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Background

It has been recognized for some time that forecast models are better at 
predicting the large-scale flow than at predicting surface variables such as 
temperature and precipitation.

There are good reasons for this:
• The large-scale flow is explicitly resolved
• The large-scale flow responds to long-lived tropical forcing (e.g. ENSO)
• Precipitation in particular is generated by suspect parameterizations

Can we leverage the prediction of the large-scale flow to improve predictions 
of surface variables? 

The idea is to assign the Z500 forecast to one of a set of observed circulation 
regimes (or characteristic patterns), and then predict the surface variables 
using the observed association with that regime.
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first identify individual groups of contiguous grid points, or 
objects. These objects are defined so that at each grid point 
the column-integrated precipitable water exceeds 2 cm and 
the horizontal wind speed ‖𝐯‖ , averaged between the two 
levels nearest to 850 and 700 hPa exceeds 10 ms−1 . Addition-
ally, in order for an object to be considered an atmospheric 
river, the net direction of 𝐯 must be poleward and eastward, 
the object must be at least 2000 km long and less than 1000 
km wide, and the mode latitude must be greater than 20◦ N. 
We present both the total frequency of atmospheric rivers 
and the anomalous frequency for each regime. Following 
current practice (e.g. DeFlorio et al. 2018) we use the same 
definition of atmospheric rivers for all regions.

The vertically integrated horizontal moisture flux 
(MFx,MFy) is defined as:

(2)MFx =∫
ps

0

1

g
uq dp

(3)MFy =∫
ps

0

1

g
vq dp

where (u, v) is the horizontal wind vector. The units of MF 
are kg (ms)−1 . Both the average moisture flux and its anom-
aly are presented for each regime. Note that in cases where 
the anomalous moisture flux is in the opposite direction from 
that of climatology, the total moisture flux associated with a 
particular regime may be weak.

2.4  Storm tracks

The evolving storm tracks are assessed by the covariances 
v′T ′ at 850 hPa, and v′v′ at 300 hPa. Here the primes denote 
fields filtered to retain periods representative of baroclinic 
eddies, and the overbar denotes a running 5-day mean. The 
digital filter used is similar to that of Blackmon (1976), but 
retains all periods less than 10 days, since this filter is meant 
to capture not only the growth and propagation of baroclinic 
waves, but their life cycle as well (Simmons and Hoskins 
1978).

(a) (b)

(c) (d)

Fig. 1  Centroids of combined Z500U250 clusters for k = 4. Z500 given in contours (interval 30 m), U250 given in shading (units ms−1 ). Arctic 
Low (a), Pacific Wavetrain (b), Alaskan Ridge (c), Pacific Trough (d). Numbers in upper right corner give relative frequency of occurrence

Author's personal copy

Composites of Z500 (contours) and U250 (shading) for four clusters from k-means

Example of extreme weather associated with circulation regimes in the 
Pacific North-America region

Amini and Straus (2019)* one of many, many examples in the literature

*Amini, S., Straus, D.M. Control of Storminess over the Pacific and North America by Circulation 
Regimes. Clim Dyn 52, 4749–4770 (2019). https://doi.org/10.1007/s00382-018-4409-7

4 circulation regimes of  
Z500/U250 using the k-
means clustering 
algorithm
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northward total and anomalous moisture flux seen in Fig. 6c, 
d leads to a strongly enhanced likelihood of extreme precipi-
tation in the northeastern Pacific, extending to the southern 
coast of Alaska (Fig. 6a).

4.3  Alaskan ridge

During the Alaskan Ridge regime (Fig. 7a) a strong high-
pressure system is dominant over the North Pacific and 
Gulf of Alaska, with low pressure extending from the 
northeast to the southwest of the continental US. Similar 
to the Arctic Low regime, this low-pressure configura-
tion prevents the moisture flux anomaly from penetrating 
the west coast, except far north in Alaska (Fig. 8c, d). A 
weaker high-pressure system centered over southeast of 
the US directs the moisture flux anomaly from two differ-
ent sources, the eastern Pacific and the Gulf of Mexico, 
to the southern states of the US (Fig. 8d). The enhanced 
moisture flux increases the atmospheric river frequency 

over the broad southern tier of the US (Fig. 7d), leading to 
a positive anomalies in precipitation further north (Fig. 8c, 
d) as well as a strong enhancement of the probability of 
extreme precipitation (Fig. 8a).

The branch of moisture flux coming from the eastern 
Pacific is consistent with a southward shift in atmospheric 
river frequency (Fig. 7d), positive anomalies in precipitation 
over southern California (Fig. 8c, d) and an increase in the 
frequency of extreme precipitation over this region (Fig. 8a). 
The storm track indicators (Fig. 7b, c) show a strong north-
ward shift from the central North Pacific into the Gulf of 
Alaska, along with enhanced atmospheric river occurrence 
and moisture flux.

4.4  Pacific Trough

During the Pacific Trough regime (Fig. 9a), the low pres-
sure center over the North Pacific directs enhanced mois-
ture flux towards the west coast of the US (Fig. 10c, d) and 

(a) (b)

(c) (d)

Fig. 7  Alaskan Ridge (AR) composites: 500 hPa height anomalies 
(contour interval of 30 m) in a. Total 300 hPa ( v′v′ ) given by contours 
in b (interval of 50 m 2 s −2 ), with shading giving anomalies. Total 850 
hPa ( v′T ′ ) given by contours in c (interval of 5 ms−1 K), with shading 

giving significant anomalies. Total (significant anomaly) number of 
atmospheric rivers per season given by the contours (shading) in d. 
Only results significant at the 90% level are shown in panels b–d. See 
text for details

Author's personal copy
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enhances the upper and lower level storm tracks (Fig. 9b, 
c, respectively), while increasing the frequency of occur-
rence of atmospheric rivers (Fig. 9d) over this region. All of 
these indicators are consistent with a positive precipitation 
anomalies (Fig. 10c, d respectively) and an increase in the 
probability of having extreme precipitation in a relatively 
narrow region over the west coast (Fig. 10a).

In addition, the ridge centered over the Midwest and 
Northeast along with the dry air coming from Canada 
(Fig. 9a) cause a negative shift/normalized shift in pre-
cipitation over the Midwest (Fig. 10c, d, respectively) and 
cause intra-seasonal drought over the Midwest and North-
east (Fig. 10b). While our results show an increase in the 
frequency of extreme precipitation over southern Florida 
during this regime, there is no significant moisture flux 
or enhancement of atmospheric rivers over this region, 

although more active atmospheric rivers are seen just to the 
south of Florida. The extreme precipitation can be explained 
by the interaction of the extended upper level storm track 
(Fig. 9b) across the entire southern tier of North America 
with the high amount of background moisture in this region.

4.5  Arctic high

During this regime (Fig. 11a) a strong ridge centered over 
Gulf of Alaska and a trough centered over central north 
Pacific direct the moisture in a broad swath from the central 
Pacific to the western US (see Fig. 12c, d). In the central 
North Pacific, the meridional gradient between the ridge and 
trough causes anomalous easterlies and thus a decrease in 
the frequency of atmospheric rivers (Fig. 11d) and weak-
ened storm tracks in both upper and lower levels (Fig. 11b, 

(a) (b)

(c) (d)

Fig. 8  Alaskan Ridge (AR) composites: ratio of the number of 
regime states for which the precipitation is in the 95th percentile to 
the number expected based only on the number of regime states given 
in a. Ratio for the 5th percentile given in b. Composite anomaly of 
precipitation given in shading (units of 10−3 m day−1 ) and total verti-
cally integrated moisture flux given by arrows [units of kg (m s)−1 ] 

in c. Composite normalized anomaly of precipitation given in shad-
ing (units of standard deviation) and anomalous vertically integrated 
moisture flux given by arrows [units of kg (m s)−1 ] in d. Only results 
significant at the 90% level are shown. Reference arrows for moisture 
flux are given in c, d. See text for details

Author's personal copy
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kan trough over western North America and the high 
over the East coast leads to increased precipitation (and 
occurrence of extreme precipitation) over a broad region, 

accompanied by more atmospheric rivers over the south-
eastern US and enhanced storm tracks to the north.

• Pacific Wavetrain (Figs. 5, 6): in this regime the oceanic 
moisture flux from the Pacific Ocean is deflected north-

(a) (b)

(c) (d)

Fig. 14  As in Fig. 8 but for Alaskan Ridge episodes equal to or greater than 14 days in duration

Table 2  Summary of impact on storminess indicators for the Arctic Low, Pacific Wavetrain and Alaskan Ridge regimes

ST summarizes storm track indicators, ARiv refers to atmospheric rivers, Flood Enhanced to the ratio of occurrence of 95% of precipitation 
compared to climatology, Drought enhanced to the ratio of occurrence of 5% compared to climatology. GoA refers to Gulf of Alaska

Arctic Low Pacific Wavetrain Alaskan Ridge

ST enhanced NE Pacific; NW and Central US Central Pacific, Florida GoA
ARiv enhanced NE Pacific, Eastern US Central and NE Pacific, off Florida GoA, Southern US, Midwest
Precip Anom > 0 NE Pacific, Central US Central Pacific GoA, SW US, Midwest
Flood enhanced Central US; N Pacific Eastern Pacific; GoA Southern US, Midwest
ST suppressed Central Pacific GoA, E Pacific; Central US NE Pacific, Central US
ARiv suppressed Central and E Pacific North Pacific, NW US, Southern US NE Pacific
Precip Anom < 0 Central, E. Pacific NW US NE Pacific
Drought enhanced Central Pacific NW US GoA

Author's personal copy

(a) Z500 for Alaskan Ridge Regime

(b) Composite of upper–level storm 
track indicator (variance of vhighpass)
Colors show anomalous storm 
tracks

(a) Ratio of number of Alaskan Ridge 
days for which precip is in top 5th 
percentile to the number expected 
based only on the number of days in 
this regime
(b) Same ratio for bottom 5th percentile.

Same as above, but for more 
persistent episodes of Alaskan 
Ridge (> 14 days of duration)

Example of Extreme Weather Associated with one circulation regime
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Precipitation and Temperature over the 
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Large-Scale Circulation 

Application 
to CPC 
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Forecasts

Application to “week 3 to 4” ( two-week) boreal winter operational 
forecasts at CPC
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Circulation Regimes based on running 14-day means in boreal winter 
Applicable to “week 3 to 4” ( two-week) operational forecasts at CPC

4 circulation regimes of  
Z500 using the k-means 
clustering algorithm

Note the wider domain
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No. of Clusters Confidence Level S. score
2 82.0% 0.1277
3 88.0% 0.1084
4 100.0% 0.1102
5 100.0% 0.1069
6 100.0% 0.0986
7 100.0% 0.0950
8 100.0% 0.0891

How many clusters (regimes) should we use?

Confidence level is based on testing the significance of the clustering with respect to 
synthetic data sets. (Higher is better).

Silhouette score is another measure of the tightness of the clusters (higher is better) 
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No. of Clusters Confidence Level S. score
2 82.0% 0.1277
3 88.0% 0.1084
4 100.0% 0.1102
5 100.0% 0.1069
6 100.0% 0.0986
7 100.0% 0.0950
8 100.0% 0.0891

How many clusters (regimes) should we use?

Confidence level indicates more than 3 
clusters should be used.

S Score is maximum for 4 clusters, but 
drops off only a little for k > 4

Higher k (more circulation regimes) 
means better resolution of forecasts 
in terms of clusters.

Don’t know of a statistical measure 
of this!
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ERA5 Patterns for 6 clusters (6 regimes)



Extreme Weather Cluster Composites 

• For each cluster we can find the associated anomaly composites for any 
variable. We first investigate temperature and precipitation terciles.

• Data:
• Temperature: ERA5 Daily Reanalysis 
• Precipitation: ERA5 Daily Reanalysis 
• 14-day running mean anomalies (temperature) or sum anomalies (precipitation) to match cluster 

periods

• Method:
• Calculate terciles (33rd and 67th) for each running 14-day period
• Smooth terciles (3rd Harmonic smoothing)
• Each period now can be classified as above, near, or below normal
• For each of the 6 clusters, calculate the occurrence of each tercile
• For example, a given point for Cluster 1 may have 70% occurrence of above, 20% near, and 10% below 

normal temperatures

10
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Probability of Above Normal Temperature 

ERA5 Patterns for 6 clusters (6 regimes)
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Probability of Above Normal Precipitation 

ERA5 Patterns for 6 clusters (6 regimes)
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Cluster-Based Forecasts:
Determine which cluster(s) the forecast is like.

Then use observed temperature, precip. for that cluster (those clusters)

• Ensemble Mean Approach: Assign a cluster to the forecast ensemble mean based on 
minimum RMS error.  

• Then use the observed weather composites to assign a tercile for Temperature and 
Precipitation

• Member Weighted Approach: The entire ensemble is given a weighted probability for each 
cluster, with the weights given by the inverse RMS error. 

• The weather composites are made accordingly . 

• Data:
• GEFSv12 hindcast z500 forecasts
• 11 total ensemble members
• Weekly Initialized between 11/15-2/15
• For years 2000-2019
• 252 samples

𝐼𝑛𝑣𝑒𝑟𝑠𝑒	𝑅𝑀𝑆𝐸! =
1

∑"#$" 𝑦%&'( −𝑦)*+
,

2

𝑊! =
𝐼𝑛𝑣𝑒𝑟𝑠𝑒	𝑅𝑀𝑆𝐸!

∑!"" 𝐼𝑛𝑣𝑒𝑟𝑠𝑒	𝑅𝑀𝑆𝐸
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F��. 9. A sample forecast for week 3/4 period February 1- 14 2023, initialized on January 17th 2023. The top

left figure is the multi-model ensemble mean z500 anomaly (m) forecast (14-day mean) from the 185 member

suite. The top right is corresponding z500 cluster ensemble mean forecast map of Cluster 5, the cluster assigned

to the multi-model ensemble mean forecast (top left). The cluster ensemble weighted z500 anomaly forecast

(bottom left) uses the cluster weights (bottom right) with cluster composites. Weights are derived from the

proportions of assigned clusters with the removal of cluster weights <15%.

280

281

282

283

284

285

b. Forecast Utility269

Both hindcasts and real-time forecasts allow us to compare skill between forecasts based on270

the cluster framework and the associated raw forecasts from the dynamical models. Figure 9 is271

an example of a real-time z500 Week 3/4 forecast for the January 17th, 2023 initialization date.272

The suite used consists of forecasts from GEFSv12, ECMWF, CFSv2, ECCC-GEMv4, and JMA273

models. This figure shows the model suite multi-model ensemble mean forecast (top left) compared274

to the cluster ensemble mean (top right) and cluster ensemble weighted (bottom left) forecasts.275

With the clusters assigned used in weighting (bottom right), cluster ensemble weighted forecasts276

for t2m, precipitation or any of the variables composited in Figs. 3-8 are constructed. This forecast277

had a HSS of 23.7 for temperature and -17.9 for precipitation cluster ensemble weighted forecasts278

(not shown).279

15

Sample forecast for week 3 to 4 period (February 1-14, 2023)
 initialized (January 17, 2023) 

Ensemble Mean 
two-week 

forecast Z500

Cluster 
composite 
assigned to 

ensemble mean

Forecast Z500
based on 
ensemble 
weighting 
approach

Weighting of the 
clusters
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T���� 1. Skill scores of cluster-based and GEFSv12 (last row) z500, temperature, and precipitation Week

3/4 forecasts over CONUS and Alaska for 264 initialization dates from 2000-2020. Forecast initialization dates

range from Nov 16 to Feb 15 for DJF Week 3/4 periods. Cluster-based forecasts are formed via two methods:

forecasts weighted by ensemble member cluster assignments from z500 GEFSv12 forecasts (Cluster Ensemble

Weighted Forecasts) and forecasts using the temperature and precipitation patterns for the cluster assigned from

the ensemble mean z500 forecast (Cluster Ensemble Mean Forecasts). The z500 skill is scored via pattern

correlation with ERA5 observations. Heidke skill scores (HSS) are used for temperature and precipitation

scoring. Cluster-like samples are based on the criteria that the ensemble mean GEFSv12 z500 forecast pattern

has a correlation with one of the cluster composite z500 fields exceeding 0.7, with the sample size given in

parentheses. GEFSv12 cluster-like forecasts are for a k=6 cluster framework. Bold scores are a significant

increase (p-value <0.10) from the all sample score. Starred(*) scores denote a significant GEFSv12 skill score

increase for the cluster-like initialization dates corresponding with each k. See Appendix for further details.
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296
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299

300

301

302

303

304

Hindcast Skill Scores

Forecast

Method
K z500

Temperature Precipitation

All Samples Cluster-Like All Samples Cluster-Like

Member
Weighted

k=4 .223 14.0 23.0 (70)* 2.9 4.9 (70)
k=5 .228 13.7 24.7 (77)* 3.6 6.1 (77)*
k=6 .223 12.7 22.2 (84) 4.9 7.9 (84)*
k=7 .244 15.9 24.4 (94)* 4.8 10.3 (94)*

k=8 .248 14.5 20.6 (101) 5.0 8.5 (101)*

Ensemble
Mean

k=4 .205 12.6 24.2 (70)* 2.4 3.5 (70)
k=5 .200 13.1 26.1 (77)* 3.2 4.7 (77)*
k=6 .210 11.3 20.7 (84) 6.0 6.6 (84)*
k=7 .207 12.0 22.9 (94)* 6.0 10.3 (94)*
k=8 .209 11.6 18.3 (101) 6.6 8.5 (101)*

GEFSv12 - .291 17.6 19.1 (84) 9.6 14.1 (84)*

With the ERA5 used as verification, skill scores for z500, t2m, and precipitation for each cluster-286

based method and cluster number are described in Table 1. Pattern correlations of z500 may287

not be as large as the GEFSv12 correlations (bottom row), owing to the fact that cluster-based288

z500 forecasts are locked to the cluster patterns or a combination of them for the cluster ensemble289

mean and cluster ensemble weighted forecasts, respectively. It is noteworthy that consideration290

of all clusters within the cluster ensemble weighted forecast gives higher scores for z500 than291

consideration of only one cluster in the cluster ensemble mean forecast.292

16

(1) The z500 skill is scored via pattern correlation with ERA5 observations. 
(2) Heidke skill scores (HSS) are used for temperature and precipitation scoring. 
(3) Cluster-like samples are based on the criteria that the ensemble mean GEFSv12 z500 forecast 

pattern has a correlation with one of the cluster composite z500 fields exceeding 0.7
 

Z500 and US Temperature Skill Scores for Hindcasts

Bold scores are  significantly 
greater than the all-sample score. 

Starred(*) scores denote a 
significant skill score increase for 
cluster-like  initialization dates



Symposium on the Weather, Water, and Climate Enterprise 
AMS 2024 16

T���� 1. Skill scores of cluster-based and GEFSv12 (last row) z500, temperature, and precipitation Week

3/4 forecasts over CONUS and Alaska for 264 initialization dates from 2000-2020. Forecast initialization dates

range from Nov 16 to Feb 15 for DJF Week 3/4 periods. Cluster-based forecasts are formed via two methods:
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has a correlation with one of the cluster composite z500 fields exceeding 0.7, with the sample size given in

parentheses. GEFSv12 cluster-like forecasts are for a k=6 cluster framework. Bold scores are a significant

increase (p-value <0.10) from the all sample score. Starred(*) scores denote a significant GEFSv12 skill score

increase for the cluster-like initialization dates corresponding with each k. See Appendix for further details.
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not be as large as the GEFSv12 correlations (bottom row), owing to the fact that cluster-based288

z500 forecasts are locked to the cluster patterns or a combination of them for the cluster ensemble289
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of all clusters within the cluster ensemble weighted forecast gives higher scores for z500 than291

consideration of only one cluster in the cluster ensemble mean forecast.292
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Z500 and US temperature scores for hindcasts are higher than that for cluster-based forecasts
Cluster-based forecasts have significantly higher Temperature scores for cluster-like forecasts 
than the model !!
Model scores for temperature increase significantly when the initialization is cluster-like !!

Bold scores are  significantly 
greater than the all-sample score. 

Starred(*) scores denote a 
significant skill score increase for 
cluster-like  initialization dates

Z500 and US Temperature Skill Scores for Hindcasts
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Cluster-based forecasts have significantly higher Temperature scores for cluster-like forecasts 
than the model !!

Model scores for temperature increase significantly when the initialization is cluster-like !!

These results suggest it may be possible to assess the accuracy of the prediction at the time of the 
forecast!

Some Encouraging Conclusions

Improvement for cluster-like forecasts doesn’t hold for precipitation

Ensemble mean Z500 forecasts are better than cluster-based forecasts.

Some Less Encouraging Conclusions


