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1. Why do we need verification?
• For model developers

– Retrospective experiments for
• Data assimilation system
• Model dynamics development
• Model physics development

– Comparison for
• Different algorithms, systems 
• Different processes, models

• For forecasters/users
– Confidence

• To help them to understand the forecast
– Systematic errors or bias

• To make more accurate forecast
• For performance review

– Short/long term plan



NH Anomaly Correlation for 500hPa Height
Period: August 1st – September 30th 2007

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
n

o
m

a
ly

 C
o

rr
e

la
ti

o
n

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Forecast Lead Time (days)

GFS GEFS GEFSg
GEFSg is better 
than GFS at 48 

hours

GEFSg could extend skillful forecast 
(60%) for 9+ days

24 hours better than current GEFS
48 hours better than current GFS



0

10

20

30

40

50

60

70

80

90

100

1997 1998 1999 2000 2001 2001 2003 2004 2005 2006

day-1 day-3 day-5 day-7

RMS Error for Northern Hemisphere (20-80N) 500hPa Height

13.72
10.91

62.50

49.97
50.06 (day-4)

1-d improvement (25% reduced error) for 10 years

62.46 (day-6)



NCEP ensemble mean performance for past 5-year



Information from uncertainty forecastInformation from uncertainty forecastInformation from uncertainty forecastInformation from uncertainty forecast
... Small and large uncertainty.

1 day (large uncertainty) = 4 days (control) = 10-13 days (small uncertainty)



2. What do we like?

• Forecast accuracy?
– The distance to observation/analysis

• Forecast consistency?
– Forecast confidence

• Forecast skill?
– Short/long term plan



2.1. Forecast Accuracy
• Every one likes accurate forecast:
• Accurate forecasts should have:

– Small difference between forecast to observation/analysis
– Higher correlation 

• Case study
– Case dependent 
– Extreme event

• Common methods
• For single forecast

• The difference of forecast and observation/analysis (map)
• For a case (a set of forecasts)

• RMS 
• Mean errors or absolute error
• Anomaly correlation



Synoptic example of 500hPa height forecast
Initial: 2003021200 Valid: 2003021700

Analysis (truth) Forecast #1

Forecast #2 Forecast #3

F#1=.7978

F#2=.8257

F#3=.6068

Subjective evaluationSubjective evaluationSubjective evaluationSubjective evaluation



Dropout?



2.2 Forecast Consistency

• Expect to have the same/similar solution (valid 
forecast) from different initial conditions – “reliability”.

• Consistency is different from accuracy.

• User consideration (requirement), user likes 
consistency forecasts.

• The similar properties: deterministic (quantitative) or 
ensemble (probabilistic) forecasts.

• Consistency forecasts should increasing/decreasing 
predictability gradually from different lead times or 
cycles (6-hour or 24-hour)

• High consistency forecast is corresponding to high 
forecast accuracy and reliability (?)



Good Forecasts



Poor Forecasts



Example for deterministic forecast
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• PAC scores

• 1d means 24 hrs 
forecast .vs 48 hrs 

• 2d means 48 hrs 
forecast against 72 hrs 
forecast valid at the 
same time, and so on



2.3 Forecast Skill

• Relative to the references (different 
standards)

• For med- to long-rang forecast: climatological
information is a good reference

• For short-rang forecast: other high resolution 
forecast may be a good reference.

• Someone likes to use past forecast as a 
reference (past season, or same season of 
last year)

• Skillful forecast
– For large scale synoptic system (60% AC)
– For MJO prediction (50% AC or even lower)

• Other standards?



Day at which forecast loses useful skill (AC=0.6) 
N. Hemisphere calendar year means
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Courtesy of Qin Zhang



2. What do we like?

• Forecast accuracy?
– The distance to observation/analysis

• Forecast consistency?
– Forecast confidence

• Forecast skill?
– Short/long term plan



3. Measurement of Deterministic Forecast

• We need:
– Model forecast

– Observation or analysis

– Reference (climatology or others)

• Measurements:
– Consistence

• F(t) against F(t-1) (for same validation time)

• Example: t=t00z, t-1=t18z(yesterday) or t00z (yesterday)

– Accuracy and skill
• Root Mean Square (RMS) Error

• Anomaly Correlation (AC)

• Comparison
– Could be a map (for case study)

– Could be time series

– Could be period average



Examples of measurements
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1. RMS error (root mean square error)

2. ME (mean error, bias)

3. AE (mean absolute error)

Where f is the forecast, a is the truth (observation/analysis)

4. AC (anomaly correlation)
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1-year data

GFS.vs.CTL

Resolution difference

Low resolution is better



4. Measurement of Probabilistic Forecast

• We need:
– A set of model forecast (ensemble forecast)
– Observation or analysis
– Reference (climatology or others)

• Measurements for ensemble mean:
– Consistence

• F(t) against F(t-1) (for same validation time)
• Example: t=t00z, t-1=t18z(yesterday) or t00z (yesterday)

– Performance
• Root Mean Square (RMS) Error
• Ensemble spread
• Anomaly Correlation (AC)

• Measurements for ensemble distributions
– Histogram, RPSS, CRPS, ROC, BS and etc..

• Comparison
– Could be a map (for case study)
– Could be time series
– Could be period average



NCEP ensemble probabilistic performance for past 5-year

Ranked probabilistic skill scores

Economic values for 1:10 cost/loss ratio



Ensemble Forecast

1. SPRD (ensemble spread)
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where is an ensemble mean

n is the ensemble size and m the sample size 

SPRD has the same unit as RMSE, it measures 

ensemble’s uncertainty.



Due to model imperfection

One day advantage

What is a good ensemble forecast system?



Outlier – from histogram distribution

Negative

Spread is too big

Spread is too small/bias



HISTOGRAM
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HISTOGRAM
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16-day12-day

8-day5-day

3-day

Good spread, but more biased



Relative Operating Characteristics area (ROC area)

f(noise) f(signal)

False alarm rate
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Prob. Evaluation (cost-loss analysis)
Based on hit rate (HR) and false alarm (FA) rate.

1. Relative Operating Characteristics (ROC) area - Appl. of signal 

detection theory for measuring discrimination between two alternative outcome.

ROCarea = Intergrated area * 2  ( 0-1 normality )

Relative Operating Characteristics

--------------------------
|  o\f   |  y(f)  |  n(f)  |

--------------------------

| y(o)  |   h    |   m   |

--------------------------

| n(o)  |   f     |   c    |

--------------------------

h/(h+m)

f/(h+f)
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Ranked Probabilistic ScoreRanked Probabilistic ScoreRanked Probabilistic ScoreRanked Probabilistic Score
Ranked (ordered) Probability Score (RPS) is to verify multi-category probability forecasts, to 

measure both reliability and resolution which based on climatologically equally likely bins
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RPSS .vs CRPSS

ROC score

Winter 2006-2007

NH 2m temperature

For

NCEP raw forecast (black)

NCEP bias corrected forecast (red)

NAEFS forecast (pink)

24h improvement 

by NAEFS



5.5.5.5. Reliability and ResolutionReliability and ResolutionReliability and ResolutionReliability and Resolution

1. BS (Brier Score)
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Where y is a forecast probability and o is an observation (probability), index k denotes a 

number of the n forecast event/pairs. y and o are limited from 0 to 1 in the probability 

sense. BS=0 is a perfect forecast, and BS=1 is missing everything

ref is the reference which is mostly climatology, 

BSperf=0 for perfect forecast, BSS is ranged from 0-1.

2. BSS (Brier Skill Score)

See <<Statistical Methods in the Atmospheric Science>> by D. S. Wilks, 

Chapter 7: Forecast Verification



Brier Score (and decomposition)

3. Algebraic Decomposition of the Brier Score

After some algebra, the Brier Score can be expressed as three separated terms
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CRPS DecompositionCRPS DecompositionCRPS DecompositionCRPS Decomposition
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TWO MAIN ATTRIBUTES OF FORECASTS
RELIABILITY – Lack of systematic error

(No conditional bias)

Consider cases with same forecast 

Construct pdf of corresponding obs

If fcst identical to pdf of observations  =>

PERFECT RELIABILITY

Reliability CAN BE statistically corrected

(assuming stationary processes)

Climate forecasts are perfectly reliable –

RELIABILITY IN ITSELF HAS NO FCST 

VALUE

RESOLUTION – Different forecasts 

precede different observed events

Consider different classes of fcst events

If all observed classes are preceded by

distinctly different forecasts =>

PERFECT RESOLUTION

Resolution CANNOT BE statistically

corrected

INTRINSIC VALUE OF FCST SYSTEM 



Prob. Evaluation (multi-categories)
4. Reliability and possible calibration ( remove bias ):

For period precipitation evaluation

Calibrated forecast

Raw forecast

Skill line

Resolution line

Climatological prob.





Category Forecast: Precipitation Evaluation
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Economic Value of ForecastEconomic Value of ForecastEconomic Value of ForecastEconomic Value of Forecast

Correct Reject (c)

No Cost (N)

False Alarm (f)

Cost (C)

No 

(OBS)

Miss (m)

Loss (L=Lp+Lu)

Hit (h)

Mitigated Loss (C+Lu)

Yes 

(OBS)

No (FCST)Yes (FCST)TABLE. Contingency table indicating 

the costs and losses accrued by the use 

of weather forecasts, depending on 

forecast and observed events.

Zhu and etc.. 2002: BAMS
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Where o is the climatological frequency of the event (or o=h+m), r=C/Lp which is the 

ratio of the cost of protection to the amount of potential loss that can be protected



Prob. Evaluation (cost-loss analysis)
Based on hit rate (HR) and false alarm (FA) analysis

.. Economic Value (EV) of forecasts

Ensemble forecast

Deterministic forecast

Average 2-day advantage



Prob. Evaluation (cost-loss analysis)
2. Economic Value (EV) of forecasts.

Given a particular forecast, a user either does or does not take action

Deterministic forecast

Ensemble forecast

Highest value (1:10)

Value line



Critical Event: sfc winds > 50kt

Cost (of protecting):   $150K

Loss (if damage ):  $1M

Hit

False

Alarm

Miss

Correct

Rejection

YES          NO

YES 

NO

Forecast?

O
b

se
rv

ed
?

Decision Theory Example

 Deterministic Observation

Case Forecast (kt) (kt) Cost ($K)

1 65 54 150

2 58 63 150

3 73 57 150

4 55 37 150

5 39 31 0

6 31 55 1000

7 62 71 150

8 53 42 150

9 21 27 0

10 52 39 150

Total Cost: 2,050$     

$150K $1000K

$150K $0K

Probabilistic

Forecast 0% 20% 40% 60% 80% 100%

42% 150 150 150 1000 1000 1000

71% 150 150 150 150 1000 1000

95% 150 150 150 150 150 1000

13% 150 0 0 0 0 0

3% 150 0 0 0 0 0

36% 150 150 1000 1000 1000 1000

85% 150 150 150 150 150 1000

22% 150 150 0 0 0 0

51% 150 150 150 0 0 0

77% 150 150 150 150 0 0

1,500$ 1,200$ 1,900$ 2,600$ 3,300$ 5,000$ 

Cost ($K) by Threshold for Protective Action

Optimal Threshold = 15%



Hurricane Track Plots (case 1)

Frances (08/28)

Without relocation

With relocation

Large initial spread

Reduced initial spread



Hurricane Tracks Plots (case 2)

Ivan (09/14)

Without relocation

With relocation



Track errors and spreads
2004 Atlantic Basin (8/23-10/1)
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Courtesy of Timothy Marchok (GFDL)

Reduced mean track 

errors and spreads
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Strike probability!!!



Prob. Evaluation (useful tools)

2. Information content:

deterministic forecast

small uncertainty

large uncertainty

information content

Example from large & small uncertainty



Prob. Evaluation (useful tools)

2. Information content:

Statistics show a 7.5-day fully probabilistic forecast or 6-day

categorical forecast has as much information content as 

5-day control forecast. Or fully probabilistic forecast has 

more than twice as much information content at day-5.
ensemble mode
considers as
most frequent
forecasts



Climatology

Bias-corrected

Ensemble forecast

Temperature

Medium forecast (50%)

Lower extreme

(10%)

Upper extreme

(90%)

Modified climatology

Schematic diagram for forecast anomalies

Ensemble forecast

Clmatology is generated from NCEP/NCAR reanalysis

(40 years from 1958 to 1997)


