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Executive Summary

1. O3 concentrations in the summer of 2000 were the lowest observed over the past 14 years and likely the lowest in several decades.  The National Ambient Air Quality Standard (NAAQS) for 1-hour O3 (( 125 ppbv) was exceeded on only three days in the Baltimore forecast area and the proposed 8-hour NAAQS was exceeded on only 21 days.  

2. The main limits on O3 concentrations were unseasonably cool weather during the heart of the O3 season (mid-June to early August) and a higher frequency of rainfall.

3. The cooler weather was the result of a persistent weather pattern that featured a southward displacement of the polar jet stream into the Great Lakes region.  Frequent frontal passages associated with this weather pattern prevented multi-day O3 events from occurring.

4. The highest O3 concentrations occurred early in the season (May and early June) with the only severe case (peak O3 > 130 ppbv) occurring on June 10 (an Ozone Action Day was issued).

5. Reflecting the low frequency of high O3 cases, seasonal daily mean peak O3 was only 72 ppbv, also the lowest in recent years and well below the 1987-1999 mean of 86 ppbv

6. Overall forecast skill in 2000 was consistent with prior forecast seasons with a median absolute error of 10 ppbv and a mean absolute error of 12.3 ppbv.  The most unusual aspect of the 2000 forecasts was a much higher bias (+7.0 pppv) compared to the 1995-1999 bias of +0.2 ppbv.  The increased bias appears to be a function of more frequent precipitation experienced in 2000.

7. While there were too few Code Red cases to fully assess forecast skill in that range, the results appear to be consistent with prior years as well.  For example, cases with isolated, weak (< 130 ppbv) exceedances are typically not well forecast and this was the case in 2000 (May 12).  The most severe cases are typically well forecast (June 10).  In fact, forecast warnings were issued 4 days prior to this exceedance.

8. Forecast skill continues to improve in the higher end of the O3 distribution.  For the top 10% of observed high O3 cases (~ ( 105 ppbv) forecast skill was excellent with a median error of 6.0 ppbv and a mean error of 9.6 ppbv.  For forecasts in the same range, the median error is 6.5 ppbv with a mean error of 9.6 ppbv. 

9. Increasing skill in the upper range of the distribution will become of importance relative to the proposed 8-hour NAAQS.  For example, for 1-hour forecasts of O3 in excess of 100 ppbv, 17 of 21 cases observed 8-hour exceedances (81%). Conversely, 16 of 21 observed 8-hour exceedance occurred with a forecast in excess of 100 ppbv.

10. There were 26 cases of high forecast error (( 20 ppbv) in 2000.  This was in excess of the 1995-1999 average (21.2).  However, only 3 of these cases involved observed O3 in the Code Orange or higher range.  This is a large improvement over the 1995-1999 average of 7.8 such cases.  The majority of these cases (18 of 26) were in the Code Green range of which all but three had the correct forecast code.  The main reason for the errors in these cases appears to be poorly forecast precipitation as 14 of the 18 Code Green/high error cases occurred with measurable rainfall at BWI.

11. Because O3 levels were generally low, it is hard to determine if the changes in the Ozone Action Day (OAD) procedure were successful.  For 2000, an OAD was issued on a forecast of Code Orange if a multi-day O3 episode was expected to follow.  A Code Orange OAD forecast was issued only once (June 9) and was successful in that 1-hour exceedances occurred on June 9 and the following day (June 10) was the highest O3 day of the season.

Ozone Climatology

The frequency of high O3 days (“Code Red”) for 2000 was low – only three days -compared to the 1990-1999 mean of 10.8 cases (Figure 1).  Details of the highest O3 cases are given in Table 1.  Daily mean peak O3 concentrations in 2000 were 71.9 ppbv which is well below typical mean concentrations (Figure 2).  In fact, O3 levels in 2000 were the lowest in the forecast data base (1987-1999) and, given the higher O3 concentrations observed in the late 1970’s and early 1980’s, likely the lowest in several decades.

The number of 8-hour exceedances was also low in 2000.  Based on preliminary data, only 20 days exceeded the 8-hour standard.  This is significantly lower than the average of 54 exceedances in the 1990-1998 period.

In general, the frequency of high O3 cases is a function of weather conditions.  Cooler summers, such as 1989 and 1996, have fewer high O3 cases.  In addition, the timing of weather patterns conducive to high O3 – hot and stagnant weather - can be a factor.  Because O3 is a photo-chemical pollutant, concentrations generally peak during the period from late June to early August when day length is long and sun angle is high.  For the climatologically favored high O3 period (June 15-August 7), Baltimore-Washington International Airport (BWI) reported 3 days at or above 90o F in 2000.  This compared to an average of 20 days per season (1987-1998).  As will be discussed in more detail in the succeeding section, cool and wet weather was the norm for the 2000 season.

Seasonal Weather Summary

The weather observed during the ozone season (May-September) of 2000 was cooler and wetter than normal.  Average temperature for the season at Baltimore-

Washington International Airport (BWI) was 1.6o F below normal.  Rainfall for the season was 4.3’’, or 23%, above normal with June, July and September observing rainfall well above average.  

The seasonal results mask the extremely cool and wet conditions that occurred during the heart of the ozone season (mid-June to early August).  For July, average temperature at BWI was 4.3 o F below normal and only 1 day reached 90 o F or higher.  This stands in marked contrast to the summer of 1999 when the average daily maximum temperature was 91.4 o F and 22 days exceeded 90 o F.  While rainfall at BWI during July was only 1.95” above normal, there was measurable precipitation on 16 days during the month.  As a result, the time of year when we expect the highest O3 concentrations was characterized by weather not conducive to O3 formation.

Weather conditions in the region followed a similar pattern with a few interesting differences.  While northeastern PA and southern NY observed very cool temperatures during mid-summer (June-August), ranking in the coolest 10-20% of summers on record, locations in southern NJ and the Delmarva Peninsula observed near average temperatures with eastern VA observing above normal temperatures. Central MD observed slightly below normal temperatures.  A similar gradient is seen in precipitation with central MD slightly below normal and eastern VA well above normal.  For the month of July, however, the entire northeastern US was 2-5 o F below normal with little local scale variation.  Precipitation was around normal across southeastern PA but much wetter east of BWI. 

What accounts for the unusually cool conditions in July and for the local variations in temperature and rainfall?  The most unusual feature of the summer in terms of larger scale weather was the southward displacement of low pressure that is typically centered near Hudson’s Bay.  This led to much lower than normal pressure over the Great Lakes and a southward displacement of storm tracks during the summer months.  With surface low pressure systems dropping further south than usual, the mid-Atlantic observed frequent frontal passages with clouds and rain followed by periods of cool and dry Canadian air.  In addition, the southward displacement of the storm tracks kept the “Bermuda High” from retrograding (moving westward).  The westward expansion of the Bermuda High is often associated with high O3 cases.  During the 2000 season, the warmest weather was confined south and west of the region with portions of the mountain West and Southwest, including Texas, observing much warmer than normal weather.

The only exceptions to the cooler weather pattern were several periods early in the season (first two weeks of May and early June) when an upper air ridge built over the eastern US.  As will be discussed in more detail below, this accounted for the only periods of high O3 observed this season.  

Forecast Preparation

Forecasts were prepared daily for the Baltimore area for the period May 4 -September 16.  The forecast area includes the Baltimore metropolitan area from the Pennsylvania border (Cecil County) south to Anne Arundel County and from Carroll County east to Queen Anne’s County on the Eastern Shore.  As has been the practice for the past several years, forecasts were prepared via a consensus method.  Forecasters from the University of Maryland (UM), and the Maryland Department of the Environment (MDE) participate in daily forecast conference calls moderated by UM.  The forecasters also coordinate with the Washington DC area forecasters (including the Virginia Department of Environmental Quality and the Metropolitan Washington Council of Governments).

The forecasts are based on guidance provided by a statistical ozone forecast model (Ryan et al., 2000).  Details on the multiple linear regression models in use are given in Appendix A.  Output from the forecast models are reviewed, and modified, by the forecasters to account for phenomena not resolved by these models.  These factors include, among other factors, timing and extent of thunderstorms and convective activity, position and movement of frontal zones and air mass characteristics.  At the time of the conference call, the forecasters on duty prepare a consensus forecast in units of parts per billion by volume (ppbv) O3 which is then converted into a color code for dissemination to the public (Table 2).   If Code Red conditions are expected, an “Ozone Action Day” (OAD) is called and the appropriate local governments and OAD partners are notified. 

Two modifications were made to forecast procedures in 2000.  First, the Code Green threshold was increased from 62 to 80 ppbv.  This made the color code forecasts consistent with surrounding jurisdictions as well as with forecast maps and products produced by EPA.  In addition, the OAD process was modified slightly so that an OAD was called for forecasts of Code Orange if the longer range forecast suggested a multi-day high O3 episode was developing.

Forecast Results

Overall, forecast skill was consistent with previous forecast seasons with a median error of 10.0 ppbv and a mean absolute error of 12.3 ppbv (Table 3 and Figure 3).  The main difference from previous seasons was an increase in forecast bias to +7.0 ppbv.  The standard regression algorithm (R98) performed well in 2000 with results very close to the Consensus forecasts (Table 4).  The newest forecast algorithm (“high-low”) did not perform well overall and will likely be replaced for the coming season.  More details on algorithm development are given below.

In the higher end of the O3 distribution, forecast skill improved markedly in 2000.  Identifying Code Orange cases has always been difficult.  In the 1999 annual report, reducing the number of “misses” and “false alarms” in the Code Orange range was noted as the top priority for forecast improvements.  Skill in the Code Orange range improved in 2000 with 8 of 12 Code Orange cases (67%) correctly forecast (Table 5). This compares to an average of 55% for 1995-1999.  For the highest 10% of the O3 distribution (~ ( 105 ppbv), forecast skill was quite good with a median absolute error of 6.0 ppbv and a mean absolute error of 9.6 ppbv (Table 6).  This represents an improvement of 45% and 34% respectively over 1995-1999 results.  For forecasts in the same range, mean and median error statistics were similar (Table 7).


There were a larger number of high error (( 20 ppbv) cases in 2000.  The average number of these cases (1995-1999) is 21.2 while 26 such cases occurred in 2000.  The majority of these cases (69%) were within the Code Green range, however, and, of these cases, 83% (15 of 18) carried the correct code forecast.  The main culprit appears to have been poor forecasts of precipitation timing and extent.  On 14 of high error Code Green cases, precipitation was observed at BWI.  Overall, only three high error cases occurred at concentrations in excess of 105 ppbv.  This compares to an average of 7.8 such cases in the 1995-1999 period.

Forecast Results (1995-2000)

For the period 1995-2000, 92% (46 of 51 cases) of observed Code Red cases have been covered with health warnings of either Code Red (22 cases) or Code Orange (24 cases).  For multi-day high O3 cases (( 2 days), 93% (27 of 29 cases) were covered with health warnings and a larger fraction of Code Red forecasts (16) than Code Orange (11).  For the longest episodes (( 3 days), 95% (18 of 19 cases) were covered with health warnings of which  (68%) were Code Red forecasts.  All of the ten most severe cases in this period were covered with Code Red forecasts and 74% of the cases with O3 at or above 140 ppbv carried Code Red forecasts (all cases ( 140 ppbv carried at least Code Orange health warnings).  This corresponds to an average “false alarm” rate of 2 per year.  Further details on forecast skill is given in Appendix B.

.


Conversely, when a Code Red forecast is issued (Ozone Action Day), Code Red observations occurred in 63% of the cases (22 of 35) and Code Red or Orange conditions occurred in 89% of the forecasts (31 of 35).  In the Code Orange range, 67% of the forecasts (84 of 126) verified with either Code Red or Code Orange observations.

.

Summary of High Ozone Cases

A full discussion of these episodes can be found at:

http://www.meteo.psu.edu/~wfryan/2000summary.htm

A brief summary of the highest O3 cases for this season follows.

May 5-9:  Extended Early Season Code Orange Episode

Ozone:  Peak 1-hour concentrations exceeded 100 ppbv throughout the mid-Atlantic from May 7 to May 9.  No 1-hour exceedances were observed but 8-hour exceedances were numerous. The most frequent exceedances occurred in PHL on May 8 (8 monitors) and May 9 (10 monitors).  The highest 8-hour peak was 99 ppbv on May 8 (Fair Hill, MD).

Weather:  Although temperatures reached 90o F and the overall weather pattern was conducive to O3 development, there were several factors that limited O3 to the Code Orange range.  First, boundary layer mixing was deep each day with cloud bases typically on the order of 6,000 ft.  Clouds formed rather early in the day (~1600 UTC) which helped to prevent early day O3 build-up.  Second, the remnants of a dying cut off low pressure system moved from TX to the Midwest increasing the instability of the atmosphere and reducing the regional O3 load.  Third, there were periods of stronger winds aloft.  Finally, weather conditions most conducive to high O3 occurred on Sunday when local emissions are typically lower.  It should be noted that for the 1987-1999 period, no Code Red cases have occurred in Baltimore before May 11.

Forecasts:  The forecast season began on May 3 and the long range forecast issued Thursday, May 4, expected rising O3 on Friday with 8-hour exceedances and Code Orange concentrations likely Saturday and Sunday continuing into Monday. While there were 8-hour exceedances beginning Saturday, Code Orange 1-hour levels were not reached until Sunday.

May 12-13:  Isolated Code Red Cases in Maryland

Ozone:  Isolated Code Red (1-hour exceedances) concentrations were observed at Fair Hill on May 12 (128 ppbv) and at Greenbelt on May 13 (128 ppbv).  These exceedances appeared to be driven by local effects as the regional O3 levels were quite low and the meteorological conditions were not conducive to widespread high O3.

Weather:  This episode posed two weather situation in which forecast skill is typically poor.  The locally high O3 levels on May 12 were found in the vicinity of a weak warm front which become stationary across northeastern MD and southern NJ.  Forecasting the location and movement of quasi-stationary fronts in always a challenge.  On the succeeding day (May 13), the issue was the timing of strong thunderstorms in advance of a fast moving cold front.  

Forecasts:  The long range forecast issued May 10 predicted that the cold front that ended the Code Orange episode of the previous few days would cross the region, stall over southern Virginia, and return as a warm front.  The short and medium range models predicted the return of warm air very early Friday (May 12) with low level winds shifting south.  The heart of the warming was expected to occur later Friday with the highest ozone occurring Saturday (May 13).  However, winds were expected to increase Saturday with late afternoon clouds and thunderstorms so that only Code Orange levels were expected.  A stronger cold front was forecast to cross the region Saturday night and end the episode.  The short range forecast issued May 11 followed the previous forecast.

June 1-2:  Short Code Orange Episode

Ozone:  Code Orange concentration occurred along the Corridor on June 1 and were widespread on June 2.  Exceedances of the 1-hour standard were limited to locations well east of the urban areas by strong westerly winds aloft.  There was a very distinct regional O3 signal during the episode which resulted in widespread 8-hour exceedances.

Weather: This episode began in the context of highly amplified upper level flow so that the transition from cool to warm weather occurred abruptly.  Weather conditions were of the standard high O3 episode type with westerly winds aloft and high pressure over the  region.  However, winds aloft remained strong throughout the period.

Forecasts:  The long range forecasts issued as early as May 29 predicted a high O3 pattern developing late in the day on May 31 with peak O3 reaching Code Orange levels by June 1 and continuing the following day.  The main limiting features were the presence of a weak back door front expected to move across PA by June 2 and higher than average winds.

June 9-12:  Strongest Episode of the Season

Ozone:  This was the strongest O3 episode of the 2000 season, though relatively mild by historical standards.  The episode evolved in the standard form so that the long range forecasts were accurate out to 72 hours.  The most unusual aspect of this episode was the manner in which it terminated.  Unlike most high O3 episodes, which end abruptly with the passage of a surface cold front, this episode wound down gradually as a maritime tropical (mT) air mass entered the region from west to east.  The effect of this air mass was seen in the upwind regional O3 concentrations first and then spread over the local area by June 12.  

Weather:  An upper level ridge moved from the Midwest on June 9 to nearly overhead by June 10 creating conditions conducive to high O3 concentrations.  This is close to the standard high O3 episode.  However, the ridge continued to move east after June 10.  This allowed a significant pulse of Gulf moisture to spread west.  Regional O3 levels fell on June 11 and concentrations across the area fell on June 12 effectively ending the episode.

Forecasts:  Forecast skill was good overall though the forecasts tended to under-predict at the onset of the episode and over-predict near the termination.  All forecasts were for Code Red conditions on June 10, the highest O3 day of the season.  Because this episode followed the classic evolution for high O3, the long range forecasts issued on June 5 (Monday) predicted a strong O3 event for the weekend.  The transition to higher O3 levels was forecast to occur on Friday as regional O3 levels rose with Code Orange concentrations and 8-hour exceedances forecast.  Code Red conditions were expected both Saturday and Sunday.  Good run-to-run consistency in the medium range weather models allowed this forecast to be continued unmodified through the next several days.  The forecast verified well though slightly under-predicting the onset on June 9 and slightly over-predicting on June 11.

Conclusions

O3 concentrations in the summer of 2000 were the lowest observed over the past 14 years and likely the lowest in several decades.  The National Ambient Air Quality Standard (NAAQS) for 1-hour O3 (( 125 ppbv) was exceeded on only three days in the Baltimore forecast area and the proposed 8-hour NAAQS was exceeded on only 21 days.  

The main factor limiting O3 concentrations was unseasonably cool weather during the heart of the O3 season (mid-June to early August) along with an increased incidence of rainfall.  The cooler weather was a result of a large-scale weather pattern featuring a southward displacement of low pressure into the Great Lakes region.  Surface low pressure systems and associated frontal zones were pushed further south which prevented multi-day stagnation events from occurring.

The highest O3 concentrations during the summer occurred early in the season (May and early June) with the only severe case (peak O3 > 130 ppbv) occurring on June 10 (an Ozone Action Day was issued that day). Reflecting the low frequency of high O3 cases, seasonal daily mean peak O3 was only 71 ppbv, also the lowest in recent years and well below the 1987-1999 mean of 86 ppbv

Overall forecast skill in 2000 was consistent with prior forecast seasons with a median absolute error of 10 ppbv and a mean absolute error of 12.3 ppbv.  The most unusual aspect of the 2000 forecasts was a much higher bias (+7.0 pppv) compared to the 1995-1999 bias of +0.2 ppbv.  The increased bias appears to be a function of more frequent precipitation.

While there were too few Code Red cases to fully assess forecast skill in that range, the results appear to be consistent with prior years as well.  For example, cases with isolated, weak (< 130 ppbv) exceedances are typically not well forecast and this was the case in 2000 (May 12).  The most severe cases are typically well forecast (June 10).  In fact, forecast warnings were issued 4 days prior to this exceedance.

Forecast skill continues to improve in the higher end of the O3 distribution.  For the top 10% of observed high O3 cases (~ ( 105 ppbv) forecast skill was excellent with a median error of 6.0 ppbv and a mean error of 9.6 ppbv.  For forecasts in the same range, the median error is 6.5 ppbv with a mean error of 9.6 ppbv. Increasing skill in the upper range of the distribution will become of importance relative to the 8-hour NAAQS.  For example, for 1-hour forecasts of O3 in excess of 100 ppbv, 17 of 21 cases occurs along with 8-hour exceedances (81%). Conversely, 16 of 21 observed 8-hour exceedance occurred with a forecast in excess of 100 ppbv.

There were 26 cases of high forecast error (( 20 ppbv) in 2000.  This was in excess of the 1995-1999 average (21.2).  However, only 3 of these cases involved observed O3 in the Code Orange or higher range.  This is a large improvement over the 1995-1999 average of 7.8 such cases.  The majority of these cases (18 of 26) were in the Code Green range of which all but three had the correct forecast code.  The main reason for the errors in these cases appears to be poorly forecast precipitation as 14 of the 18 Code Green/high error cases occurred with measurable rainfall at BWI.

Because O3 levels were generally low, it is hard to determine if the changes in the Ozone Action Day (OAD) procedure were successful.  For 2000, an OAD was issued on a forecast of Code Orange if a multi-day O3 episode was expected to follow.  A Code Orange OAD forecast was issued only once (June 9) and was successful in that 1-hour exceedances occurred on June 9 and the following day (June 10) was the highest O3 day of the season.

Table 1.  Baltimore Forecast Area: Exceedances of the 1-h NAAQS (2000)

	Baltimore Forecast Area -

Ozone Exceedances in 2000


	Date


	Red

Monitors 
	Total Hours 
	Peak O3

(ppbv)
	Location
	Orange Monitors


	Forecast Code

	May 12
	1
	2
	128
	Fair Hill
	1
	Yellow

	June 9
	2
	5
	129
	Fair Hill
	6
	Orange

	June 10
	7
	19
	145
	Fair Hill
	2
	Red


Red Monitors: Number of Baltimore Area O3 monitors ( 125 ppbv for a 1-h average.

Orange Monitors: Number of Baltimore Area O3 monitors 105-124 ppbv for a 1-h average.

Total Hours: Total number of hours in which monitors were ( 125 ppbv.  For example, if 3 monitors were above the NAAQS for 4 hours each, this would total 12 monitor-hours.  Total hours gives a rough measure of the local extent and severity of an exceedance day.

Forecast Code: The color code forecast issued for the exceedance day.

Table 2.  Forecast Color Codes – 2000

	Baltimore Forecast Area

Color Code Ranges

1999



	Code
	Range (in ppbv)

	Green
	( 80

	Yellow
	81-104

	Orange
	 105-124

	Red
	( 125


Table 3.  Forecast Results: 1995-2000

	Baltimore Forecast Area (1995-2000)

Summary Forecast Skill Statistics

(all error measure in ppbv)

Mean O3 = 71.9 ppbv



	Year
	Bias
	Mean Error
	Median Error
	rms Error

	
	Consensus Forecasts

	1995
	+0.5
	11.7
	9.0
	15.6

	1996
	+2.2
	12.3
	9.0
	16.2

	1997
	-1.8
	10.8
	8.5
	14.3

	1998
	-1.8
	10.2
	9.0
	13.2

	1999
	+2.2
	13.6
	11.5
	17.0

	2000
	+7.0
	12.3
	10.0
	15.4

	
	Best Regression Forecast Guidance

	1995
	+7.1
	14.9
	13.4
	19.0

	1996
	+9.8
	15.2
	11.4
	17.3

	1997
	+4.3
	14.2
	11.7
	17.4

	1998
	+1.0
	10.4
	9.0
	13.4

	1999
	+3.8
	14.6
	12.0
	18.2

	2000
	+7.6
	12.2
	9.7
	15.7


Table 4.  Summary Forecast Statistics (2000)

	Baltimore Forecast Area – 2000

Summary Forecast Skill Statistics
(N = 137, mean = 71.9 ppbv)



	Type
	Bias
	Mean Error
	Median Error

	Consensus
	+7.0
	12.3
	10.0

	R96
	+23.6
	25.7
	23.4

	R98
	+7.6
	12.2
	9.7

	High-Low
	+14.8
	17.6
	15.2

	Persistence
	+0.3
	17.3
	14.0


Table 5.  Color Code Forecast Results

	Color Code Forecast Results

Baltimore Forecast Area (2000)



	
	
	Observed Code
	
	

	Forecast Code(
	Green
	Yellow 
	Orange
	Red
	Total

	Green
	60
	11
	0
	0
	71

	Yellow
	27
	19
	3
	1
	50

	Orange
	0
	5
	8
	1
	14

	Red
	0
	0
	1
	1
	2

	Total
	87
	35
	12
	3
	


Table 6.  Forecast Skill in Cases with Observed O3 ( 105 ppbv

	Baltimore Forecast Area – 2000

Summary Forecast Skill Statistics for 

Observed High O3 Cases (O3 ( 105 ppbv)

(N = 15, mean = 117.1 ppbv)



	Type
	Bias
	Mean Error
	Median Error
	Rms

Error

	Consensus
	(6.6)
	9.6
	6.0
	12.9

	R96
	+4.6
	11.4
	11.5
	12.8

	R98
	(6.3)
	10.1
	9.3
	13.2

	High-Low
	(1.0)
	10.1
	7.7
	12.4

	Persistence
	(15.6)
	22.1
	17.0
	28.5


Table 7. Forecast skill in Cases with Forecast O3 ( 105 ppbv

	Baltimore Forecast Area – 2000

Summary Forecast Skill Statistics for 

Forecast High O3 (O3 ( 105 ppbv)



	Type
	Number of Cases
	Bias
	Mean Error
	Median Error
	rms

Error

	Consensus
	16
	+2.8
	7.6
	6.5
	9.1

	R96
	47
	+20.4
	22.6
	20.0
	25.6

	R98
	13
	+2.4
	6.5
	5.5
	8.2

	High-Low
	18
	+9.5
	11.7
	9.6
	14.4

	Persistence
	16
	+21.3
	24.0
	17.0
	31.4


Table 8.  Measures used to determine threshold forecast skill as discussed in Appendix C.

	Statistics for Code Red forecasts in 

the Baltimore area (1995-2000)

	Statistic
	Symbol
	Range
	Skill

	Hit rate
	H
	[0,1]
	0.43

	Odds of a hit
	H/(1-H)
	[0,(]
	0.76

	False alarm rate
	F
	[0,1]
	0.03

	Odds of a false alarm
	F/(I-F)
	[0,(]
	0.03

	Odds ratio
	(
	[0,(]
	26.2

	Log odds ratio
	ln (
	[-(,(]
	3.26

	Degrees of freedom
	nh
	[0,(]
	7.63
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Appendix A

A set of 3 forecast algorithms was applied in 2000.  These algorithms were prepared using stepwise regression techniques modified to remove those forecast predictors for which forecasts would be difficult to provide (e.g. surface wind direction).  The main difference between the R96 and R98 algorithms are the inclusion of an average wind speed term, upper air temperature advection and relative humidity in R98.  In addition, R98 used the square root of O3 as the predictand.


The “hi-lo” algorithm was first tested in 1999 and was carried over for use in 2000.  This algorithm is similar in many respects to R98, but is based on a dataset that excluded the mid-range of the O3 distribution (65-100 ppbv).  This was tested as a means to improve forecast skill in the upper range of the distribution. 


Details of the forecast algorithms are given below:

	Baltimore Area Forecast Algorithms (2000)



	
	
	
	
	
	

	
	Time
	units
	1996
	1998
	Hi-Lo

	Predictand >>>>>
	peak 1-h
	ppbv
	O3
	(O3)1/2
	(O3)1/2

	Predictors
	
	
	
	
	

	Surface Meteorology
	
	
	
	
	

	Maximum Temperature
	Daily
	F
	1.671
	0.119
	0.135

	Minimum Temperature
	Daily
	F
	(1.163)
	(0.028)
	(0.0484)

	Wind Speed (surface)
	0900 UTC
	kts
	(0.786)
	-
	-

	Wind Speed (surface)
	12-1700 UTC
	kts
	-
	(0.092)
	-

	Wind Speed (surface)
	16-1800 UTC
	kts
	
	(0.0738)
	(0.0738)

	Sky Cover
	16-2100 UTC
	Fraction
	
	(0.078)
	-

	Sky Cover
	16-1800 UTC
	Fraction
	(1.750)
	-
	-

	Upper Air Meteorology
	
	
	
	
	

	Temperature (950 mb)
	1200 UTC
	C
	3.048
	-
	-

	Temperature Advection (850 mb)
	1200 UTC
	C
	-
	0.022
	-

	Wind Speed (850 mb)
	1200 UTC
	ms-1
	(1.457)
	(0.049)
	(0.0394)

	Relative Humidity (950 mb)
	1200 UTC
	%
	-
	(0.005)
	-

	Relative Humidity (850 mb)
	1200 UTC
	%
	
	(0.0049)
	(0.0049)

	Other Variables
	
	
	
	
	

	Previous Day Peak Ozone
	Daily
	ppbv
	-
	0.011
	

	Solar Zenith Angle
	Daily
	Degrees
	(1.075)
	(0.068)
	(0.068)

	Solar Zenith Angle + 20 d
	Daily
	Degrees
	-
	0.055
	-

	Constant
	
	
	16.157
	2.374
	3.838


Appendix B.  Skill of Threshold Forecasts


The determination of the skill of a threshold forecast begins with the creation of a contingency table of the form:

	Contingency Table for Threshold Forecasts

	
	
	Observed

	
	
	Yes
	No

	Forecast
	Yes
	a
	c

	
	No
	b
	d



For example, if Code Red O3 concentrations are both observed and forecast (“hit”), then one unit is added to “a”.  A “false alarm”, Code Red forecast but not observed, is added to “c”.  

For the 1996-2000, Ozone Action Day forecasts, the contingency table is of the form:

	Contingency Table for Code Red Forecasts

Philadelphia Forecast Area

1996-2000

	
	
	Observed

	
	
	Yes
	No

	Forecast
	Yes
	20
	6

	
	No
	22
	570


Basic Skill Measures:


A basic set of skill measures are determined and then used as the basis for further analysis.

Bias (B) = 
[image: image1.wmf]c
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+
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 = 0.43

Bias determines whether the same fraction of events are both forecast and observed.  If B = 1, then the forecast is unbiased.  If B < 1 there is a tendency to under-predict and if B > 1 there is a tendency to over-predict.  In this case B = 0.43 which points to a tendency to underpredict.

False Alarm Rate (F) = 
[image: image2.wmf]d
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 = 0.03

This is a measure of the rate at which false alarms (high O3 forecast but not observed) occur.  For OAD forecasts, this rate is extremely low.

Hit Rate (H) = 
[image: image3.wmf]c

a
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 =  0.43

The hit rate is often called the “probability of detection”  

Miss Rate = 1 – H = 0.57

Odds Ratio and Significance of Forecasts


For a full description of the odd ratio and its application, see Stephenson [2000].

The odds of any event is = 
[image: image4.wmf]p
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 = probability the event occurs divided by the probability it does not.  The odds ratio is the odds of a good forecast (hit) divided by the odds of a bad forecast (false alarm) or:

Odds ratio (() = 
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 = 
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This measure depends solely on the conditional joint probabilities and not on the marginal probabilities, i.e., it is independent of bias.

From ( you can calculate the odds ratio skill score (ORSS).  This is often referred to as Yule’s Q or the “measure of association”.  The scores range from –1 to +1 and are obtained from the odds ratio by the transformation:

ORSS = 
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Random forecasts will score close to 0.  However, values close to 1 may not necessarily imply significant skill.  Significance testing of the odds ratio must be performed.  The odds ratio is tested for significance by considering the natural logarithm of the odds ratio, which is asymptotically Guassian and distributed with a standard error given by 1/(nh)1/2 where nh is the effective number of degrees of freedom.
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In the case of the Baltimore Code Red forecasts, the natural logarithm of the odd ratio (ln () is 3.26 using the formula above, the degrees of freedom (d.o.f). are calculated to be 7.63 and the standard error derived is 0.36.  Summing up, the log odds are 3.26 with an asymptotic standard error of 0.36.  The log odds are more than 1.96 standard errors from zero implying that there is less than 5% change that the skill could be due to pure chance.  In other words, the Code Red forecasts were not independent of the observations at more than a 95% confidence and therefore had some skill.

Other Measures:

Additional measures of skill can be determined.  The Heidke skill score (HSS) compares the proportion of correct forecasts to a no skill random forecast.  That is, each event is forecast randomly but is constrained in that the marginal totals (a + c) and (a + b) are equal to those in the original verification table.


HSS = 
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 = 0.44

For this measure, the range is [-1,1] with a random forecast equal to zero.  The Code Red forecast show skill by this measure.

Another alternative is the critical success index (CSI) or the Gilbert Skill Score (GSS) also called the “threat” score.


CSI = 
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For this measure, the range is [0,1].  Since the correct null forecast is excluded, this type of measure is effective for situations like tornado forecasting where the occurrence is difficult to determine due to observing bias, i.e., tornados may occur but not be observed.  This can also be the case for air quality forecasting when the monitor network is less dense.  Note, however, that the random forecast will have a non-zero skill.

The Peirce skill score (PSS) is a measure of skill obtained by the difference between the hit rate and the false alarm rate:


PSS = 
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The range of this measure is [-1,1]. If the PSS is greater than zero, then the

number of hits exceeds the false alarms and the forecast has some skill.  Note, however, that if d is large, as it is in this case, the false alarm value (b) is relatively overwhelmed.  The advantage of the PSS is that determining the standard error is relatively easy.


Standard error = 
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By this measure, again limited by the large d value, significant skill is shown by the Code Red forecasts.
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Figure 1.  Number of Exceedances of the 1-Hour O3 NAAQS in the Baltimore Forecast Area for the period 1987-2000.
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Figure 2.  Mean Daily Peak 1-Hour O3 during the forecast season (~ May 3-September 15) in the Baltimore forecast area.  
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Figure 3.  Forecast and observed peak 1-Hour O3 for the Baltimore Forecast Area during 2000.  The best fit line corresponds to:  [O3]observed =  1.05*[O3]forecast – 10.7. The r2 value is 0.82.
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