of the cells is, the_refere, approximately constant. However, all of the storme

in Table 5.1 are those that produced near 10mm of rain, so that very little useful

-
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Table 5.1 Cell Speed as Determined From
Sequential Satellite Images

Date Location } Speed Direction
S , (km/hr ) of Motion

07/07/79 " Edson o 50 towards NE
15/07/179 Out Took 50 towards SE
29/07/79 Calgary 45 towards E
18/07/82 Cluff Lake 60 towards NE
Cold Lake 55 towards NE

- N Battleford 35 towards E

11/08/82 Rocky Mtn House 50 towards SE

Average Cell Speed 50+8 km/hr



information has/been gained hete. However, as there is no physical basis to expect rain
amount to be reiated to the cloud’s speed and there is no evidence here to suggest that it

is, it is merely assumed Khat no intrinsic relationship exists.

5.3.3 Precipitation and Size of Rain Area

~ Recent work By Doneaud et al. (1983} and others have shown that the total rain
volume (RV) is highy correlated to the area and duration over which rain occurred, as
defined by the 25dbz radar echo. The latter guantity is known as the area time integral
(ATH). the average rain rate over the stbrm’s lifetime is given by‘ RV/ATI and has been
found to be‘ approximately constant over many convective storms. The key point here is
that only the area covered by the radar echo. and not the magnitude of the echo, is needed
to determine the rain amount. This is consiste.;xt with the work of Lovejoy- and Austin
(1979b) who fo,und that temperature and brightness could Be used to determine the area
over which rain was occurring, but not the instantaneous rain rate. Rain amounts could be
estimated, though, using‘an average rain rate.

It is not possible to determine the area over which rain has occurred for the
storms investigated here as the rain data are available only for a handful of sparsley
distributed rain gaugés. Also, the size Vof the heavy rain area (assoéiated with the
convective core) cannot be estimated directly from the satellite imagery, as it cannot easily
be separated from the cirrus anvil in which it is embedded. However, the crucial question
to be answered is: do larger rain - 'cas result in gréater rain amounts? With the
appropriate assumptions this questicn can be addressed using the available rain data.

The duration of precipitation is given in Table 4.3 If the speed of the storm is
known, and if it is assumed that a circular rain area passed directly over the rain éauge (ie.
Zone 1 cases), then the diameter of the storm’s precipitation area can be calculated. This
also requires that the advection of the cell dominates over any changes in the intrinsic cell
rain rate. According to Zawadski (1973), this is valid for time periods less than 40
minutes. ' : ‘

Precipitation amounts versus inferred diameter of the rain area for 10 Zone 1
cases are given in Figure 5.5. If the speed of the cell was unknown, 50 km/hr was

assumed. - The correlation coefficient is only 0.14. However, this includes the two points
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Figure 5.5 P‘recipitation amount versus diameter of the storm's

rain area for Zone 1 cases.
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with the largest diameter which are associated with a rain duration of 60’minut.es. This is
longer than the 40-minute limit given by Zawadski, and. without these two points there
“would be evidence for increasing rain .arr‘wount with increasing rain area. When these two
' points are included, the results are, once again, inconclusive.
) Care must be taken not-to attempt to extend the results given here to the radar
‘work mentioned previously. Only a v.ery small area and brief time span have been
considered, whereas the radar estimates apply over the storm'’s entire lifetie.
. ;
5.3.4 Temperature and Rain Rate
Adler et al. (1981) related cloud top temperature to updraft velocity and hence
also to rain rate. The coldest clouds are considered to be those that have penetrated the
stratosphere. This requires a large amount of energy. reflected by higher updraft
velocities... This, in turn, is related to é faster conversion of water vapour to liquid water,
and hence to a gea‘ter rain rate. |
The maximum rain rate versus temperature graph for sta'ms producing heavy rain
is given in Figure 5.6. A general incregse of rain rate with temperature is seen, but the
correlation coefficient is only 0.55. which is not significant at the 5% level. However,
from the reasoning given above, the important parameter is not simply te‘mperature, but
the difference between cloud top and tropopause temperature. This gives a measure of
the storm’s penetration ‘c.af the stratosphere. Figure 5.7 givés the graph of rain rate
versus temperature dif%erence (ctoud top - tropopause') for Alberta, Zone 1, héavy ran

cases. Tropopause temperatures over the rain.gauge have been estimated from the
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‘nearest sounding. This requires some inter'polation in time Emd'ispace, but as ttropopauseh

‘Jtemperature changes are slow, these should be accurate to within 2°C. The anertainty in

the temperature difference is, therefore, +7°C. Figure 5.7 shows thgt' the rain rate does

increase with increasing temperature difference. 'The correlation coefficient is 0.91,

significant at the 1% level even with this few number of poihts. However, this d’c;es not

také into account the temperature uncertainty, which is more than large enough to obscdre

any possible correlation.; it is also noted that the temperature difference is negative for all

but one case, indicating that most of the storms did not reach the tropopause. It is

suggested . that atmospheric stability begins to increase at some level below the

/
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tropopause. The above difficuities not-withstanding ‘it appears that the relati'onship
between cloud- top temperature and ram accumulatnon is due mainly to higher rain rates at

lower temperatures, assuming some average tropoanSe temperature.

\

\\ : ] N
y

\
Based on information presented in Figures 5. 2 and 5.4, Table 5. 2 presents

5.4 Prediction of Rain Amounts

suggested threshold values.of temperature and brlghtness\ that can be used to infer heavy

rain accumulations from satellite data. Large ranges of temperature and precipitation’

amount are used, as the uncertainty in each variable can be quite large.. The threshold

¢

. ! 13
values are valid for a “typical” Cb which is raining over an atea 15km to 25km in diameter
: }

and moving at approximately 50km/hr. It is interesting to note that the threshold values

for heavy rain over central Alberta found by Wieler {(1981) were -50°C and 145,

essentially identical to those given in Table 5.2.
Before the guidelines, given in Table 5.2, are tested in the next chapter, a final note
of caution. as the threshold values given here were obtained from measurements from the

APT data of the TIROS satellites. they should be applied only to measurement‘s'from these

satellites. It is quite possible that other data sources. with different resolution, would.;

yﬁeld different threshold values. For example the diameter of an overshooting Cb top can
be < 10km. which.is near the resolution lmit of the APT images. The minimum
temperature associated with this area would be underestimated by the APT data, due to
averaging with the surrounding warmer anV|l temperatures. It is unknown if such a blas is

preseni here.
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_6. Satellite Rain Estimates

6.1 Introduction \

, The best’test of any predictive scheme is its application to an independent data set.
In this chapter, rain amounts will be inferred using only the the satellite-derived cloud;top
temperature and brightness. it shéuld be noted that Table 5.2 actually "predicts” cloud-top
temperatu.re and brightness, given some quant‘ity of rain > 10mm. Here, Table 5.2 is
being used in reverse, that is, 10 preform the more interesting task of inferring rainfall,
which is not strictly valid. ' Consequently, some failures were both expected and

encountered. Selection of the sample is discussed first, followed by the construction and

interpretation of the satellite-derived rain maps.

6.2 Selection of Sample _ - \
_HRPT images for the perlod\May-Sept. 1982 were inspected for days exhibiting
coiwective cells with cloud top temperatures < -40°C (as determined using the grey scéle). .
High resolution, rather than APT images were used because of their more detailed and
easily interpreted grey scale. Only four shades of grey are available for the APT
products. However,’ temperature and brightness contour maps. on which the rain
estimates are based. are from the APT data. '
Clouds which were very small (ie. the size of the Edmonton and Outlook storms)
were e*clu'ded as it was thought that the temperature and brightness fields would-be
podrly resolved on the APT images. Even though the data was restricted to only one year.
there was no shortage of suitable cases, in fact. too many to be studied here. Those
selected represerﬁ a cross section of situations, including small isolated cells, merging

clouds and one very large, intense storm.
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6.3 Rain Data

6.3.1 Climate Data

The main source of rain data is the network of climate stations shown in Figure

3.2. These' give 24 hour rain accumulations based on a period from 08:00 to 08:00 local
time. Hourly rain data are available only on tho;e rare occasions when a cell passed over a
station equipped with a TBRG. As there are no more than 2 satellite passes §eparated by
100 minutes, the climate data do not allow direct comparison of satellite-inferred to
observed rain amounts. Instead, the satellite-derived amount repréfents only a lower limit
to the observed 24 hour accumulation. Even when the estimated and observed amounts
agree. it is still possible that the observed rain occurred outside the time period of satellite
coverage. However, should there be a number of precipitation reports confined to the
path of a s. rm (as viewed by the satelliite) then it may be safely assumed that the"rain is
due to that storm. v ' ‘ ‘

Table 6.1 outlines the conditions under which 3 comparison of e\s\timated to
observed rainfall amounts is considered to be a Sz:or_rect, neutral, or incorrect ;)(ediction.
Neutral, as used here. means that the prediction is not incorrect:-but cannot be‘h proven
correct either. Of course, wherever possib‘le, hourly rain amounts are used as a primary

source of information in preference to climate data.

6.3.2 Radar Data

For a few cases, radar-derived rain accumulation were obtained from the Alberta
Research Council radar at Penhold. Accumulations are calculated using an average rain
rate over 5 to 7 minutes. Rain totals on the ground are inac;curate at_the beginning and end

of the accumulation period as the storm would not have moved entirel'y over a point on the

ground. It is difficult, therefore, to know if a given rain amount is due to the cut-off of

the accumulation period, or a weakening storm. To aid in resolving this problem, rain

intensity maps for the beginning and end of the accumulation period are also inclv <. .
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6.4 Construction of Rain Maps
The foliowing describes the tachnique used to infer point rain amounts. Satellite
derived rain maps were constructed before obtaining observed rain data in order to avoid

biasing the inferred amourits. ‘ : .

6.4.1 Size and Placement of Rain Area

Not only must the amount of rain be inferred, but also the size and position of the
precipitating area within the cloud. The size cannot be determined directly from the
satellite images. Instead, it is merely assumed to be in the range 15-25k_m. These are the
values obtained from the duration of precipitation for storms in the dependent sample,
assumlng a circular rain area moved directly over the station.

For the dependent sample, the cloud area defined as "Zone 1" was quite successful
in isolating the portlon of the cloud mass where most of the precipitation occurred.
However, as Zone 1 constituted 20% of the cloud mass, it was usually much larger than
the pr‘ecipitatihg element Consequently whlle it is often not difficult to define Zone 1,
the inferred position of the small rain area within the zone can be quite poor, especially if
the cloud area is very large. As explained in Section 3.5:1, the convective core is
generally near the upwind temperature gradient, and this was the main guideline used in

determihing the position of the precipitating area.

6.4.2 Speed of Cloud

As discussed in the previous chapter, point accumulations are dependent up'onbthe
~ cell’s speed... Table 5.2 was coné’tructed for clouds moving at approximately 50km/hr.
Inferred rain amounts can easily be adjusted for different' speeds. However, ae the speed
of the clouds in the independent sample used here (determine’d from satellite images or

700mb maps), were found to be in the range 40-60km/hr, no adjuetments were

necessary. \
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: 6 4.3 Construction of Rain Amounts

The construction of a rainfall map based on a snngle satellite image was a
straight forward procedure For each cloud considered, temperature and brightness
contour maps were produced. ' The cloud was then diwded into the three zones. A 10 or
20mm rain cOntour*Jwas drawn near the upwind temperature gradient in Zone 1 if
temperature and brightness values exceeded the threshold values given in Table 5.2. The

diameter of the rain area-drawn was in the range 15-25km with smaller areas

corresponding to smaller warmer clouds. This is a subjective procedure used to indicate,l'

a Qrowing or shrinking rain area when, over two ‘'sequential images, a storm appeared to
be intensifying or dissipating. When a 20mm contour was drawn, a 10mm conteur was
sketched around it. No attempt was made to identify ti-ie position of the Omm contour as
this was not investigated in the dependent sample. - ‘

A more difficult task was mterpolatlng raln arejs between two sequential images.
it may be that rain is implied on only one, or between images. In these cases, a linear
interpolation of ‘the extreme values"pf temperature and brightness was used to determine
the position at which to start or end the rain eontoure. There are four conditions that can
be encountered: rain indicated on both images. rain on first image only, rain on second
Yimage only. and rain between images. |

When rain was inferi‘ed on .both images. then the two precipitation maps were
over-laid and the precipitation area.s linked together. It is possible that rain actually
occ -red only at the time of the satellite passes and not in-hetween, althaugh moi’e likely
the cloud produces rain continually, butin varying amounts during its lifetime.

For all other conditions given above, the procedure was to first plot the path of
the stor;m. Extfeme values ofﬂ temperature and brightness from each image were used to
interpolate linearally the temperature and brightness values along that path. Rain contours
were drawn wherever the threshold values given in | able 5.2 were exceeded. This

procedure is also used to infer chengés of rain totals from 10mm to 20mm and

7

vice-versa. | The evolution of temperature and brightness is probably not linear over 100

minutes. However, considering the errors introduced by uncertainties in-the temperature
I ’ . .
and brightness values, the uncertainty in the position of the convective core. and the fact

that actual evolution ra'%s are unknown, it would‘be‘; pointless to attempt anytning more
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so-phisticated than a simple linear interpolation.

The ends of the rain contours are left open when rain is inferred to be occuriné at
the time of the satellite pass. This indicates thatlthe beginning or end l‘ocation of the rainis
unknown. Finally, if two storms pass over the same area, the rainfall from each is

summed together. In this manner, 30mm or 40mm contours are possible.

6.5 Intarpretation of Rain Maps

As the error in the position c":f the convective core can be quite large, (>30km for
a large cloud) emphasis is placed on the correct prediction of rain amount. That is, if the
inferred rain amounts and contour pattern are consistent with the observed amounts and
pattern, then this is considered a "success’, even if the position of the inferred and
observed amounts are not coincident. There is no guaranteed sucess' since, as previously
mentioned, it is unknown ‘when the rain given in the climate data occurred. Howéver,
should rain be predicted and none observed, then this is counted a definite failure..

"I the only error is the placement of the convective core, it should be possible to

shift the inferred contours so that they match the observed rain. This procedure is to be

avoided unless there are observed amounts ne . equal to those predicted. When
' , O
observed rain amounts are less than predicted. it is always possible to shift the contours

so that they lie between, rather than over climate stations. In fact, as will be seen, more
often than not storms pass between stations. This is expected, as the inferred diameter
" of the rain area is < 25km while the distance between neighhouring climate stations can be

much larger. Consequently, all contours are left as originally drawn.

!
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The following section presents satellite-terived precip‘itoation.rﬁaps for 9 days,

with two or more storms investigated each day. Also given for each day are the
.clou_d-top temperature maps. Contours are drawn only for those areas colder than -30°C,
at 1OA°C intervals. The approximate scale for -all temperature mabs is 1cm =35 Km. The
scale for-the precipitation maps are given individually. For all maps (temperature and
" precipitation) an arrow is drawn pbinting northwards. Each case is discussed individually
with a subjective rating of how well the contours match the observed rain amounts. No
objective measure is possible since the rain amounts over the time period.covered by the

satellite passes are unknown.

[ -



6.6 Case-Studies

6.6.1 June 02 1982 ‘ ‘ .

The cloud-top temperature contours at 21:10 GMT are given in Figure 6.1a. A
band of cells are aligned alang the mountains in northwestern Alberta. Figure 6.1b shows
the temperature contours at 22:55 GMT. The band has meved ea‘stward _ar1d rotated
slightly so that it is aligned more east-west.

Three cells, marked A, B and C on Figure 6.1 have been identified, eaeh with
cloud- tops colder than 50°C Brlghtness values greater than 145 are found only on the
first |mage. implying that the rain ended before the second satellite pass. The
correseonding rain contours and observed amounts are shown in Figure 6.2 There are no
observations of amounts greater than 10mm, but three stations (Nose Mountain, Kakwa
and Smoky). enclosed by the 10mm contour associated with Cell A are very close to this
value. Also, as the stations are aligned along the contour it is strongly suggested thall all
of the observed rain was due to the passage of this storm. The contours identified with
~ cells B-and C lie between stations so no verification of the inferred amounts is possible.
| Based on the movement of the clouds and the orientation of the rain pattern. the

area of precipifation east of the contours at Pass Creek. Eagle and Sweathouse is due to

some cell other than those seen on the satellite photographs.
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6.6.2 June 04 1982

Figure 6.3 gives the temperature maps at 20:50 GMT and 22:54 GMT
respectively. A line of cells moved east-northeast from the mountains into central
Alberta. Cloud-top temperatures were < -60°C with blrightness > 150, although it
decreased in both magnitude and area between satellite passes. The infer;red rain
contours are shown in Figure 6.4. A 20mm contour is drawn nearly east-west through
ce‘ntral Alberta. Rain amounts greater than this are observed, 'but 35km north of the
predicted area and only in central Alberta. From ths TBRC}-S.e(jords, the rain at Penhold and
Lacombe occurred after the second satellite pass, which i?consistent with a northeasterly
cloud motion. Between 23-01 GMT Penhold received 11mm in less than an hour and
16.9mm fell at Lacombe (11.3mm from 00-01 GMT). .

The fit between observed and derived rain amounts would be greatly improved if
the contours ‘were moved northwards. The area of maximum observed rain in central
Alberta is 35km north of the predicted location. Generally, uncertainties of the contour

- position of this magnitude are possible due to the conﬁ_binafion of errors in gridding,

overlaying images and positioning the small convective .core within the larger anvil. -

However, in this particular case, the errors do not appear to be larger than 20km.
Furthermore,leven after adjusting the contours, there is still too much rain'inferred,over
western Alberta. |
While not a complete success. the results are encouraging. Penhold and Lacombe
both received > 10mm in less than on'é hour~ It therefore is reasonable to assume that
most of the rain recorded by the upsfream stations alsc fell within a short time period.
The rain-estimation technique was successful in that it correctly d‘etermined that heavy rain

occurred.

m
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"Figure 6.4 As in Figure 6.2 except for June 04, 1982.
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6.6.3 June 05 1982 ‘ ‘

Two cells of interest are seen on the satellite passes at 20:35 GMT and 22:15
GMT. These are marked A and B on Figure 6.5. The storms moved'eaetward from the
Sask atchewan-Alberta border at approximately 60km/hr. The interesting feature here is
| that the clouds are aligned along the direction of motion so that point rainfall
accumulations are'a combination of rain from each storm.

The temperature and brightness of Cell A is such that Heavy rain is_presumed to
have ended before the time of the second sateilite pass. The temperature of Cell A drops
from -50°C to -57°C so that rain amounts increase from 10 to 20mm between passes.
The resulting precipitation map is given in Figure 6.6. Moving from west to east. seen
flrst is a 10mm contour assocnated with the rain from Cell A. Next is a'20mm contour
which results from the overlap of two 10mm contours (one from each celll. This is
followed by a 30 mm contours caused by the combination of 10mm amounts from the
Cell B and 20mm from Cell A. The eastern edge of the 30mm contour marks the position
yvhere rain from Cell A ceased. | |

As with the previous case. rain amounts are reasonable but the position-of the
contours are, at first glance, poor. Kelfield received 20mm .while 39.6mm fell at Biggar.
but the centre of 30mm contour 1s 40kﬁ from Biggar. Considering that only a rough
~linear interpolation is used to determine -the position at which to start and end the
precipitation areas, this is actually fairly close. Only a small clockwise rotation of the
contour pattern is needed to greatly improve the fit between observed and inferred
amounts. As always. it musgybe nofed that the observed rain is not necessarily due solely
to- the cells described above. However', the proximity of observed and predicted rain

areas strongly suggests that this is the case.
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6.6.4 June 14 1982

The c‘Ioud top temperature contours for the satellite passes at 20:30 GMT and
22:10 GMT are shown in Figure 6.7. Two cells, marked A and B have been investigated.
Cell A is southwest of Edmonton and Cell B is near Coronation. Both are moving to the
southeast. Cloud-top temperatures are in the range -58°C to -60°C, so that the rain
contours, shown in Figure 6.8, exhibit a 20mm contour, albeit quite smali. ‘Unfortuna'tely.
both cells passed over an area devoid of climate stations. The largest reported rainfalls
are 6.0mm and 7.0mm at Alliance and Brownfield, respectively. This rain could have been
caused by either of the cells or a combination of both.

Cell A was just within range of the radar at Penhold. The radar accumulation map
for 20:06 GMT to 21:46 GMT is given in Figure 6.8c. Rainfall amounts in the range
' 10-25mm are common. The rain rate maps, given in Figure 6.9a-b show that the rain
intensity was also heavy at the above times.

Again, the satellite-inferred rain amounts are consistent with the observatioﬁs SO
that this is scored as another success. at least for Cell A. It is noted, though, that the
radér echoes place the track of the storm east of Camrose, rather than west, as ;hown on

Figure 6.8.
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Figure 6.8 As in Figure 6.2 except for June 14, 1982.
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6.6.5 June 15 1982

-On this day there were numerous cells in Saskatchewan as seen on the infrared
images at 20:20 GMT and 22:00 GMT shown in Figure 6.10. The motion of the ‘clouds
was fovvards the southeast. Minimum cloud-top températures are in the range -60°C to
-62°C, whule brightness decreased from 165 to 150 betWeen the satellite passes. On
Figure 6 10a, the cells are quite small. By the time of the second pass, they have grown in
size and the cirrus anvils have merged. Because of this merging, it is very difficult to

follow any particular cell from one image to the next. Four cells, marked A D are shown

on Figure 6 10b, but the posmon of the convectlve cores w4thm the cloud mass are very

uncertain.
The satellite-derived rain contours are shown in Figure 6.11. Amounts over 20mm

‘are predicted, but the ma;orlty of the observations indicate much less than this. Rain is

also seen to lie, between contours, but this is misleading. At Bad Lake, between ce\ﬂs#\”

and B for example 4.2mm was observed. but the TBRG records show that this occur}red
after the satellite passes. More disturbing is the observatlon at Dana which reported less
" than 3mm, but is enclosed by the 10mm contour associated with Cell D. However, some
points can be maoe in defence. Cells A, B and C appeared to have skirted around climate
stations eo that there is no firm evidence that the'oontours are incorrect. Near Cell D,
_Colonsay received 19mm. There are four climate statuons in Saskatoon. The minimum
reported was 2.0mm, and the maximum, at Saskatoon Central Avenue was 11.0mm. If
this observed'ram is associated with Cell D, then the position of the rain contours are very

poor, belng displaced 30km to the east. However as mentioned above the position of

convective cores are very uncertain and errors of this magnitude are quite possible. Note

also that, the contours were shifted to the west, then Dana would be removed from the

s

;infer'red heavy rain area. Overall, tho'ogh, amounts appeer to be greatly over-estimated so

- this case is considered.to be a minor failure, at best.

\ | It is noted that Outlook received 5.6mm"vvhile, only. 13km to the southeast,
Glenside reported 25.0mm. Such large vanatlons over a small scale would not be easily
detected by the method employed here except under very favourable circumstances. For
example, the rain-producing cell would have to pe exceedingly well-defined on the satellite

image, wgthot - large, obscuring cirrus anvil.
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666 June 21 1982

Rainfall from three clquds has been mapped, based on the satqllite imagery at ..
20:50 and 22:30 GMT. These are marked A,B, and C on Figure 6.12. In southern
Alberta. Cell A moved north. of Cochrane as its cloud-top temperature dropped from
-51°C to -55°C and the maximum brightness decreased from 160 to 120. The resulting
inferred rain contours are given in Figure 6.13a. . This is yet another example of a cloud
‘maving between, rather than over, climate stations, so there is little support for the
predicted émounts. The largest observed amount is 5.5mm, just upstream of the
contours. The 'radar-derived accumulation\map for 20:41 GMT to 21 :43 GMT is given in
Figure 6.14c. Rain intensity maps for the same times are shown in Figure 6.14a-b. The
‘accumulation period wasm- stopped mid-way between the times éovered by the sateliite
passes, as the cell Was clearly dying. Amounts > 10mm were detected by the radar, but
Ionly upstream of the satellite rain contours. Over the area covered by the contours,
satellite estimates are greater the those of the radar. On the positive side. even though
th,e@‘moved over the area near Acme, no rain was predi‘cted. because of the low
brightness values, and none was observed.

Two cells, marked B and C. in the vicinity of Whitecourt were also investigated.
Precipitation was inferred to have started after the first sateliite paés for both storms and. _
for Cell B, to have ended before the second pass. The resul'ting rain contours are given in '
Figure 6.13b ‘

The 10mm contour for the Cell B well represents the observed amounts.‘ The
22:30 GMT weather report, given in Table 6.2, shows that the storm passed 'Qirectlly’,over
Whitecourt, yet only light rain amounts were expected as the brightness in/és'lésé/ﬁién’f
145. This proved correct as Whitecourt received only 1.6mm from 22k-.23 GMT/,.// o

The contour associated with Cell C does not match the observed amounts' as well,
but the error in position is wifhin estimated errors. Tony Hill, which received 12.5mm. is
fess than 15km nortﬁ of the contours. Ansell, south of Edson} received 14.3mm, but as
the temperature over Ansell was higher than -10°C, the‘rain probabty occuréd at some-
other: time. This is supported by the Edson weather reports given in Table 6.2.4 During

the time period covered by the satellite images, the only storms observed were either

over or north of the station. Also, Edson received only 2.6mm from 21-23 GMT.
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" Table 6.2

YZU
YZU
Yz

YZU

YZU

YET
YET
YET
YET
YET
YET

SP
RS
SP

SA

SP.

SA
sp
SP
SP
SP
SP

2100

2200

2230

12300

2310

2100
2109
2137
2150
2215
2245
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SURFACE WEATHER OBSERVATIONS FOR JUNE 21, 1982

50SCT
50$CT
50SCT

40SCT

40SCT

40SCT
40SCT

WHITECOURT

65SCT 280-BKN 15+ CU2CB3CI1
65SCT EQOBKN 15+T CU2CB3AC2CI1 .LTGCG SW
EGOBKN 90BKN 280BKN 15TRW- CU2CBSACICIT
TSTM OVRHD LTG ALQDS
E6OBKN 90BKN 15+ TRW- SC2CBBACT
TSTM MOVG E

' [
EBOBKN 90BKN 15+T SC3 CB5 AC1 SHWRS E

EDSON -

EGOBKN 110BKN 40 CF1TCUBAC1T SHWR NW
EBOVKN 40T CF1 TCUBAC1T SHWR NW

EGOBKN 20TRW- TCU8 LTGCG W

E60BKN

10TRW-A- CB8 HAIL PEA SIZE

E50BKN 30T CBS TSTM MOVG E

E50BKN 30 CBS8



6.6.7 June 22 1982

Figure 6.15a-b gives the témperature contours at 20:35 GMT and 22:15 GMT
respectively. The storms of interest are those in eastern Alberta that moved sastward
over Saskatchewan, marked A.B.C, and.the cells marked D and E in sc‘>uth-western
Saskatchewan. Just north of .Cell A is a large precipitating cloud band.

From the satellite images, it is clear that considerable changes have occurred
between passes. Some celis have merged and new storms have forrr;ed. Similar to the
situatian outlined for 'June 15, the pos‘i’tion and track of the convective cores is very
uncertain. In fact, it appear‘s that not all of the cells have moved in the same direction as
reflected by the inferred rain contours given in Figure 6. 16a and 6.16b.

This is by far the most complicated of all cases investigated. Generally, results are
acceptable in central Saskatchewan, but poor in the south. Coronation and Sullivan Lalke
both received near 8mm over 24 hours, ar‘d are very close to the 10mm contour
associated with Cell A. However, from the TBRG records, ony 5.5mm fell at Coronation
during the period covered by the satellite images. The weather observations for
Coronation are givén in Table 6.3. Moderate rain occurred at 22:00 GMT, associated with
gusty winds of over 30 knots. It is quite likely that the gauge-rain amounts are
under-estimated because of these strong winds. The narrow 20mm contour associated
with Cell B lies near three stations, two of which (Scotfield and Sibbald) received nearly
15mm. Further south, conditions are worse. Acadia Valley lies within the 10mm contour
of Cell C. but did not receive any rain whatever. The nadir of all test results is found over
" southern Saskatchewan. There are ‘? number of stations enciosed by a 10mm or 20mm
contour for which only a trace of precipitation was recorded. There is no obvious
explanation for the complete failure of the satellite rain estimates in this area.

Overall, the satellite rain estimates do not.provide a good fit to the obée'rvations.
However, this i1s by far the most complex case. It is possible that cloud areas identified as
being the séme ceil over two images are, in fact, different cells. If true, then the area
covered by the rair contours would b.e much smaller. A shorter interval betweenb satellite
images than the 100 minutes provided by TIROS is required to follow individual cells when

they are merging and evolving at a rapid rate. It is not surprising that this example proved

too complicgted for the simple technique employed here.
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Table 6.3

YCT

YCT

YCT

YCT

YCT

YCT

SP

SA

SP

SA

SP

{7

CORONATION

SURFACE WEATHER OBSERVATIONS FOR UJUNE 22,

2005 40SCT EBO0BKN S0BKN 2300VC 15+7 3221G32
: CF1CBBACC3CI1 SHWRS N QUAD PATCHS BD

1982

2044 45SCT BOSCT ESOBKN 15+ 3226637 SC1CB4AS3CI1
OCNL LTGCG WNW HRZN SHWRS SE-S-W-N

2100 455CTNESOBKN S0BKN 230ABKN 15+ 3224G34 ~
SC1CB5AS2CI1 OCNL LTGCG SE-S-WNW HRZN SHWRS SE-S-W-N

2128 18SCT EBOBKN Q0BKN 230BKN 15+TRW- 3226G33
'CF1CB7AS2CI1 LTGCG S&W TSTM OVHD S AND W

2200 17SCT ESSBKN 90BKN 2300VC 12TRW 3225G37
CF1CB7AS1CI1 FRQT LTGCG

2250 17SCT ES5BKN 90BKN 220BKN 15TRW- 0126G36

CF1CB7AS1CI1

PRESFR
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6.6.8 June 27 1982

. The temperature contours for the single infrared image (at 21:15 GMT) available
for this case is given in Figure 6.17. The attempt to map rainfall from this storm was
approacrued with some hesitation. It is much larger than the other storms studied and may
represent a different scale of development. The minimum cloud-top temperature is‘
-71°C, far colder than any other cell investigated. Clearly, this storm is not the typical Cb
‘that is' common over Alberta and Saskatchewan. However, it was thought to be
interestino to appiy the rain-estimation technique to a variety of situations, so despite any
poesible misgivings, this case was included in the study.

Using Figure 5.4 as guidance, . indicates maximum amounts - of 30mm,
corresponding to the very onv temperatores. The size of the heavy rain area was drawn
somewhat larger than usual, as a subjective response to the size and apparent intensity of
the storm. ” . '

The rain contours are given in Figure 6.18 The arrow points toward the assumed
direction of cloud motion based on the 700mb flow.

Estimated rainfalls do not match the observed amounts very well, but these are
qunte variable. VaI-Marie within the 20mm contour, received only 11.0mm. However, it
is near the western edge of the cell and posmsnmg errors could account for the
dnscrepancy A slight eastward shlft of the rain pattern would put Val-Marie between the
10 and 20mm contours. Conditions further north cannot be expiained so easnly Kincaid
received only 2.2mm while slightly to the east 25.0mm fell on Lafleche. Generally,
though, amourxts in this aree are near 10mm, consistent with the position of the 10mm
contour. Accumulations > 20mm are common east of, and along the assumed storm
track. However these occurred well after the time of the satelltte pass and consnderable
evolut:on of the storm could have taken place. Ormuston, for example, received its 26mm
three hour_s\aft'er the time of the satellite image. “

While this case is not a complete failure, as heavy rain amounts were reported, itis

'/\ far from a success. 'As usual, more rain data would be helpful especially in extreme
southern Saskatchewan. - The best that can be said is that.the threat of heavy rain was
prooerly predicted.‘ However, with a storm of this intensity, even a novice meteorologist

would have foreseen the possibility of associated severe weather.
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Figure 6.17  As in Figure 6. 1uexceptﬁ: Cuume L, 382 at 2115 GMT.
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6.6.9 July 29 1982

| From the temperature contour maps at 20:00 GMT and 2 1:40 GMT, given in Figure
6.19, it isbseen that there are many small cells that intensified between passes. This day
was chosen for study as the majority of the cells appeared to be only borderline cases
from the point of view of producing heavy rain amounts. As can be seen on the

precipitation map given in FigUre 6.20 the rain areas are quite small. Unfortunately, once

again they lie mainly between, rather than over the climate stations. The largest area of.

inferred precipitation is just northwest of Edson, where a 20mm contour was drawn.
Edson received only 4. 1Tmm from 22-23 GMT. However, the weather reports, shown in
Table 6.4, reveal that the storm was an intense one, giving heavy rain and hail. Also, as
only 6/ 10 of the sky was covered by the Cb it is reasonable to assume that the storm did
not pass directly overhead, and thaf amounts > 4mm could have fallen nearby. The area
of greatest observed precipitation is near Rocky Mountain House. TBRG records show
that this rain did not occur ur"ntil 01-02 GMT and is possibly associated with the small
10mm contour to the southwest. Thi; area has been denoted "forming” to indicate that a
new cell appeared at this location on the second satellite image. New, in this case, means
that the cell was not visible on the first image:

The 10mm contour east of Edmonlton is associated with a small storrﬁ ‘that
intensified as it>moved eastward thron.Jgh the Edmonton area. Rain amounts are light.

Woodbend received 3.0mm while nearby stations reported less than Imm. The cell was

also seen by the ARC radar, but, unfortunately, not until 21:34 GMT. Figure 6.2 1a the rain

,iﬁﬁbsity map for that time, shows that rates > 10mm/hr were occuring. However, the
storm dissipated by 22:08 GMT and the rain .ccumulation map ‘for 21:34 GMT to 22:08
GMT gives amounts less than 2.5mm. The weather reports for Edmonton International
Airport are given in Table 6.4 and show that a heavy shower was seen east of the airport
at21:21 GMT. . '

o O;/éréll,"ﬁa;:verification of the ihferréd rain amounts i‘s possible, as the storms
moved betwee:n clihate stations. However, the Iac'k of even one report of accumulations

as large as predicted suggests that the inferred rain amounts are too large.
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Table.

YET
YET
YET

YET

YET

YXD
YXD
YXD

YEG
YEG
YEG
YEG
YEG
YEG
YEG

SA
SP
RS

SP

SA

SA
SA
SA

SA
SP
SA
SP
SP

SA

SA

6.4

2100
2136
2200

2215

2300

2100
2200
2300
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SURFACE WEATHER OBSERVATIONS FOR JULY 29, 1982
EDSON

7QSCT 120SCT 30 CB2AC2 SHWRS N-NW
70SCT E120BKN 30T CB5AC1 LTGCG NW-SE

E70BKN 120BKN 5T+RW+A CBE AC2 LTG ALL TYPES OVHD
A PEA SIZE

E70BKN 120BKN 15TRW- CB7 AC2 TSTM N-E MOVG SE
' PRESFR

E60BKN 300BKN 30 CB6CIt SHWRS ALQDS LTGCG E-SW }k

EDMONTON MUNICIPAL AIRPORT

EBOBKN 90BKN 15 TCUBAC2 K
EBOBKN 290BKN 15 AC6CI1 K CB EMBDD E
90SCT 290-BKN 15 AC2CI2 K CB EMBDD E

!

EDMONTON INTERNATIONAL AIRPORT

2000
2044
2100
2105
2121
2200
2300

"X 40SCT E120BKN 300BKN 12 K1CU2ACACI |

-X E40BKN 120BKN 12T K1CBBAC1 LTGCG

-X E40BKN 120BKN 12TRW-- K1CB7ACC1 LTGCG
-X E40BKN 120 BKN 12TRW- K1CB6ACCT LTGCG
40SCT E100BKN 12 CBA4ACC3 HVY SHWRS E
40SCT 100SCT 12 CB4ACC1 K '

40SCT 300-BKN 12 CB2 CI CB TOPS W K



6.7 Discussion

Based on the cases studied some general comments can be made.

Inferred rain amounts and the position of the contours best represented the
observed rainfall for isolated cells. Resul.ts were expectedly disappointing for cases
involving merging cells, as large areas of obscuring cirrus debris from the merged anvils
rﬁade it difficut to follow any given cloud area from one image to the next. Increased
freqyéncy of sateliite images would aid in the solution to this problem. Even for isolated
cells. the deduced track of the cell often differed from the actual path {based on the rain
amounts) due to a combination of three errors: |
1. gridding uncertainties (10km)

2. erro;'s introduced when two images were overlaid (up to 30km)
3. uncertainty in the position of the convective core.within the cirrus anvil (error
dependent on size of cloud area) \

While precipitation amounts appear to be generally overestimat‘ed, .this is to be
expected. The rain contours drawn répresent the maximum amounts gssociated with a
cell passing directly overhead. As the cells studied here are generally smaller than the
distance between climate stations, it is quite likely that, in many cases. the maximum
rainfall occurred at some location between the stations. Radar-derived accumulations
were obtained for three §torms. Satellite estimates agreed on one occasion but were
greater than the radar amounts for the 6ther two. Resuits would have to be déscribed as
"mixed"”. 7 "

' The observed rain amounts occasionally exhibited large variations over short
distances (see discussion for Junék 14 and 15 for ‘example). It is unknown if this was
caused by a small rain area passing directly over one station while just grazing another, or
the result of small-sEale varig,tions within a Iargé precipitation element. The rain estimation

,

- method used here is not capable of discerning the latter situation.

One extremely intense storm was investigated. In general, intense storms are not

expected to be well handled. The largest rain amount that can be predicted, for a storm

moving at about 50km/hr, is 30mm (corresponding to a cloud-top temperature of -70°C).

One-hour accumulations much greater than this are possible. For example, the storm of -

July 01, 1982 (see Chapter 4) gave 66mm to Lethbridge. Cloud-top temperatures at that
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time are unknown, but were only -60°C one hour later. It may be that some feature other

than temperature alone can be used to infer higher rain amounts. An example would be a

storm exhibiting a "V" shaped cloud-top temperature structure. Prediction of the réin

rates associated with such features .will not be possible until they are first included in the
development sampie. |

Finally, the question of “false alarm ratio” (the fraction of storms that are cold and
bright but do not give heavy rain) has not been answered by the few case-studes
iinvestigated here. The cells over southern Saskatchewan on June 22, 1882 and near
Moose Jaw on July 14, 1982 (see Chapter 4) were all bright and cold but little rain was
reported. In the ca;é of Moose Jaw, a thunderstorm is knqwn to have occured and it is
possible tr;at the storm bnly grazed the city. However, the balance of cases strongly
suggest that at least the threat of heavy rainfall somewhere along the storﬁws path can be
succesfully identified. With better time resolution of satellite images, the crude
interpolation of temperature and brightness required to determine the beginning and end
of rainareas would not be required. This should lead to much more accurate estimates of
rain areas. .

Overall, then, it is felt that ‘reasonable” estimates of rain amounts can be made
using the TIROS satéllite images. Complete accuracy is not obtainable as even the ground
observed rain amounts can be in considerable error. Here, rain amounts were predicted
only in very broad ranges. No doubt, more accurate and higher resolution satellite and rain

data would resuit in a better rain estimation scheme, as would the inclusion of radar data.

This, and other important improvements are the subject of the next and final chapter.
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7. Conclusions and Future Work

7 1 Conclusions

Based on the development sample the following conclusions have been reached:
1. Given point rainfall amounts of > 10mm, produced by the passage of a

convective storm, the cloud top temperature is < -49°C and the brightness is

>145.
2. The amount of precipitation is inversely proportional to temperature.
3. Rain intensity is proportional to the temperature difference the cloud

top and the tropopause.

» . <

Result (3) is tentatlve as the sample size upon which it is bas‘F& §s

potentially the most Jmportant as the pomt rain aqcumulatlon ~B ¢ studied
here, rests mainly on the storm’s rain rate. o . 3 ;

‘When (1) and (2) were applhed to. a set of satellute images (ln order to lnfer rain
amounts) the estimates were comparable to observed accumulations - for usolated celis.:
Results were poor for more complex sntuatlons such as merging cells. becausé individual
cloud areas could not be tracked over _two succesive images. Inferred rahranges were
large and the majority of observed rain accumulations were for 24 hours, so that
‘comparlsons are not completly rehable Nonetheless, resuits are eneen}\r‘aglng enough to
warrant further investigation. Gnven in the néxt sectuon “are suggestions for extensions to
the work done here that would, it is hoped, lead to a useful satellite rain estimation

i

technique for the Canadian Prairies.

RN - o
7.2 Future Work '

7 2.1 Satellnte

.)
0

A basic step forward would be to use the HRPT visible and infrared: lmages Digital |
data for these are available from the Alberta Weather Centre in Edmonton. However,
TBRG records may not be available until many months after the period they cover whieh
requires that many months of satellite data be saved on magnetic tape until the da;;sH

suitable for study are known. This could be a problem as tapes are not regularly archived
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at the Weather Centre. The alternative is to produce temperature and brightness maps on

a daily basis, however this too may not be feasible within the constraints of an operational

weather office. Undoubtedly some compromise could be reached, such as saving only

tapes of days which exhibit considerable convective activity.
- Increased time resolution is also essential. GOES images are available every 30

minutes, but the resolution of the infrared images is only 16km over central Alberta. This

L}

is still useful as areal cloud growfh, could be monitored. Also relationships between

temperdture fields from eo-incident GOES and TIROS images could be used to revise any
Pl

incorrect values caused by the poor GOES resolution. At the very least, temperature
chahges could be obtained from the %2 hourly GOES,pictures.
Duration of satellite coverage is important as well. The Weather Centre receives

data from both the NOAA-7 and 8 satellites. At 2 passes/ sateliite this allows coverage

for 5 hours. Of course, the use of GOES~ images makes continuous cloud monitoring
possible. |t 4 be interesting to determine if the correlation betweenb,satellite
estimated anc _~vzd raih amounts increased with increasing dﬁrat‘ion ;:f coverage.
Brightness vaiues should be normalized fon; overhead. illumination. This ',;'Would
allow better comparisons between different geographical areas, time of year, and other

PN

techniques developed by other investigators.

.7.2.2 Radar

The most important improvement, next to better satellite data, is the introduction

of radar data. The high temporal resolution would ensure that a radar map would be

available at a time very close to that of the satellite pass. It would, therefore, no longer be
necessary to correct and estimate cloud-top temperatures and brightness for time
differences Be‘tween the satellite picture and observation of rain. The wide areal
coverage wou'la allow correlation between éc;ho strength or area to temperature and
. brightnéss thrdughout the cloud area. This is especially valuable as it would help define
e DosTion and size_bf th,e.stor:m’s convective core in relation to the overall cioud area
anu «emperature structure. Furthermore; changes in the in'tensivty of the/rain rate could be

easily monitored. |
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7.2.3 Rain

Even with radar data, there.is still a bressing need, for impfoved ground-truthiné. It
would be valuable to implement a dense network of high resolution rain gauges in an area
frequented by convective storms, such aslcéntral Alberta. As a minimum, the actual
traces from the existing TBRG network should be made availabie, rather than only the
TAB31 charts which give only hourly amounts. This would allow accurate tifhing. of the
precipitation event, both in amount' and i_n_teﬁsity. These arehavailable by special fequest
from AES headquaters in Tbronto, but only 8 months to a year after the date of the raivrlm

event. ‘ ’ o .y

7.2.4 Statistic; ’

A much larger sample than.was used here is required for proper statistical analysis.
Also, all convective storms §hould be used in thé development sampie, independent of
temperature, brigr{tness or rainfall. Of course, this will result in a very large sample. but
‘more importantly. -it would avoid biasing the sample. This wodld eliminate one of the
problems encountered Here namely that it is not known if the distribution of cloud-top
temperatures for the "heavy raln cases ’IS different from that for all storms. Also the use

of all cells would lead to a scheme that could predict smaller rain amounts {0-10mmj, and

allow an estimate to be made of the false alarm ratio for inferring heavy rain.

7.2.5 Further. Suggestions
The shépe of the cloud area or tbe'mper'ature stchtpre could be used to infer the

intensity of a storm. For ekample, a Wedge-shaped anvil may indicate strong divergence

aléft and hence a‘more intense;torm (Scofield _and Qliver, 1981). |
Climatology should also be used to adjust rain estimates. If a geographié’al area is

known to receive enhénced or diminishéd rainfalls, due to some topographical feature, this

ShOL{‘(d be refle\c;ted in the predicted rain amounts. _ . >
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Finally, all tests mentioned above or performed in this study could be applied to

. ‘synoptic-scale rain events. A preliminary test was made for such a casé that occurred on
July - 02, 1982. Considerable ralnfall was' found beneath an area with cloud-top

temperatures near -20°C while almost no rain was reported underwartarea with extensive
rs w"'tJ’-)
x

x

¥y ‘ : ‘ . . ’ V4 N



~

cloud cover and temperatures near -45°C. Similar behavior was seen over Edson-on July
. A s
14, 1982 (see Chapter 3). Clearly, the procedure used tozinfer synoptic rain amounts may

be quite dif ferent than those for convective storms.

-

If all that is required is some megans to identify areas were heavy rain is likely, then
the simple technique preseﬁ‘ced in this study is a valuable tool. However, much work

remains to be done. Given the .experience of other ifvestigators, there is little doubt that

a method of estimating rain amounts? large or small, from satellites can be developed. Itis

hoped that the work presented here proves sufficiently encouraging to stimulate further

reasearch, and that the suggestions given above will soon be acted upon'. R
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Abpendix A

Infrared Calibration Equations

The step-by-step procedure used to conwert the infrared radiance counts to equivalent
black-body temperature has been described in section 2.1.2. Here, the coefficients and
‘ /
equations needed to apply those procedures are given.
A.1 Conversion of PRT Counts tc; Temperature
The equatibns used to convé{t the satellite counts from the four platinum resistor
thermistors into temperature in °K are~g\iv'en in Table A.1. - TMIRP are the digital counts.

" The factors of 4 and 16 are used to c‘on@rt the received 8 bit number into a 10 bit
- .

~

_ number. ~

™~

N

A.2 Conversion from Temperature to Black-body-Radiation

The black-body radiation N(T) associated with temperatu.re T is given by

VA : : :
W =80, T3 (e - A1)
Jl - L
where 8(v,T) is the Planck function. v - is the wavenumber (cm™ ) and ¢(v) is given . ‘if

by
(v) = ¢ (v) : ’
oy f‘i’i\’jd\)f (A.2)

where V) and V2 are the wavenumbers at the limit of the response function.

. Approximations of equations A.1 and A.2 are

N(T) =i(vi,T)¢>(vi’)A\>‘ - ~(A3)

and

blv) = i
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The form of the Planck function used is

ot

Bv;,T) = €,v3 /(exp(C,v,/T)=1) | A5

where the universal constants C1 and C2 are

C1=1.191 .59 x 10°° mw/(m?steradcm™*)
C2 = 1.438833 cmK
Valuesof v, . Av . 'n and ¢(‘vi) are given in Table A.2."

A.3 Correction for Non-Linearity of Space
As the output of the radiometer is not perfectly linear, a correction is applied at
step 5 in section 2.1.2 by using a non-zero value for the radiance of space. The, values

used are -1 151 and —1 176 for TIROS-N and NOAA 7, respectlvely
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Conver51on of satellite PRT digital counts(TMIRP)

Table A.1 i
to Temperature (T) in °K

) %2
2)*%2
3) %2
1) %2

16*8.29E-6*TMIRP

T1=277.73+4*o.dh7752*TM1RP o+ 1
)+16%11.01E-6+TMIRP
) + (
) + (

(

T2=277.41+4%0.046637*TMIRP
( 16%14.77E-6*TMIRP
(

T3=277.14+4*0.045188*TMIRP
16%x10.59E-6*TMIRP

1
2
3
T4=277.42+4%0,046387*TMIRP (4
099+4%0.05048*TMIRP( 1)+16%2.823E-6*TMIRP( 1)*x*2
734+4*0.05069*TMIRP(2)ﬂ?6*2.493E-6*TMIRP(2)**2
876+4*0.05148*TMIRP(3)+16*1.040E-6*TMIRP(3)**2
160+4*0.05128*TMIRP(4)*16*1.414E-8*TM1RP(4)**2

T1=277.
12=276.
73=276.
T4=276.

Values of v , av , n and$(v.)for

Table A.2
: a) TIROS-N aihd b) NOAA-T

nce

used in determining the black body rat
6

(@ v, =837.6189

. 24906E - 3,0. 50024E- 3,0.

.87492E-2,0.60630E-2,0
.84093E-1,
. 16664E-3,0.11658E-3,0

5 b V, =852. 19552

OO0 OO G,

>

.87867E-2,0.903939E-2,0

.52078E-2,0.34448E-2,0

OCOOOOOOODOOO

.31779E-2,0.40893E-2,0.
.85702E-2,0.94211E-2,0.
.10961E-1,0.11164E-1-,0.
.11786E-1,0.11954E-1,0.
.12877€-1,0.12887E-1,0.
.11931E-1,0.11982E-1,0.
.13462E-1,0.14131E-1,0.
.38563E-2,0
0.51723E-3,0.
.59942E-4.0

0.6@434E-4,0.37976E-4,0Q
.32774E-3,0.50486E-3,0.
.37972E-2,0.51680E-2,0.

.10489E-1,0.10624E-1,0.
.11626E-1,0.11827E-1,0.
.12932E-1,0.12948E-1,0.
.12998E-1,0.13105€E-1,0.
.13440E-1,0.12832E-1,0.

"AV =2.41389

95828E - 3,0.
51155E-2,0

10012E-1,0.
11335E-1,0.
12147€E-1,0.
12539E-1,0.
12175E-1,0.

14239€E-1,0
33615E-3,0

.0,0.33701E-4,0.73654E-4, O 10611E-3,0.14330E-3

15939E-2,0.

.62748E-3.0
10418E-1,0.
11489E-1,0.
12374E-1,0.
12331E-1,0.
12387E-1,0.
. 13355E-1,0.
.23495E-2,0.
.24878E-3,0
.61584E-8.0.

AV =2.50516

31403E-4,0.
75401E-3,0.

63215E-2,0.
.94533E-2,0.
10889€E-1,0.
12171E-1,0.
12944E-1,0.

13329E-1,0

11237E-1,0.
.21374E-2,0.
.39308E-3,0.22416E-3,0.
.41953€E-4,0.39776E-4,0.

13631E-3,0.
45328E-4,0.

72602E 4 0.
13345€-2,0.
73632E-2,0

98801E-2,0.
11130E-1,0.
12518E-1,0.
12901E-1,0.
.13504E-1,0.
95630E-2,0.

12548E-2,0.
85331E-4,0.
54746E-4,0.

5]

23496E - j

74753k - :
10718E-1
11635E-1

12644E-1
12071E-1
12766E-1
11367E-1

13981E-2
.20680E-3

0
"n=60

17647E-3
23817E-2

.82421E-2

10065E-1
11457E-1
12767E-1
12917E-1

13687E-1 - -

73611E-2
70548E-3
55726E-4
0



Appendix B

Calculation of Grid Positions

The position of townsites In terms of scan line anid pixel number was determined by the
point-by-point gridding procedure described by Réinélt et al.. (1975, pp135-141).
Therefore, only a brief description is given h.ere, following the summary given by Greaves
(1981). Referer/w)ce should be made to Reinelt et al. fof -further details.

The geometry 6’f the satelli-te’s orbital path, assuming a circular orbit and spﬁherical
earth, is given in Figure B.1.  The satellite is assumed to start at the equator at $o-%0

where ¢ is the latitude and 8 is the longtitude” ~ The sateilite moves along the arc "s”

© and scans a point on the ground at position ¢)1',61 , an arc length Y radians from the

satellite subpoint.

During the time that the satellite has moved over the arc s, the earth has rotated a
distance given by

(s/2m)(2mL/360) = ks : 8.1

where k=L/360 and L is the satellite’s regression rate in degrees per orbit. The total
longitudinal displacement that occurs between the time that the satellite crossed the
equator and scanned position ¢1,01 is, therefore, given by

. . * . T,:& .

' vx ¥

6g-6y-ks - . 8.2)

Spherical trigonometr'y' is then used to determine a relationship between the arc length s
and the position $1,8; . From Reinelt et al., this is given by

L eas,
T

F(s) = sin(s)co;;(‘é';i'él-'ks)cos(¢1) - (;_os;(s)sin(i)sin(q)l)
‘ )

+ cos(s)sin(8g-8y-ks)cos (i)cos (¢,

-0 , (B.?)

This equation is solved by first taking its derivitive

F'(s) = cos(s)cos(éo-el-Ls)cos(¢1) + ksin(s)sin(8g-81-ks)cos(¢7)
+ sin(s)sid(i)sin(¢y) - sin(s)sin(8g-81-ks)cos(i)cos(¢7) B.4)
- kcos(s)cos(8g-81-ks)cos (i)cos (¢;

1568 . : °
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9,-4,-ks
~N
(pl y 01
: o
g+
Rs—=
T
p
w
Figure B.1 Geometry of a polar-orbiting satellite on a

non-rotating earth. See the text for explanation
of symbols. (After Reineit et al., 1975).



then, using a first guess for s, performing the iterative procedure

s.,0-= 5 - F(s))/F (si) , (B8.5)

which converges to the root of equation B.3. ~ The initial guess, s,, is determined by

re-writing equation B.3 as

sinAso _ _ sin{i )snn( ) - sin(89-6, Jecos (i)cos (¢))
tan sg cos (6 —Ol-ks—)_cosi ., ~ B.6)

and settings, = ¢; on the right hand side of equation B.6.

The number of the scar line which passes through ¢),8; (counting from the

equator) is easily determine from

# of scan 11'pe.s = (P RPM)/2n ' 8.7

\

where P is the orbital period in minutes and RPM is the rotation rate of the scanning

radiometer.

The position along thé scan line from the subpom&to $1,81 is found by relatiing

the arc Iength Y along the ground gnven by

siny = sin(8g-68,-ks)sin(i)cos(¢y) + dos (i)sin(éy) - B.O
to the rotation of the scanning radiometer N .(see Fiéure B.2) found from "
‘tann = Rsiny/ (H+R(1-cosy)) . 8.9

where R is the radius of the earth, and H is the height of the ‘satellite above the ground.

The arc length n is then converted to a pixel along the scan line using
) ©

(n) (DIGF) (60)/ ((2m) (RPM)) & . ©.10)

where DIGF is the digitiiing frequency in values per second.
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Satellite

~

Figure B.2 Geometry of the scanning radiometer as it views the earth.
, See the text for explanation of symbols. , :
/ |After Reineit et al., 1975) ..
L ; s o
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Appendix C . .

Surface Wéather Observations

Following are the surfdte weather observations for the dependent sample discussed in
chapter 4. . The format is as follows: |

1. three letter station identifier

2 type of réport

3. time of report (GMT)

4 . cloud heights (hundreths of feet) and amounts (tenths)

visibility (statute miles)

~

© ® N o o

' weather and obstructions to vision
‘winds (in tens degrees and knots, includedvqn'ly if > 15 Kis)
cloud type and opacities * P

remarks A
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.Table C.1

YET
YET
YET

YET
YET.

YET
YET

RS

SP’

SA

SP

SA
SA

SURFACE WEATHER OBSERVATIONS FOR JULY 07, 1979

1800
1820

2000
2005
2040
2100
2200

E200VC
E300VC
£300VC
E200VC
E25BKN

E25BKN
E30BKN

i

EDSON

6TRW--A CB10 LTGCG ALQDS

15TRW-
15TRW-
2TRW+F
{5TRW-
20TRU-
30RW-

“h

'CB10 LTGCG ALQDS.

CB10 LTGCG ALQDS
CB10 LTGCG ALQDS
CB9 -
CB9 LTGCG"

CB9 LTGCG NE

¥

i
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Table C.2  SURFACE WEATHER OBSERVATIONS FOR JULY 10, 1979

. . : -
5, - i

| EpSON ¢ .
YET SP 2040 E200VC 15TRW CB10 LTGCG. ALQDS VSBY W 1 NI

CUYET SA 2100 E”OOVC 20TRw ¢B10 LT6CH -ALQDS TSTM MVG E
E | MAMA - .

SYET SA J‘EQOBKN§SOOVC‘10TRW~SC6CBH.TSTM NE MVG NE

s

&

SASKATOON

Bsct. 70sCT E1ngKN 270BKN 15 3022G30 CF1CB4A

CUYRE SEA21000
, T SQUALL LINE N-§

-~

' . B3 ’ v v 2 . ’ . N : R
_YXE SP 2103 BbscT E70BKN '100BKN 1TRW 2435644 CF2CB7ACC]

-,YXE ;P 2118 ET70BKN 1OOBKN 2TRW+ 3212 CB7ACCH

i

ng{sb 2126 79sCT EIQOBKN 270BKN 127 3412 CBSACC2C11

| y T gg,.ﬁ HVY SHWRS E,
' YXE SA 2200 70SCT E100BKN 270BKN' 15 CB5ACC2CIT -~ - - w L
R L 'LTNG N-SE SHWRS  NE 2
- o NORTHUBATTLEFORD ",' ¥
' : s S & : Y

$ YQW SA 1900, 80SCT E100BKN 36DBKN 15 ACG3AC3CIY v ®
A . . SHWRS W-§ C

v C . -
] YQW SP 1926 50SCT EBOBKN 300BKN. 15T CB3ACCACI .

o o HVY SHWRS SW LTGCG W e

.YQW SP-1945 .ES50BKN. 8OBKN BOOOVC 123RW- CBGACCQCI
- HVY SHWRS SW-W- NW LTGCG W

- YQW SP 1952 E40BKN 800vc 2TRW+F CBBACCI LTGCG
YQW RS 2000 E40BKN 800VC 10TRW- CB7ACC3 LTGCG ®
- YQW SP 2045 E40BKN aoovc 10TRW- CBBACCA HVY SHWRS SW<E ’



&

YXD SP 2126 E4BKN 100VC 1TRUF CF6CBA Vis LWRNGFRM W T e
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,.
%

Tab]e C.3 'SURFAﬁE}WEATHER OQE?RVATlONS FOR JuyLY 11, 1879

1?’1(57\ . -
R - oL v é"i',A_” ~
: ’ ' wim N &

S EDMONTON MUNIC&PAL'A&RRO#LQ@:"U

. YXD RS 2200 5SCT E@SBKN 400VC. 8RW CF4SC55C$

YXD SP 2044 X ESBKN 150VC 1/4RW+F P5§§f5c1 VIS E-SW 1/8
YXD RS 2100 4SCT EBBKN 70BKN 12RW- CF1TCUBAC1 VIS E-S 5, R

S

YXD SP 2132 4SCT E228KNfbe3w- CF4C85 Rw+ N- ESE LTGCG s o
A- 2200 7SCT E200VC 10TRW- ¢ 3CB7 Rw+ e, B
SNAMsOC e T
. ' 23 G ‘.’. i

YED SP 2027'35£T E15BKN, 1ob5KN?15wa SF2TCUSAC2 CB S,
. oo cHVY SHWRS E-SW.

. . 3 | o
7YED RS 2100 8SCT ETBBKN 1OOBKN 15, SF2TCU6AC1 B SE e 7
. ;o | . :ﬂ,ivw‘ HVLY SHWRS 'SE - sw o usgvv‘ \
YED;SP 2137 1OS€T EQOBKN 157 CBSTCU4 VERY HVY SHWRS §E s
. - g@ : LTNG S T ‘
YED RS 2200 E10BKN 20 BKN 1OOBKN 8RW+ CBBTCU2ACH A .
- ' if HVY SHWRS SE . _
YED SP 2210 E10BKN 20BKN 1OOBKN 10TRW- cssTcuzAc1 L SN
SHWRS ALQDS N

- <

: //f o o o
2 ’ . . & ‘ ) - <

EDMQNTON.INTERNAfION&L AIRPORJ?. -

YEG SA 2100 E188KN 3SBKN615+ CUGSCZ HVY SHWR N.

YEG SA 2200 E188KN 15+RW TCUS CB ASOCT N HVY SHWRS N R

h

4



C Ky

CWKY
WK Y

WK Y
WK Y

A
sp
‘SP

sp.
sp

RS

'Y
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U

3
2100

2110"
2120
2130,
2140
2200

‘85CT 3OSCT t9OBﬁM§15 SF1CB4AC1 SHWRS W SW -

KINDERSLEY .. oo ’
e B e
/. N

85CT E3OBKN QOBKN 15Rw SF1C86AC1
E30BKN 15 CB8 SHAR N- NW- ﬁ_'d; e
EQOBKN goovc 1RWF CBQAC1 oL

EZOOVC 15RW CB1O ’ r

85CT E20BKN . QO@VC 15RW;‘SF1SC8ﬁC1
“h_’?’ih-&\ T
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Table C.5

-

42100
2114
N 2200
32244

o

R4

.-éGGDvBOSCT

FRNIY

«

*LETHBRIDGE

SET E250 BKN

¥y

SURFACE' WEATHER OBSERVATIONS FOR AUGUST 21,

W

15: TCU2AC3C12

167~

19783

ESOBKN EZOBKN 2500VC 15T CBGAC2C11 SHWRS ALQDS

EBOBKN 1208KN QSOBKN

2TRW CBBACQCI

ESOBKN 120BKN ZSOBKN 12TRW CBBAC2CI1

50SCT E1OOBKV ZSOBKN 152 CB4AC3C12 SHWRS ALQDS

-

£

- #



Table C.6

v

Yet
Cover

YCT

o
. NCT

YCT

SP
SP

SA
'SP

SP

RN ]
PR e
Qi‘_g [N

.9""‘)3'\!\:;-;;‘,'

2
oy
“%

i
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SHRFACE WEATHER DBSERVATIONS FOR JULY 10 {982.

2215

2240
2300

2301

2310

rl

CORONATION'

S

e
ESOBANP,ﬁgygw c87 LTGCG VCNTY

0

ESOBKN GTRWA CB8 FQT LTNG ALQD@

-.r

ESOBKN 4TRW+A CBS FQT LTNG -ALQDS.

(R f
R
SR

ESOBKN 15TRW-A CB8 FQT LTNG ALQDS =

E50BKN 15+Te CB8 TSTM LTGCG HVY SHWRS E QUAD
3 e A
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Table C.7 - SURFACE WEATHER,OBSERVATIONS FOR JULY 14, 1982

- ]

GRANDE PRAIRTE

R

report1ng TR or TR+ since 15 31Z B %
YQU SA 2000 -X ESBKN 20 OVC 3TRF R1SF7CB2 LTNG ALL TYPES
YQU SA 2100*-X E50VC 3TRW+ F1SF9 LTNG ALL TYPES

(54

YQU SA’2200 5 -BKN E1OOVC 6TRWF SFS5CB5 LTGCG ALL QUADS

YQU SP 2232 5SCT E12BKN- 700VC 10RW- 'SF2SCHAC3 ‘ T
CB EMBDD HVY SHWRS _ALQDS _—

R

YQU SA 2300 5-SCT E14BKN 8RW- SF2TCUB HVY SHWRS' ALQDS .
»~ | | S o : W
B ‘ 7\*ff _f% '

¢ EDSON | S

sA" 2000 B3BKN 200UC 10R-- SF7NS3 CIG RGD, S
'2100“g3BkN 200VC 3R+F SFB6NS4 CIF RGD . -

R 2
PR O

4D
VR

_ 2200 E3BKN 200VC 3RF SF6SC4 & - . :
" YET SP 2224 3SCT E200VC 5R- SF4SCS

. ; Y _
SP 2240 3SCT E10BKN 20QVC-5RW- SF2TCU7SCH

4 N
-
m
—

YET RS 2300 3SCT ET0BKN 3RW-F SF4TCUS

VAN
, MODSE - JAU L -
"/, YMJ SA 2100 28SCT £70BKN’ 1208KN 12RW- . SCAACAAST CB EMBDD .
& AU
S Y 2112 28SCT E7OBKN 1208KN 12TRW— SC3AC5AC1 B EMBQD

YMd'RS 2200 1OSCT 20SCT EZBBKN 70BKN 12TRW CF1CB4SC1AS3
: . . OQNL LTGICCG MAMA PRESRR ~
H‘ ’ ';)?:- R

YMJ SA 2300 12SCT D5SCT E75BKN 15 CF1C82TCU1AC3 CB SE+NW-



‘‘‘‘‘

e

n

YQR

YQR
YQR

YQR

: ?@l able ' C.8

SP

s

SP

54

SP

ATy
2000 24scf

 SURFACE WEATHER OBSERVATLONS. FOR qﬁfyzde;

. : e . AN y
. REGINA 3 R
124 37 - e - f ‘.‘,\" J 5?;: [P
. k\.a
Ee3

1920 205G 12 w— SFISCT CB(EMBDD

EHVY. SHWRS v
OVC 10TRW- SF3CB7 '

2037 £248KN 350VC BRW SF6CB4» 5 j‘*ﬁ»“ﬂ" .

g

2100 E258KN 35BKN 800VC 10RW- SCBCB2ACT

HVY SHWRS N SE

L

170

1985

2124 20SCT 35SCT EAIBKN 3000VC. 10 SF1SQ3C83C12
" HVY ‘SHWRS N-SE

t e



L - 171

& :

Table C.9 J‘.EURFACE WEATHER OBSERVATIONS .FOR J%lY 18, 1982

" N . - . 7
it >
b\
. o
b3 g
oo,
- NAKN
e
o ...‘ .
gl e
D .
-
. b
[T
taA.

\ Y -1‘

Wy, . : .
.~ COLD, LAKE ) o e
! : ~ . .

XOD SA 1900 30SCT E7OBKN 1OOBKN 28OOVC 15TRW- CU1ACC8AC1CI1
\ ‘ CB EMBDD

YOD SP 1919 20SCT E70BKN 1000VC SRWF CU1ACC6AC4
YOD SP 1933 -X E70BKN EQOOVC 4TRW-F R2ACC5AC3 CB EMBDD
YODMSP 2005 14SCT EB0OVC 2TRW+F. SC4SC6 CB EMBDD

YOD SP 2011 75CT E600VC 2TRW+F SF5SC5 CB EMBDD
: ' . _OCNL LTGCG VSBY SE 1

YOD SP»Q\ES 155CT EBOOVC 2RWF SF4ACCH
YOD_SP 2044 7SGT E9OOVC BRWF SF1ACCS _
YoD SA 2100 75CT. QOSCT EQ00OVC -5RW-F SF1SC1ACC8 ik

th
YOD SP 2133 MGBKN 20BKN- 900VC 12RW-" SFECUTAC3’
YOD RS 2200 7SCT 20SCT EQ00VC 12RW- SFACUTACS . ACC ASOCTD E
yOD SP 2233 7SCT 25SCT E100BKN 15 SF2CUTACT - ..

N .
LR

. NORTH BATTLEFORD

YQW SA 2100 20SCT E4OBKN BOBKN 2500VC CB2SCAAC2CIT .
;;;HyRS SW-W-NW C\\

~

4 : sk
,YQW/SP/ETOB QOSCT E40BKN BOBKN 2500vC 15T CB3SC3AC2CIT
. .~ SHWRS SW-W-NW

QW 'SP 2132, E20BKN 2500VC 3TRW CBQCI1 LJGICCG

YQW SA 2200 E25BKN 1000VC 10TRW- CBSACT.LTGIC OVHD LTGCG'E

- . : .
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““Table C.

VRM

o Y RM/
YRM
YRM

L YRM

10

SA 2000

\és

SP 2017

sp 2026

[
SP 2026
SP 2042
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SURFACE WEATHER OBSERVATIDNS FOR AUGUST 11, 1982

ROCKY MOUNTAIN HOUSE

ESO BKN QOBKN 40 TCUBAC1 CB EMBDD TSTM W-NW
/
ESOBKN 9OOVC 40TRW- C82 AC2 TSTM OVHD/
- . . VSBY LWR NW

o
v

ESOBKN 3/4'TRWA CB10 TSTM OVHD

gﬁIL“GRAPE TO WALNUT SIZE
ESOBKN 6TRW CB1O TSTM MOVG E CLRNG W

30SCT ES0BKN 3000VC 40TRW-- CF2CBECIT
. TSTM E ITGIC E



