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1.0 PROLOGUE
1.1 FUNCTI ONAL DESCRI PTI ON

The PRECI Pl TATI ON ADJUSTMENT al gorithm determ nes the radar bias with respect
to rain gages. The algorithmuses hourly gage reports fromthe Gage Data
Acqui sition support function and an ACCUMJLATI ON SCAN (Hourly) output by the
PRECI PI TATI ON ACCUMULATI ON [19] algorithmto generate conparabl e sets of gage
and radar sanples for specified hourly accunul ation periods. These sets are
used to update the existing bias every hour

The tim ng of execution of the bias estinmation procedure nmust allow for two
timng delays: One is the tine required to execute the procedure itself.
Since the best possible estimate of the bias is desired at the end of each

cl ock hour, the TIME (Bias Estimation) is set as close as possible to the

cl ock hour, but in no case earlier than ten mnutes before the clock hour. In
ot her words, the bias update procedure nmust execute within an el apsed tine of
| ess than ten m nutes.

The second tinme delay is required to acquire data fromthe rain gages. This
time delay is defined by the polling, transm ssion, and formatting delays in
the off-site systens which actually acquire data fromthe gages and by the
delay in posting the data to the gage data base by the Gage Data Acquisition
support function. The ending TIME (Gage Accunul ation) is set earlier than the
TIME (Bias Estimation) by an ampunt of time sufficient for this gage data
acqui sition process. Thus, the bias estimate actually is conputed for a one
hour period fromone ending TIME (Gage Accumul ation) to the next. The

PRECI PI TATI ON ACCUMJULATI ON al gorithmis required to produce an hourly
accunul ati on scan for each ending TIME (Gage Accumulation). The timng
execution is illustrated on Figure 1

Figure 1. Timng for bias estination.

As soon as the TIME (Bias Estimation) is passed, the gage observation vector
and radar observation vector are generated. The gage observati on vector
contains the hourly gage accumnul ations fromthe gage reports. The radar
observation vector contains the radar accumrul ati on val ues correspondi ng to
each value in the gage observation vector. These are conputed based on the
hourly accumul ati on scan sanpl e vol une value directly over the gage and at the
ei ght surroundi ng sanpl e volunmes fromthe hourly accumul ati on scan endi ng at
the ending TIME (Gage Accumul ation). |If, because of system problens, no
hourly accumul ati on scan exists for the ending Tl ME (Gage Accunul ation), no
gage-radar sets are generated

The nunber of elenments in these vectors specifies the avail abl e nunber of
gage-radar sets. |If either one or both of the hourly gage accumul ati on and
correspondi ng radar accurul ation are less than 0.6 nm the values are not
added to the gage observation vector or radar observation vector (no
gage-radar set is generated for these pairs).

The al gorithmthen produces an updated estinmate of the radar bias factor for
the specified hourly accumul ati on period and al so a forecast of the radar bias
factor for the next hour. Both the updated and forecast val ues of the radar

bi as have an associated estinmation error variance which is al so conputed.

The bias estimation procedure is an inplenmentation of a discrete Kal man
filter. 1t presunes that the nmean nultiplicative bias follows a random wal k
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process, i.e., the bias is equally likely to increase or decrease over the
next hour. Based on this nodel, the best forecast for the next hour is sinmply
the best current estimate. |f enough gage-radar sets were generated for the
nost recently conpl eted ending TI ME (Gage Accunul ation), the forecast fromthe
| ast execution of the procedure is updated based on those data. The
radar-gage sets are al so used during each execution to estimte a nmeasurenent
error covariance matrix, which (speaking in | oose terns) measures the
significance of the radar-gage sets as an estimator of the radar bias.

I f not enough gage-radar sets for the ending TlIME (Gage Accunul ation) were
generated, the forecast bias fromthe | ast hour becomes the new current bias
val ue and the new forecast bias value is set equal to the current bias val ue.
The estimation error variance al so increases each hour by an additive system
noi se vari ance.

VWhen the bias estimte has not been cal culated for nore than one hour, the
bias is drifted back to the reset BIAS val ue over a period equal to the
maxi mum Tl ME (propagation). The drift is linear and begins with the second
uncal cul at ed hour

1.2 SCOURCE

The PRECI Pl TATI ON ADJUSTMENT al gorithm was devel oped by Dr. Edward R Johnson
of the Georgia Institute of Technol ogy in cooperation with the Radar Hydrol ogy
G oup of the National Wather Service Hydrol ogic Research Laboratory. This
algorithmis based on experience with a variety of Kalman filter applications.
It was inplenmented for testing using D RADEX data at the Pittsburgh Wat her
Service Forecast O fice and using PROFS data in a post-anal ysis node.
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1.3 PROCESSI NG ENVI RONVENT

The bias estimation portion of the al gorithmnust be executed once each hour
usi ng radar-gage sets which represent hourly accunul ati ons for evenly spaced
one hour tinme steps.

Theref ore, the PRECI Pl TATI ON ADJUSTMENT al gorithm requi res one hour radar
accunul ati ons and gage accumul ations for specific hourly periods. The tine
required to poll gages nakes it inpossible to obtain readings fromall gages
at exactly the beginning and end of the specified hourly period. Therefore,
readi ngs of gages before (if available), during, and after the specified
hourly period fromeach gage are used to estimate the accumul ati on for exactly
the specified hourly period. The specified hourly accumul ation periods for
the radar and gages will end the sane tine each hour at a particular site, but
may vary fromsite to site depending on the tine period normally required for
gage data acqui sition.

The rain gage data are acquired continuously by the Gage Data Acquisition
support function which nmaintains a data base of gage reports. These reports
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are of two types: accumulator reports which give the total accunul ation at a
gage (mm) at a specified point in time and increnental reports which give the
i ncrenmental accumul ation at a gage (nm) for a specified duration at a
specified time. The conputation of hourly gage accumul ation for the

accunul ator type reports is illustrated in Figure 2.

Figure 2 -Determ nation of an hourly gage accunul ation for a specified hourly
period from 3 gage readi ngs of the accumul ator type.

The conputation of hourly gage accunul ation for increnental reports is
illustrated in Figure 3 where the vertical scale nowis the precipitation rate
(mihr), i.e., the accunulation fromeach report is an area on Figure 3.

Figure 3 -Determ nation of an hourly gage accunul ation for a specified hourly
period fromincrenental reports.

For several reasons the conputation of hourly values fromthe gage reports is
somewhat nore conplicated than the illustration of Figures 2 and 3. For
accunul ator reports, there is an upper limt (the THRESHOLD (Tinme Difference))
to the tinme difference between the ending TIME (Gage Accumul ation) and the
closest (in tine) report. |If no report is available within the THRESHOLD
(Time Difference) of the ending TIME (Gage Accunul ation) the estimate is

consi dered too unreliable to be used, i.e., it is discarded.

A second problemarises frommnmissing data. If no accumul ator reports are
avai l abl e to bracket the ending TIME (Gage Accumul ation) or if any of the
hourly period has no increnental reports to cover it, then no estimate is
possi bl e.

It is possible that increnmental reports will have variabl e durations, even
over | apping durations, at a particular site. This conplicates the gage
preci pitation estinmates considerably.

Finally, the possibility of transm ssion errors, sensor errors, or other
sources of error in the gage reports nakes it necessary to include sinple
quality control procedures on the hourly gage estimates. First all hourly
gage estinmates bel ow zero or above 400 mm are di scarded. Then the nean and
variance of the differences between hourly gage and radar estimates is
conput ed and any gage-radar set with a difference greater than a threshold
val ue (specified in ternms of standard deviations) away fromthe nmean
difference is discarded.

Considering all of the above and the fact that precipitation nust be detected
(either by gage or radar) for a gage to appear in the gage-radar sets, it wll
be a relatively rare occurrence for all avail abl e gages to be incl uded.
Nevert hel ess, if nmore than 30 valid gage-radar sets are available, only the
"first" 30 are used in the update procedure. The order is specified in the
Gage Data Acquisition support function. This restriction serves to reduce the
conput ati onal burden for the rare data-rich case
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Speci al care has been taken during algorithm devel opment so that it will be
conputationally efficient and nunerically stable. The al gorithm should pose no
nunerical difficulties if all computations (including required matrix
inversion) are in at |east single precision (approximately a 6 decimal digit)
floating point arithmetic.

The actual bias conmputation contained in steps 1.0 through 1.5 should be
executed on a wall clock basis, regardless of the processing of other radar
data, when the TIME (Bias Estimation) is passed. These parts of the algorithm
need not be initiated exactly at the TIME (Bias Estinmation), but any delays in
initiating the bias conputation nmust be accounted for in setting the TIME
(Bias Estimation). Therefore the sumof the initiation delay and the actua

bi as conputation time nmust not exceed the 10 minute imt established above.

If an alternative initiation process tied to scan conpletion or sonme ot her
criterion rather than the wall clock is adopted, but the sane 10 mnute limt
can be assured, then the alternative will be acceptable.
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2.0

I NPUTS
2.1 | DENTI FI CATI ON

endi ng TI ME (CGage
Accurul ati on)

TIME (Bias Estinmation)

endi ng Tl ME
(Accunul ati on)

THRESHOLD ( Nunber of
Set s)

reset BIAS
TI ME (reset BIAS)
reset MEAN SQUARE Error

maxi mum MEAN SQUARE
ERROR

GAGE REPORTs
(Accunul at or)

GAGE REPORTs
(I'ncrement al)

THRESHOLD ( Ti ne
Di fference)

CATEGORY( Preci pitation)

The ending time of the ACCUMULATI ON SCAN

(Hourly) and the conmputed hourly gage val ues from
whi ch the gage-radar sets are generated. WII be
the sane tine each hour for a particul ar radar
site.

The tine each hour which signals the initiation of
t he BI AS conputation process. Precise to 1/16 hour.

The ending time of an ACCUMULATI ON SCAN ( Hourly)

The m ni mum nunber of GACGE- RADAR SETs for which
for which covariance estimation is allowed (2-10).
The reset (long termmean) nultiplicative factor

that adjusts for the radar bias when conpared to
surface precipitation neasurenents. Precise to
0. 01.

The tine required to conplete the drift froma
conputed bias estimate to the reset BIAS. Precise
to 0.5 hours.

The reset (long term nmean) Mean Square Error (MSE)
val ue used when the MSE has been propagated for an
extended tine. Precise to 0.01.

The maxi num MEAN SQUARE ERROR al | owed.

Reported val ues of accunul ati on at each gage and

time of occurrence.

Reported val ues of
i ncrement duration,

i ncremental accumrul ati on,
and time of occurrence.

Maxi mumtinme to the cl osest GACE REPORT
(Accunul ator) for a valid estinmate of
accunul ation at the ending TIME (Gage
Accurul ati on).

The precipitation category currently in effect.

CATEGORY MEANI NG
0 No precipitation was detected
during the past hour
1 Significant precipitation was
detected during the past hour
2 Light precipitati on was detected
during the past hour
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PRECI PI TATI ON STATUS

MESSAGE

FLAG (Zero Hourly
Accurul ati on)

FLAG (Zero
Scan-t o- Scan)

FLAG (No Hourly
Accurul ati on)

An al phanuneri c nessage whi ch includes radar 1D,

TI ME( St anp), current radar status, current
operational node, current scan strategy, TIME (Last
Preci pitation Detected), CATEGORY (Precipitation),
nunber of gages in a data base, and tinme since

| ast update to the gage data base.

A set or cleared flag indicating, if set, that all
current ACCUMULATI ON SCAN (Hourly) val ues can be
assunmed to be zero .

A set or cleared flag indicating, if set, that all
current ACCUMULATI ON SCAN( Scan-t o- Scan) val ues can
be assuned to be zero.

A set or cleared flag indicating, if set, that no
hourly accumul ati ons were conputed for the hour

ending at the current ending TIME (Accumul ation).

SYSTEM NO SE = The estimated nean square error of the drift in the

radar BIAS from one hour to the next.

VARI ANCE ADJUSTMENT =
FACTOR

An adj ustment factor used to insure that the

MATRI X ( Measur enent Covariance) is positive
-definite; a dinensionless nunber |ess than 1.0 and
greater than or equal to O.

THRESHOLD ( Gage =
Di scard)

Threshol d val ue of the normalized gage-radar
difference to discard the gage data value. A

di mensi onl ess nunber. A precision of at least 0.1
i s required.

DI STANCE MATRI X = The distance from each gage to every other gage, in
kil oneters.

2.2 ACQU SI TI ON
The followi ng are unit adaptation paraneters:

THRESHOLD (Time Difference)
endi ng TI ME (Gage Accumnul ati on)
THRESHOLD ( Nunmber of Sets)
SYSTEM NO SE

VARI ANCE ADJUSTMENT FACTOR
reset BIAS

TI ME (reset BIAS)

reset MEAN SQUARE ERROR
maxi mum MEAN SQUARE ERROR
THRESHOLD ( Gage Di scard)
TIME (Bias Estinmation)

The following are obtained fromthe data base maintai ned by the Gage Data
Acqui si tion support algorithm

GAGE REPORT (Accunul at or)
GAGE REPCORT (I ncremental)
DI STANCE ( Bet ween Gages)

PRECI Pl TATI ON STATUS MESSAGE and the CATEGORY(Precipitation) is obtained from
the Precipitation Detection support function.
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3.0 PROCEDURE
3.1 ALGCRI THM

BEG N ALGORI THM ( PRECI PI TATI ON ADJUSTMENT)

1.01 I1FE (Tinme is past TIME (Bias Estimation) AND the previous TIME (Bias
Update) is before TIME (Bias Estimation))
THEN
1.1 Repl ace the previous BIAS with the forecast BIAS. Replace the
previ ous MEAN SQUARE ERROR with the forecast MEAN SQUARE ERROR
Repl ace the value of the previous TIME (Bias Update) with the
current tine.
1.2 I'F (ACCUMULATI ON SCAN (Hourly) with an ending TIME (Accumul ati on)
equal to ending TIME (Gage Accumul ation) exists)
THEN
[.2.1 DO FOR ALL (Gages)
IF (Any GAGE REPORTs (Accunul ator) are available for this gage)
THEN
COWUTE (TIMES (C osest Accumul ator))
COWUTE (maxi mum TI ME (Gage | nterpol ation))
IF (Maxi mum TI ME (Gage Interpolation) is |less than or equal
to THRESHOLD (Tinme Difference))

THEN
COWUTE (accunul at or GAGE ACCUMULATI ON (Esti nated
Hourly))
ELSE
There is no estimate for this gage.
END | F
ELSE

COWPUTE (DURATIONS (I ncrement Report Overlap))
COWUTE (FRACTION(Increnmental Gage Report Overlap))
1.2.1.1 Sort GAGE REPORTS (Increnental) into descendi ng order of
FRACTION (I ncrenental Gage Report Overlap). For those cases
where FRACTI ON(I ncrenmental Gage Report Overlap) is equal,
secondary sort is in descending order of DURATI ON
(I'ncremental Report Overl ap)
COWUTE (FLAG (Zero Precipitation for Mnute))
COWPUTE (i ncrenmental GAGE ACCUMILATI ON (Estimated Hourly))
END | F
END DO
1.2.2 DO FOR ALL (GAGE ACCUMULATI ONs (Estimated Hourly))
IF (Gage accunulation is less than O or nore than 400 m)

THEN
Del et e GAGE ACCUMULATI ON (Esti mated Hourly)
ELSE
COWUTE ( RADAR OBSERVATI ON)
END | F
END DO
1.2.3 I'F (The nunber of GAGE ACCUMUILATI ONs (Estimated Hourly) is greater
t han THRESHOLD (Nunber of Sets))
THEN

COWUTE (MEAN GAGE RADAR DI FFERENCE)

COWUTE ( STANDARD DEVI ATI ON GAGE- RADAR DI FFERENCE)
DO FOR ALL (GAGE ACCUMULATI ONs (Estimated Hourly))
COWUTE ( GAGE- RADAR DI FFERENCE ( Normal i zed))

I F (GAGE- RADAR DI FFERENCE (Normalized) is greater than
THRESHOLD (Gage Di scard))
THEN
Del et e GAGE ACCUMULATI ON (Estimated Hourly).
END | F
END DO
END | F
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1.3.15 COWUIE (forecast MEAN SQUARE ERRCR)

3.
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ELSE

DO FOR ALL ( GAGE ACCUMULATI ONs (Esti mated Hourly))
| F (RADAR OBSERVATI ON AND GAGE ACCUMULATI ON (Esti mated Hourly)

both greater than or equal to 0.6 mm

THEN

(I'ncl ude RADAR OBSERVATION in the VECTOR ( Radar
oservation). Include GAGE ACCUMILATI ON (Esti mated Hourly)
in the VECTOR (Gage (bservation). RADAR OBSERVATI ON and
GAGE ACCUMULATI ON (Estimated Hourly) are thus paired into a
GAGE- RADAR SET.  Keep track of which gage is stored in each
el ement of VECTOR(Gage Observation). Keep count of the
nunber of GAGE- RADAR SETS)

END | F
END DO
IF (Al RADAR OBSERVATI ONs are equal to 0)

(The nunber of GAGE- RADAR sets is set to 0)

(The nunber of GAGE- RADAR SETs is set to 0)

END | F

IFE (The nunber of GAGE- RADAR SETs is greater than or equal to

1

ELSE

.17
.18

. 18.
. 18.

. 18.
. 18.

THRESHOLD ( Number of Sets))
THEN
COWPUTE (| NNOVATI ONS)
I'F (The maxi mum | NNOVATI ONS value is less than or equal to 1 mm

Reset (current BIAS) with (previous BIAS)
Repl ace (current MEAN SQUARE ERROR) with (previous MEAN SQUARE
ERROR)

COWPUTE (| NNOVATI ONS( Var i ance Par aneter))
COVPUTE (| NNOVATI ONS( Decay Par aneter))

COWPUTE (| NNOVATI ONS( Second Vari ance Paraneter))
COWPUTE ( OBSERVATI ON( Vari ance Paraneter))
COWPUTE ( OBSERVATI ON( Decay Par aneter))

COWPUTE ( OBSERVATI ON( Second Vari ance Paraneter))
COWPUTE ( VARI ANCE | NFLATOR)

IE (Nunmber of GAGE- RADAR SETs greater than 30)
THEN (Delete all but first 30 entries)

END | F

COWUTE (MATRI X ( Measurenent Covari ance))
COWUTE (MATRI X (Gain))

COWUTE (current BIAS)

COWUTE (current MEAN SQUARE ERROR)

Repl ace previous TIME (Bias Compute) with the ending TIME (Gage
Accumul ati on).

(1 ast _gage_based BI AS) equal to (forecast BIAS)

14 COWUTE (forecast BIAS)

COWUTE (TINME (Difference #2))
IE (TIME (Difference #2) is greater than TIME (reset BIAS))

Repl ace the current BIAS with the reset BIAS.
Repl ace the current MEAN SQUARE ERROR with the reset MEAN ARE
ERROR.
Repl ace the forecast BIAS with reset BIAS.
Repl ace the forecast MEAN SQUARE ERROR with reset MEAN SQUARE
ERROR.

ELSE IF (TIME(D fference #2) is |less than or equal to one hour)
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1.3.18.5 Repl ace the current BIAS with forecast BIAS
1.3.18.6 Repl ace the MEAN SQUARE ERRCOR with forecast MEAN SQUARE ERROR
1.3.18.7 COWPUTE ( MEAN SQUARE ERROR ( Propagat ed Forecast))
ELSE (TIME(Difference #2) is greater than one hour and | ess than
or equal to TIME(reset BIAS))
THEN
18.8 COWUTE drifted Bl AS
18.9 Repl ace the current BIAS with the drifted Bl AS
18. 10 Repl ace the forecast BIAS with the drifted BIAS
18. 11 Repl ace the MEAN SQUARE ERRCOR with forecast MEAN SQUARE ERROR
18.12 COWPUTE ( MEAN SQUARE ERROR ( Propagat ed Forecast))
END | F
END | F
4 VR TE (BIAS)
5 WRTE (MEAN SQUARE ERROR)
END | F

il

END ALGORI THM ( PRECI PI TATI ON ADJUSTMENT)
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3.2 COVPUTATI ON

3.2.1 NOTATION

FZM

Fl X

FRAC

M GRbeg

M GRend

TGAend

TGAbeg

Tabeg

Taend

MSEmax

Bpr e

MSEpr e

Bcur

MSEcur

Bf or

FLAG (Zero Precipitation for Mnute), a flag used to

i ndi cate whether or not precipitation occurred wthin the
mnute. |If the flag is set, no precipitation has occurred
within that m nute.

| NTEGER (Fi xed), a function that converts the real argunent
to an integer nunber by truncation

FRACTION (I ncrenental Gage Report Overlap), the fraction of
i ncrenental gage report that overlaps the hourly
accunul ati on period, unitless.

begi nning M NUTE (I ncrenental Gage Report), the minute at
whi ch the overlap of the increnmental gage report begins
during the hourly accunul ation period, in mnutes.

ending M NUTE (I ncrenental Gage Report), the minute at which
the overlap of the increnental gage report ends during the
hourly accumul ati on period, in mnutes.

endi ng TI ME (Gage Accunul ation), the ending tine of the
ACCUMULATI ON SCAN (Hourly) and the conputed hourly gage
val ues from whi ch the gage-radar sets are generated. WII
be the sanme tinme each hour for a particular radar site.

begi nning TI ME (Gage Accunul ation), one hour before the
endi ng TI ME (Gage Accunul ation).

begi nning TI ME (Accunul ation), the beginning tinme of an
ACCUMULATI ON SCAN (Hourly). Precise to 1/1200 hr

endi ng TI ME (Accunul ation), the ending tinme of an
ACCUMULATI ON SCAN (Hourly). Precise to 1/1200 hr

maxi mum MEAN SQUARE ERROR, the maxi mum Mean Square Error
(MS. E) allowed (0.8).

RADAR OBSERVATI ON, the radar observation used as part of the
gage-radar set by a Kalman filtering procedure. Based on the
hourly radar accumul ations at the nine sanple vol unes

cl osest to the gage, in mm

previous BIAS, the previous nultiplicative factor that
adjusts for the radar bias when conpared to surface
precipitation nmeasurenents.

previ ous MEAN SQUARE ERROR, the Mean Square Error (MS.E)
of the previous BIAS val ue.

current BIAS, the current multiplicative factor that adjusts
for the radar bias when conpared to surface precipitation
neasur enent s.

current MEAN SQUARE ERROR, the Mean Square Error (MS.E ) of
the current BIAS val ue.

forecasted BIAS, the forecasted nultiplicative factor that

adjusts for the radar bias when conpared to surface
precipitation nmeasurenents.
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VBEf or

MSEpr of or

V&0

Gai nc

Gaacc

TG

TZA

TGbef beg

TGaf t beg

TGhef end

TGaf t end

T4d nax

TBCpr e

TIA

forecasted MEAN SQUARE ERROR, the Mean Square Error (MS. E.)
of the forecasted BIAS val ue.

MEAN SQUARE ERROR ( Propagat ed Forecast), the sum of the
previ ous Mean Square Error and SYSTEM NO SE.

VECTOR (Gage (bservation), the conputed hourly gage

accunul ations for the hour ending with the ending TIME (Gage
Accumul ation) obtained fromthe gage reports, in
mllinmeters.

GAGE REPORT (Accunul ator), reported values of accumul ation
in mmat each gage and tine of occurrence. Precise to 0.01
mm

GAGE REPORT (Incremental ), reported val ues of increnental
accunulation in nmm increnent duration and time occurrence.
Precise to 0.01 mm

GAGE ACCUMULATI ON (Estimated Hourly), the estimated hourly
accunul ation in mmat a gage for the one hour period endi ng
at TAend.

I ncrenental GAGE ACCUMULATI ON (Estimated Hourly), the
estimated hourly accurmul ation in nmat a gage for the one
hour period ending at TAend conputed fromincrenental gage
reports.

Accumul at or GAGE ACCUMULATI ON (Esti mated Hourly), the
estimated hourly accurmul ation in nmat a gage for the one
hour period ending at TAend conputed from accunul at or gage
reports.

TIME (Gage Report), the time of a particul ar accumul at or
gage report.

TIME (O osest Accumul ator), the set of times TGoef beg,
TGaft beg, TGbefend, TGaftend defining the tinmes of
occurrence of GAGE REPORTs (Accumul ator) closest intine to
TGAbeg and TGAend.

bef or e- begi nning TI ME (Gage Report), the TIME (Gage Report)
which is before and cl osest to TGAbeg.

after-begi nning TI ME (Gage Report), the TIME (Gage Report)
which is after and cl osest to TGAbeg.

bef ore-ending TIME (Gage Report), the TIME (Gage Report)
which is before and closest to TGAend.

after-ending TIME (Gage Report), the TIME (Gage Report)
which is after and cl osest to TGAend.

Maxi mum Tl ME (CGage | nterpol ation), the maxi mumtine
difference in hours fromthe TIMEs (Gage Report) closest to
TAbeg and TAend, respectively.

previous TIME (Bias Conpute), the tine that the BIAS was
| ast conputed usi ng gage val ues.

TIME (Increnent Report Accuracy), tw ce the accuracy of the
Begi nning TIME (I ncrement Report) or ending TIME (Increnent
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Ti beg

Tl end

DO

T2

SCR

MXC

I NN

| NNavg
MXG

Report), whichever is the |east accurate, in hours to the
nearest 1/1200 hr

Begi nning TIME (I ncrement Report), the tine of the start of
a particular incremental gage report.

Ending TIME (I ncrenent Report), the tine of the end of a
particul ar i ncremental gage report.

DURATI ON (I ncrenental Report Overlap), the duration of the
portion of a particular incremental gage report that

overl aps the hourly accurmulation period, in hours to the
nearest 1/1200 hour

TIME (Difference #2), the length of time, in hours to the
nearest 1/60 hour, since the BIAS has been cal cul ated usi ng
gage data

GAGE- RADAR DI FFERENCE, the difference in accunul ation
bet ween a GAGE ACCUMULATI ON (Estimated Hourly) and the
correspondi ng radar accurul ation, in mllinmeters.

MEAN GAGE RADAR DI FFERENCE, the nean of the gage-radar
differences in precipitation accumulation, in mllinmeters.
Precise to 0.1 nm

STANDARD DEVI ATl ON GAGE- RADAR DI FFERENCE, the standard
devi ation of the gage-radar difference in precipitation
accunul ation, in mllineters. Precise to 0.1 nm

GAGE- RADAR DI FFERENCE (Nor mal i zed), the nornalized
di fference in accumul ati on between an hourly gage report and
t he correspondi ng radar accumul ati on, di nensionl ess.

GAGE- RADAR SET, the conbination of associ ated pairs of
hourly radar accumul ati ons and hourly gage accumul ati ons.

VECTOR (Radar (nservation), the hourly radar accunul ation
for the hour ending at the ending TIME (Gage Accumul ation).
Each val ue is based on the hourly accunmul ati on scan val ues
of the sanple volume directly over the gage and the eight
surroundi ng sanpl e vol unmes, in mMm

MATRI X (Covariance Measurenent), a symmetric neasurenent
error covariance matri x.

DI STANCE (Between Gages), the distance between gages in the
VECTOR( Gage (bservation), in kiloneters. Precise to 0.1
km

I NNOVATI ONS, a vector of the differences between the VECTOR
(Gage nservation) and the VECTOR (Radar (Observati on)
multiplied by the previous BIAS.

average | NNOVATIONS, the average of all INNOVATIONS, in mm
MATRI X (Gain), a vector (1 x N matrix) giving the gain
values - the nultiplicative factors giving the influence of
each i nnovation on the updated bias.

I NNOVATI ONS (Variance Paraneter), a variance paraneter of an
i sotropi c exponential -form covari ance function of the
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I SV

asv

FNMD

Vi

VAF

SYS

TBUpr e

TSavgcur

TSavgpre

TBres

di fference between the adjusted radar accunul ation and the
gage accumul ation, in mt.

I NNOVATI ONS ( Second Vari ance Paraneter), a second variance
parameter which allows for variance at zero distance in
addition to the exponential decay portion of an isotropic
exponenti al -form covari ance function of the difference
bet ween the adjusted radar accunul ati on and the gage
accumul ation, in mt.

| NNOVATI ONS (Decay Paraneter), a decay parameter of an

i sotropi c exponential -form covari ance function of the

di fference between the adjusted radar accumrul ati on and the
gage accunul ation, in 1/km A precision of at |east 4
decimal digits over a range of at |east 10t o 10! power is
required.

OBSERVATI ON (Vari ance Parameter), a variance paraneter of
the function that inproves the mathematical properties of a
matri x conposed of the outer product of the VECTOR (Radar
Qobservation), in mt.

OBSERVATI ON ( Second Vari ance Paraneter), a second variance
paranmeter of the function that inproves the nathemati cal
properties of a matrix conposed of the outer product of the
VECTOR (Radar oservation), in mt.

OBSERVATI ON (Decay Paraneter), a decay paraneter of a
function that inproves the mathenmatical properties of a
matri x conposed of the outer product of the VECTOR (Radar
(oservation), in 1/km A precision of at |east 4 decinal
digits over a range of at least 10 to 101° power is
required.

FLAG (M ssing Data), a flag indicating mssing increnental
gage report data during the hourly accumrul ati on peri od.

VARl ANCE | NFLATOR, a val ue that reduces the neasurenent
error estimates to account for inperfect prediction of the
radar bias itself.

VARl ANCE ADJUSTMENT FACTOR, an adjustnent factor used to

i nsure that MATRI X (Measurenent Covariance) is
positive-definite; a dinensionless nunber |ess than 1.0 and
greater than or equal to 0. (Estimated to be 0.5).

SYSTEM NO SE, the estinmated nmean square error of the drift
in the radar BIAS fromone hour to the next (0.5).

previous TIME (Bias Update), the tinme at which the BIAS was
| ast updated, to at |east the nearest 1/60 hour.

average current TIME (Scan), the average TlIME (Scan) of the
current RATE SCAN (or inplied zero RATE SCAN i f FLAG (Zero
Rate) is set) to at |least 1/1200 hour.

average previous TIME (Scan), the average TIME (Scan) of the
| ast good RATE SCAN (or inplied zero RATE SCAN if FLAG (Zero
Rate) is set) to at |least 1/1200 hour.

TIME (reset BIAS), tinme allowed since |ast conputed BIAS

before drifting back to the reset BIAS, in hours (default
12).
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Bres = Reset BIAS, (default 1.00).

Bcom = |last_gage_based BIAS, the last conmputed nultiplicative
factor that adjusts for the radar bias based on surface
precipitation measurenents.

NOTE: All tinmes require a precision of at |east 1/1200 hr unl ess ot herw se
stated. Al variables with units of nmand Mm% require a precision of
at least 0.1 mmand 0.1 mm?, unless otherwi se stated. Al conputations
must be done in at |east single precision (approximtely a 6 deci nal
digit) floating point arithnetic.
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3.2.2 SYMBOLI C FORMULAS
COWUTE (TIMEs (C osest Accumul ator))
TGhefbeg = TGAbeg - M n (TGAbeg - TG
TG
such that TG < TGAbeg (i.e., the value of TG that mnimzes (TGAbeg -TGQ
subj ect to the given constraint)

TGaftbeg = Mn (TG - TGAbeg) + TGAbeg
TG

such that TGAbeg < TG

TGhefend = TGAend - Mn (TGAend - TG
TG

such that TG < TGAend

TGaftend = Mn (TG - TGAend) + TGAend
TG

such that TGAend < TG
COWPUTE ( Maxi mum TI ME (Gage I nterpol ation))
TG max = Max (M n( TGAbeg- TGoef beg, TGaf t beg- TGAbeqg) ,
M n( TGAend- TCGbef end, TGaf t end- TGAend) )
Note: If any of the values TGbefbeg, TGaftbeg, TCGhefend, TGftend are
undefi ned because no gage reports exist which satisfy the given
constraints in their conmputation, then set T max to a val ue greater

than THRESHOLD (Tinme Difference).

COWPUTE (Accumul at or GAGE ACCUMULATI ON (Esti mated Hourly))

GAacc =
TGAend - TGbef end) (GRAaf t end - GRAbef end)
GRAbef (
| etend » (TGaf t end - TGoef end) ]
- [ GRAbefbeg + (TGAbeg - TGhef beg) (GRAaf t beg - GRAbef beg) |

(TGaf t beg - TGoef beg)

Note: (1) The notati on GRAbefend refers to the value of GRA at the tine
TChefend, etc.

(2) If TGaftend is identical to TGhefend then the second termon the
ri ght hand side above is zero.

(3) If TGaftbeg is identical to TGbhefbeg then the fourth termon the
ri ght hand side above is zero.

COWPUTE (DURATIONs (I ncrenent Report Overlap))

| F ((Tlend, - Tlbeg, < 1.25)

THEN

DO, = MAX(O, (M N(TGAend, Tl end,) - MAX( TGAbeg, Tl beg,)))
ELSE

DQ =0
END | F
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where n is over all available incremental gage reports for a particul ar gage.
COWUTE (FRACTION (Increnmental Gage Report Overlap))

DO FOR ALL (n GAGE REPCORTS (Increnental))
FRAC, = DIQ, / (Tlend, - Tl beg,)
END DO

COWUTE (FLAG (Zero Precipitation for mnute))

DO FOR ALL (M nutes from1 to 60)
Clear Flag (Zero Precipitation for mnute)

END DO

DO FOR ALL (n GAGE REPORTS (Increnental) in sorted order)
| F (DO, > 0.0)

THEN
M GRbeg, = FI X ((MAX (TGAbeg, TIbeg,- TGAbeg)*60 + 0.5) + 1
M GRend, = FIX ((MN (TGAend, TIlend,- TGAbeg)*60 + 0.5)
DO FOR ALL(M nutes from M GRbeg, to M GRend,)
(S (&R, =0.0)
Set FLAG (Zero Precipitation for mnute)
END | F
END DO
END | F
END DO

COWPUTE (i ncrenental GAGE ACCUMULATI ON (Estimated Hourly))

NUSED = 0

GAinc =0

DO FOR ALL (M nutes from1 to 60)
| USED,, = O

END DO

DO FOR ALL (n GAGE REPORTS (Increnental) in sorted order)
M GRbeg, = FI X (MAX (TGAbeg, Tlbeg,) - TGAbeg) * 60 + 0.5) + 1
M GRend, = FIX (M N (TGAend, Tlend,) - TGAbeg) * 60 + 0.5)
NPCS = 0
JUSED = 0
DO FOR ALL (M nutes from M GRbeg, to M GRend,)
I F (FZM, i s clear)
THEN
(S (&R, >0.0)
THEN
NPCS = NPCS + 1
END | F
(S (1 USED,, = 0.0)
THEN
JUSED = JUSED + 1
END | F
END | F
(S (1 USED,, = 0)
THEN
| USED, = 1
NUSED = NUSED + 1
END | F
END DO
ILE (NPCS > 0) GAinc = GAinc + GRl, * FRAG, * JUSED NPCS
END DO
(S (NUSED > 55)
THEN
GAinc = GAinc * 60/ NUSED
ELSE
GAinc = -99
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END | F

wher e:

NUSED = Running total nunber of minutes in the gage accunul ati on hour

|USED = Used mnute array, if the value is equal to one, the mnute has
been used in the calculations, and if it is zero, it has not
been used

NPCS = Nunmber of minutes in the increnental gage report with greater
than zero precipitation

JUSED = Nunber of minutes within the gage report used to cal cul ate the
gage i ncremental accumul ation

n = nis over all available increnental gage reports for a
particul ar gage

m = mrefers to mnutes, and ranges from1 to 60.

COWUTE ( RADAR OBSERVATI ON)
B, = ASH,( TGAbeg, TGAend)

where the index n is over the 9 radar sanmple volunes closest to the nth
r ai ngage

| F (MAX (@b,) is greater than GA, AND MN ((®,) is less than GA)

THEN

ROB, = GA,
ELSE

ROB, = @5, such that IQ5, - GAis a ninimumfor the nth gage.
END | F

This allows for two major possibilities:

(1) m snavi gati on of the radar sanmple volunmes or the rai ngage
| ocati on.

(2) rainfall drifting fromthe el evati on observed by the radar to the
gr ound.

COWPUTE ( MEAN GAGE- RADAR DI FFERENCE)

MR- 2 ¥ (A, - RoB)
N

where (GA - ROB) = GR and N is the nunber of existing GAGE ACCUMULATI ONs
(Estimated Hourly) for which either or both GA, or ROB, is greater than 0.6
nmm

COVPUTE ( STANDARD DEVI ATl ON GAGE- RADAR DI FFERENCE)
1/ 2
SGR = _E(m—ROB—Nm)Z
N-1 N n n

where N is the nunmber of existing GAGE ACCUMILATI ONs (Estimated Hourly) for
which either or both GA, or ROB, is greater than 0.6 nm

COVPUTE ( GAGE- RADAR DI FFERENCE ( Nor nal i zed))
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GA - ROB - MGR |

S
SGR

COVPUTE (| NNOVATI ONS)

INN, = V&, - (VRQ, (Bpre))

where n is set to 1 through the nunber of gage-radar pairs.
COVPUTE (| NNOVATI ONS (Vari ance Paraneter))

Step 1 - Conpute I NNavg and 1V

INNavg:_; S INN

|V:% X (INN, - I NNavg)?

where N is the nunber of gage-radar sets.

Step 2 - Formthe lists @, and QL, from1l to M where,

M = N (N-1)
2
Q, = set of values DG, the distance fromgage n to gage L in
VECTOR (Gage (bservation), where n = L, n > L
@, = set of values (INN, - INNavg) x (INNL - I NNavg) where n = L

(corresponding to Ql), n > 1L

In other words, the upper triangular portion of the matrix of val ues
DG,, not including diagonal ternms.

Then take natural |og of @:

Ln(@), @ > 0.0
Q2:
-10.00, @ < 0.0

Step 3 - Estimate I1DP and | SV

COVPUTE (| NNOVATI ONS (Decay Paraneter))
@, @, | (@) [E @) W
R R e

where sunmations are fromnml to nFM

| DP =

COVPUTE (| NNOVATI ONS ( Second Vari ance Paraneter))

> >
| SV = exp I\(izm—IDP I\(ilm

where sunmations are from1l to M
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Step 4 - Validity test

If IV > 1SV and IDP < 0 then this conmputation is conpleted. O herwi se,
continue with Step 5 bel ow.

Step 5 - Re-estimate paraneters

a) Add to lists QL and @ all values where n = L, using sane
procedure as described in Step 2 above. The new value of M
is:

M = N(N + 1)

2

In other words, add the diagonal elenments to the lists.
b) Re-estimate IDP and ISV as in Step 3 above.

Step 6 - Final Validity Test

If IV<ISVor IDP >0 then set ISV =0

COWPUTE ( OBSERVATI ONS (Vari ance Paraneters))

Step 1 - Formthe list @, and QlL,from1 to M where,

N (N - 1)
2

M:

QL. set of values DG, the distance fromgage n to gage L in VECTOR (Gage

Qobservation), wheren # L, n>1L
@, = set of values (VRQ) (VRQ)
where n # L (corresponding to QL,), n > 1L
Then take natural |og of @,
Ln (@), @,>0.0
@ -
-10.0, @ < 0.0

Step 2 - Estimate OV
o/ - § [ = (rof]

where summation is for n from1 to N nunber of GAGE- RADAR sets.
Step 3 - Estimate OSV and OD
COVPUTE ( OBSERVATI ONS (Decay Paraneter))
T, @, | (T[T @)
S [T

where, summations are froml to M
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COWPUTE ( OBSERVATI ONS ( Second Vari ance Paraneter))

)y )y
sV = exp I\(32”‘—(]3 I\(ilm

where, summations are froml1l to M
Step 4 - Validity test.

If OV > OSV and OD < 0 then this conmputation is conpleted. O herw se, continue
with step 5 bel ow

Step 5 - Re-estimate Paraneters

a) Add to lists QL and @ all values where n = L, using sane procedures as
described in Step 1 above. The new value of Mis:
M = N(N + 1)
2
b) Re-estimate OD and OSV as in Step 3 above.

Step 6 - Final validity test.
If OV < OSVor OD >0 then set OGSV = 0.

COWPUTE ( VARI ANCE | NFLATOR)

Y

VI =M N| MSEpre, VAF |-
e e 5 |

COWPUTE ( MATRI X (Measurenent Covari ance))

If 1SV =0 set OSV =0

If OSV =0 set ISV = 0.

MXC = I'SV exp[ (I DP)(DGy)] + @n(1V - 1SV) - VITOBV exp[ (D DGy] + @B, (OV
- 8V ]

where indices n and L range from1 to N (N=Nunber of gage-radar sets (N x N
symmetric matrix)).

1, if n =1L

qanL:
O, if n#L

finally, if any MXC,. < 0, set it to O.

COVPUTE ( MATRI X ( Gai n))

Step 1 - Construct internmediate matrix 4 (N x N).

Q4. = (MsEpre) (VRQ) (VRQ) + MXG,

where n=1 to N, L=1 to N.

Step 2 - Invert matrix Q4. Note that 4 is synmmetric and positive definite by

its construction.
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-1
The notation 4, is the nLth el enent of the inverse of

1

4, not )

nL

Step 3 - Gain conputation. Note that the gain is actually a (1 x N) matrix
with el ements MXG.

N
KGN = MSEpre X | (vro) (@) ]
for n=1 to N

COVPUTE ( Bl AS)

Bcur = Bpre + E MXG, | NN,

where, sunmation is from1l to N
COVPUTE ( MEAN SQUARE ERROR)

MSEcur = (1 - E MXG, ROB,) MSEpre

where, sunmation is from1l to N

COWPUTE( f or ecast BI AS)

Bf or = Bcur

COWUTE (forecast MEAN SQUARE ERROR)

MSEf or = M n (MSEmax, MSEcur + SYS)

COWUTE (TIME (Difference #2))

T2 = TBUye - TBGye |

COWPUTE ( MEAN SQUARE ERRCR ( Propagat ed Forecast))

MBEprofor = M n (MSEmax, MSEpre + SYS)
COWUTE (drifted BIAS)

drifted BIAS = (((TBres - T2 - 1) * Bcom + ((T2 - 1) * Bres)) /
TBres

Not e. The drift to a reset BIAS actually begins on the second
hour after a BIAS was | ast conputed. Then it is
conpleted (TBres + 1) hours after the BIAS was | ast
conput ed.
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4.0 OUTPUTS
4.1 | DENTI FI CATI ON
The current val ues of the BI AS and MEAN SQUARE ERROR and the
ending TI ME (Gage Accunul ation). Also, the GAGE- RADAR SET of
pai red gage and radar-based hourly precipitation estimates.

4.2 DI STRI BUTI ON

The ending TI ME (Gage Accunul ation) is specified for the
PRECI Pl TATI ON ACCUMULATI ON [019] al gorithm

Al'l other outputs are intended for input to the PRECI PI TATI ON
PRODUCTS [ 021] al gorithm
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5.0

| NFERENCES
5.1 LIMTATIONS

n order to update the bias estimte using gage data at any hour,
this algorithmrequires that at | east THRESHOLD ( Nunber of Sets)
gages have precipitation during the hour. Several tinmes this
many gages nust report data in order for the bias adjustnment to
be conmputed with sufficient frequency, since precipitation does
not usually cover the entire area of radar coverage. Frozen
hydroneters may result in inaccurate gage neasurenents.

5.2 FUTURE DEVELOPMENTS
More sophisticated filtering procedures, particularly to estimate
the system noi se, are under investigation at this tine.

Refinenents for snow situations will also be investigated in the
future.
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