
The linkage of the occurrence probability of continental-scale cold-air outbreaks to the 

amount of air mass transported into the polar stratosphere suggests that it is feasible to 

predict them 1 month in advance.
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P	ast studies have linked the weakening of the  
	stratospheric polar vortex or the negative phase of  
	the northern annular mode (NAM) to episodes 

of extreme cold events that occur later in the mid-
latitudes (Thompson and Wallace 2001; Baldwin and 
Dunkerton 2001; Thompson et al. 2002; Cai 2003; 
Kolstad et al. 2010; Mitchell et al. 2013; Kidston et al. 
2015). The presence of the NAM variability in the 
lower stratosphere also provides enhanced predict-
ability of the Arctic Oscillation (AO) or the tropo-
spheric NAM variability (Baldwin et al. 2003; Kuroda 
2008; Douville 2009; Gerber et al. 2009; Hardiman 
et al. 2011; Smith et al. 2012; Sigmond et al. 2013; 
Tripathi et al. 2014). This enhanced predictability has 
been attributed to the dynamical coupling between 
the stratosphere and troposphere via 1) systematic 
downward propagation of geopotential height and 
zonal wind anomalies in the extratropics (Kodera and 
Kuroda 1990; Baldwin and Dunkerton 1999; Baldwin 
and Dunkerton 2001; Cai and Ren 2007; Ren and Cai 
2007), 2) the delayed feedbacks of the stratosphere to 
the upward propagation of tropospheric Rossby waves 
(Hartley et al. 1998; Limpavusan and Hartmann 2000; 
Ambaum and Hoskins 2002; Polvani and Waugh 2004; 
Kuroda 2008), 3) the downward control principle 

(Haynes et al. 1991) and with transient eddy feedbacks 
(Song and Robinson 2004), 4) the reflection of plan-
etary waves (Perlwitz and Harnik 2003), and 5) the 
invertibility principle of potential vorticity (Hartley 
et al. 1998). Readers may consult the monumental 
review papers by Holton et al. (1995), Shepherd 
(2002), and Haynes (2005), and the references therein, 
about the two-way coupling mechanisms between the 
stratosphere and troposphere in the extratropics. The 
stratospheric connection to the AO and the associated 
extreme weather events have been recognized as a new 
opportunity for intraseasonal climate predictions dur-
ing winter seasons since the stratospheric signal pro-
vides long-lead precursor information (0–60 days) to 
anomalous surface regimes (Baldwin and Dunkerton 
2001; Thompson and Wallace 2001; Baldwin et al. 
2003; Polvani and Waugh 2004).

The conventional wisdom is that the stratosphere 
is more predictable than the troposphere because of 
its longer persistent time scale from the dominance 
of the quasi-stationary planetary-scale Rossby waves 
over the fast-moving synoptic-scale waves. With 
more satellite data in the stratosphere to assimilate 
and increased vertical resolution, we now have the 
capability to use numerical weather prediction (NWP) 
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models as an initial-value problem for stratospheric 
forecasts in the extratropics with a useful degree of 
skill in the subseasonal range [e.g., Tripathi et al. 
(2014) for extreme polar vortex events; Christiansen 
(2005), Charlton and Polvani (2007), and Yoden et al. 
(2014) for major stratospheric sudden warming events; 
Marshall et al. (2009) for a rare volcanic eruption event; 
Stan and Straus (2009), Li and Ding (2011), and Zhang 
et al. (2013) for zonal mean temperature, geopotential 
height, and wind anomalies]. The findings of these 
studies indicate that the useful skill for subseasonal 
forecasts in the extratropical stratosphere is due to the 
models’ ability to retain the amplitude of planetary 
waves throughout the subseasonal range, despite the 
fact that the models may not be able to predict the exact 
locations of planetary waves and their spatial scales 
beyond the 2-week range. It has been suggested that 
the skill improvement in the subseasonal range also 
depends on the initial day of the forecast relative to the 
onset date of the stratospheric sudden warming events 
(Kuroda 2010), and skillful subseasonal forecasts for 
extratropical stratospheric anomalies are not found 
for all cases (Tripathi et al. 2014). Sigmond et al. (2013) 
further showed that model forecasts for monthly mean 
tropospheric anomalies have significantly greater skill 
in the months after stratospheric sudden warming 
events. The skill dependency on the initial conditions 
in the stratosphere suggests that models can capture 
the long-lead information between stratospheric and 
tropospheric anomalies. 

Motivated by the work cited above and referenced 
therein, we here propose a hybrid (dynamical plus 
statistical) paradigm for predicting the occurrence 
of individual continental-scale cold-air outbreaks 
(CAOs) in winter at the subseasonal range (0–30 days). 
As outlined in Fig. 1, the proposed hybrid paradigm is 
built on the following two premises: 1) the existence 
of robust diagnostic relationships between one or 
more indices that describe stratospheric circulation 
variability and indices of continental-scale CAOs at 
the surface and 2) the ability of operational models 
to predict the stratospheric indices used in the first 
premise 0–30 days in advance. Note that the tem-
poral lead information in such a hybrid paradigm 
comes from dynamics/physics-based state-of-the-art 
operational models and the existence of precursor 
information in the statistical diagnostic component is 
not required. Therefore, the choice of such circulation 
indices is key for taking advantage of models’ useful 
skill in the subseasonal range. 

In the next section, we will discuss the rationales for 
the choices of the circulation indices in our delibera-
tion on the feasibility of the proposed hybrid paradigm. 
The data, methods, and definitions section describes 
briefly the methods for deriving the circulation and 
CAO indices from standard outputs of operational 
models and historical data. The section on the associa-
tion of CAOs with the strengthening of mass transport 
into the polar stratosphere is devoted to establishing 
the statistical relationship between the circulation and 
CAO indices. In the section on skill evaluations of fore-
casts for the ST60N, CNA, and CEA indices during the 
2013/14 winter, we present evidence showing that the 
NCEP Climate Forecast System, version 2 (CFSv2; Saha 
et al. 2014) indeed possesses useful skill in predicting 
the circulation index at a range longer than 2 weeks 
in advance. The following section outlines a prototype 
procedure for real-time subseasonal forecasts of CAOs 
by combining the results presented earlier. The con-
cluding remarks are provided in the final section of 
the paper. Detailed information on the skill evaluation 
and additional supporting evidences are provided in 
the online supplement to this paper (available online 
at http://dx.doi.org/10.1175/BAMS-D-14-00287.2).

RATIONALES FOR THE CHOICE OF 
CIRCULATION INDICES. As reported in the 
literature (e.g., the references cited earlier), many 
stratospheric circulation indices, such as the north-
ern annular mode (NAM), zonal mean zonal wind, 
polar vortex oscillation, eddy poleward heat f lux 
(or the vertical component of the Eliassen–Palm 
flux), and streamfunction of the residual circulation 
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inferred from the downward 
control principle, may bear 
long-lead precursor infor-
mation (0–60 days) for sur-
face temperature anomalies. 
Such long-lead information 
has been utilized in statisti-
cal models for predicting 
monthly or seasonal mean 
surface temperature anoma-
lies (e.g., Christiansen 2005; 
Siegmund 2005; Karpechko 
2015). However, to the best 
of our knowledge, such sta-
tistical long-lead informa-
tion has not been utilized 
for subseasonal forecasts of 
individual CAOs in a real-
time (or operational) setting.

Because the temporal 
lead information for subsea-
sonal forecasts of individual 
continental-scale CAOs in 
the hybrid paradigm comes 
from operational models’ 
forecasts, we need to con-
sider the following two re-
quirements in selecting cir-
culation indices: 1) they are 
predictable by operational 
models with a useful level 
of skill at a lead time longer 
than 2 weeks and 2) they are 
associated with dynamical 
processes that are physically responsible for indi-
vidual CAOs. The second requirement above allows 
us to have a built-in causal relation in the statistical 
diagnostic component that links individual CAOs to 
circulation indices. Unlike monthly or seasonal mean 
temperature anomalies, the day-to-day variability of 
temperature anomalies is driven mainly by weather 
systems.

It has been shown in Yu et al. (2015a) that the 
timing of CAOs in midlatitudes is associated with 
the strengthening of equatorward cold airmass trans-
port in the lower troposphere and the latter is nearly 
synchronized with the poleward warm-air transport 
in the upper atmosphere (including the stratosphere) 
into the polar region. Yu et al. (2015c) further showed 
that the anomalous intensification of surface weather 
systems that are responsible for CAOs is linked to the 
strengthening of the poleward warm-air transport 
in the upper atmosphere. The mechanism for the 

simultaneous poleward mass flux in upper-isentropic 
layers and equatorward mass flux below in the extra-
tropics has been uniquely attributed to the dominance 
of westward-titled baroclinic waves (Johnson 1989). 
As a result of the hydrostatic and (quasi-) geostrophic 
balance, westward-tilted baroclinic waves always 
have a net poleward mass transport in upper levels 
and equatorward mass transport in lower levels. 
Intensification of westward-tilted waves results in 
a near-simultaneous increase in both the poleward 
mass transport into the polar region aloft and the 
equatorward discharge of the cold polar air mass in 
the lower troposphere, responsible for CAOs in the 
midlatitudes. Deep and large-amplitude baroclinic 
waves are capable of driving a strong meridional 
mass circulation that is connected to the stratosphere. 
Therefore, the stronger poleward mass transport in 
the extratropical stratosphere can be a robust indi-
cator of the equatorward mass transport out of the 

Fig. 1. Schematic showing the main components and the process flow of the 
proposed hybrid paradigm for subseasonal forecasts of continental-scale 
CAOs in the midlatitudes.
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polar region in the lower troposphere [see sections 
7 and 8 in Cai and Ren (2007) for the observational 
evidence]. This is the basis for the existence of the 
physical causal relationship between the mass circula-
tion in the stratosphere and CAOs, which can be used 
as the statistical component of the hybrid paradigm 
for subseasonal forecasts of CAOs. 

One of the advantages of using indices that mea-
sure the strength of the meridional mass circulation 
is that they can be independently and explicitly 
calculated from the instantaneous total f low with-
out the need for decomposition into time mean and 
transient flows nor the separation into zonal mean 
and wave flows. Therefore, one can calculate mass 
circulation indices directly from the output fields of 
operational models once they are generated without 
waiting for forecast outputs at other lead times (or 
initial conditions) for averaging, which is essential for 
issuing forecasts in real time. Another advantage is 
that the variability of the annular modes (e.g., NAM 
and AO) can be physically explained and numeri-
cally accounted for from the isentropic meridional 
circulation variation (Yu et al. 2014, 2015b), but not 
from the residual circulation because the latter does 
not have convergence–divergence by construction, 
although the isentropic meridional mass circula-
tion is nearly equivalent to the residual circulation 
in the time mean sense (Pauluis et al. 2011). The 
association of the meridional mass circulation with 
baroclinic waves depends on the amplitude of the 
waves, their westward-tilting structure, and their 
spatial scales, rather than the exact locations of a 
trough and ridge. Therefore, an operational forecast 
model would have skillful forecasts for the intensity 
of the meridional mass circulation as long as it can 
capture the amplitude and the spatial structure even 
though it cannot accurately predict the locations of 
the troughs and ridges of these waves (Zhang et al. 
2013), a conjecture to be further substantiated in the 
section on the skill evaluations of forecasts for the 
ST60N, CNA, and CEA indices during the 2013/14 
winter. The circulation indices that are constructed 
from EOF modes of anomaly fields, such as the NAM 

index, may not be predictable by operational models 
in the subseasonal range because the models’ EOF 
modes are different from the observations in terms 
of both spatial patterns and explained variances (as 
well as their amplitude). 

In this study, we consider indices that measure 
mass circulation intensity to illustrate the feasibility 
of subseasonal forecasts for CAOs in the midlatitudes 
in a real-time setting within the framework of the 
proposed hybrid paradigm. Since mass circulation 
intensity is directly related to temporal changes of 
mass fields (including the surface pressure tendency 
or the AO tendency), an anomalous intensification of 
mass circulation, which is referred to as a pulse, can 
be used as an indicator of a strong circulation event. 
We will use the total intensity of the stratospheric 
mass circulation predicted by operational models 
to detect the pulse and then use it in the statistical 
diagnostics model to forecast the occurrence prob-
ability of continental-scale CAOs in the midlatitudes. 

DATA, METHODS, AND DEFINITIONS. The 
information from the datasets used in this study, in-
cluding their resolutions and main usages as well as 
their acronyms, are summarized in Tables 1 and 2. All 
data are daily data at 0000 UTC. Below are details of 
the methods used to derive meridional mass circula-
tion indices with various isentropic surfaces as the 
bottom level and the cold temperature area indices 
from these daily data.

Indices of meridional mass circulation. The time and 
zonal mean mass circulation in isentropic coordi-
nates is characterized by a single thermally direct 
circulation cell in each hemisphere that links the 
heat source in the tropics to the heat sink in high 
latitudes (e.g., Johnson 1989; Juckes et al. 1994; Held 
and Schneider 1999; Koh and Plumb 2004; Schneider 
2005, 2006; Pauluis et al. 2008). Pauluis et al. (2011) 
further proposed a statistical transformed Eulerian 
mean (STEM) formulation for an easy diagnosis of 
the time mean meridional mass circulation. We here 
diagnose the zonal mean meridional isentropic mass 

Table 1. List of the datasets and their acronyms used in this study.

Acronym Full name References

CFSRa NCEP Climate Forecast System Reanalysis Saha et al. (2010)

CFSv2 NCEP Climate Forecast System, version 2 Saha et al. (2014)

CFSRRa CFSv2 Reforecasts Saha et al. (2014)

NNR1b NCEP–NCAR Reanalysis 1 Kalnay et al. (1996)
a Information online at http://nomads.ncdc.noaa.gov/data.php?name=access#cfsr. 
b Information online at www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html.
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circulation on a daily basis. Following Pauluis et al. 
(2008), we interpolated the daily air temperature and 
wind fields onto 200 equally spaced sigma (σ) levels 
from 1 to 0. The air mass mσ between two adjacent 
sigma surfaces per unit area is mσ = (Δσ/g)Ps, where 
Ps is the surface pressure in pascals, g is the constant 
of gravity, and Δσ = 1/200. We then derived the zon-
ally integrated meridional mass flux above a specific 
isentropic surface Θn at latitude ϕ on day t as

F t m t t H tm n nφ λ φ υ λ φ σ θ λ φ σσ

π
, , , , , , , , , ,Θ Θ( ) = ( ) ( )  ( ) − ∫∫ 0
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where l is longitude; υ(λ,ϕ,σ,t) and θ(λ,ϕ,σ,t) are the 
meridional wind and potential temperature fields, 
respectively; and H(x) is the Heaviside function, such 
that H(x) = 1 for x > 0 and otherwise H(x) = 0.

In this study, we only consider the meridional 
mass transport into the region north of 60°N [i.e., 
only f = 60°N in (1) is considered]. We have con-
sidered several values of Θn as the bottom level of a 
layer above the tropopause at 60°N: namely, Θn = 330, 
350, 400, 450, 500, and 550 K. The results shown in 
the main text are obtained with Θn = 400 K: namely, 
ST60N = Fm(ϕ = 60°N, Θn  = 400 K, t), where ST stands 
for the stratospheric mass circulation. The results of 
other levels are shown and discussed in the online 
supplement to this paper.

Indices of cold areas over midlatitudes of North America 
and Eurasia. We now describe the method for indices 
measuring CAO activities over the midlatitudes 
(30°–60°N) of North America (120°–60°W) and 

Eurasia (0°–120°E). For a given dataset of daily surface 
air temperature (SAT) fields, we first calculate the cli-
matological annual cycle (—SAT) by averaging the daily 
SAT field at each grid point across all available years 
of the daily SAT dataset for each calendar day from 1 
December to 28 February. The corresponding daily 
anomalies are obtained by subtracting —SAT from the 
total SAT. The resultant daily surface air temperature 
anomaly fields are denoted as SAT .ʹ The local standard 
deviation (LSD) of SATʹ is derived from the long-time 
mean of the root-mean-square of SATʹ at each grid 
point for each day from 1 December to 28 February. 

We calculate an index from SATʹ and LSD fields 
to measure the percentage of area occupied by cold 
(or negative) surface air temperature anomalies below 
–α × LSD (denoted as C_α) according to 
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where a d dcosφ λ φ∫∫  denotes an area integral over 
the domain specified in the integral, a is the mean 
radius of Earth, and H(x) is the Heaviside function as 
in (1). We consider two cold temperature area indices 
for North America, denoted as CNA_α with α = 0.0 
or 0.5, whose domains cover a latitude span from 
fS = 30°N to fN = 60°N and a longitude span from 
lW = 120°W to lE = 60°W. Similarly, we also consider 
two cold temperature area indices for Eurasia, de-
noted as CEA_α with α = 0.0 or 0.5, whose domains 
cover a latitude span from fS = 30°N to fN = 60°N and 
a longitude span from lW = 0° to lE = 120°E.

It follows that the CNA_0.0 (CNA_0.5) index 
is the percentage of area occupied by cold surface 

Table 2. A brief summary of the datasets and their main uses.

Dataset Date range

Horizontal resolution Vertical 
resolution UsesPressure Surface

CFSR

1 Dec 2013– 
28 Feb 2014

1° × 1°
T126

37 pressure levels 
from 1,000 to 1 hPa

Analysis of events during 
winter 2013/14

1 Jan 1999– 
31 Dec 2009 

Gaussian grids CFSv2 forecast validation

CFSv2
1 Oct 2013– 
28 Feb 2014

1° × 1°
T126 Gaussian 

grids
37 pressure levels 
from 1,000 to 1 hPa

Skill analysis of CFSv2 
forecasts

CFSRR
1 Jan 1999– 
31 Dec 2009

1° × 1°
T126

Surface air 
temperature fielda

Systematic bias corrections 
for CFSv2 forecasts of 
surface air temperatureGaussian grids

NNR1
1 Jan 1948– 
28 Feb 2014 

2.5° × 2.5° 2.5° × 2.5°
17 pressure levels 
from 1,000 to 10 hPa

Climatological information of 
mass circulation and CAOs

a We only use the daily surface air temperature fields of the CFSRR dataset for bias corrections of CFSv2 forecasts of surface air 
temperature.
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air temperatures that are below the normal (below 
normal by at least 0.5LSD) over North America. The 
same thing can be said about CEA_0.0 and CEA_0.5, 
which are for Eurasia. 

Definitions. Table 3 lists the percentile thresholds of 
ST60N, CNA_0.0, CNA_0.5, CEA_0.0, and CEA_0.5 
derived from the National Centers for Environmental 
Prediction–National Center for Atmospheric Re-
search (NCEP–NCAR) Reanalysis 1 (NNR1) during 
December–February (DJF) of 1948–2014. In this 
study, we refer to it as a strong event of mass transport 
across 60°N into the polar stratosphere or “a pulse 
of the stratosphere” (denoted as PULSE), when the 
ST60N index is above 6 × 109 kg s-1 (70th percentile) 
for at least n consecutive days (n = 2, 3, …, 8). Table 
4 lists the total number of PULSEs, M(n); their total 
number of days, D(n); and the average peak intensity, 
PI(n), as a function of n during the period 1948–2014. 
It is seen that for n = 2, there are a total of 206 PULSEs 
in the 66 DJF or about 3 PULSEs per winter. This 
indicates that on average the hybrid paradigm would 
be able at most to forecast three rounds of CAOs 
based on the pulse information using this threshold 
value. Only one round of CAOs could be forecasted 
using the pulse information when the threshold for 
the duration is increased to 8 days. The fact that PI(n) 
increases as n increases implies that even if we use a 
constant intensity threshold for detecting PULSEs, 
we can use the duration days to indicate the intensity 
of a PULSE. 

Individual CAOs are driven by mobile synoptic-
scale weather systems. During a CAO event, cold-air 
temperature anomalies lie behind the troughs or in 
front of ridges, whereas warm temperature anomalies 
lie in front of troughs or behind ridges. Cold and 

warm temperature areas are relocated (eastward) as 
weather systems pass across a continent. Therefore, 
the condition that at least 50% area of a continent be 
occupied by cold temperature anomalies at any given 
day can be used to define a CAO event. Based on the 
discussion above, we refer to the condition that the 
daily value of a cold area index over a continent be 
above the Pth percentile (P = 50, 60, 70, 80, and 90) as 
a CAO event of intensity P over the continent. Using 
the notations for the four cold area indices defined in 
(2), we denote CNA_0.0_P and CNA_0.5_P for CAOs 
of intensity P over North America and CEA_0.0_P 
and CEA_0.5_P for CAOs of intensity P over Eurasia. 
One can easily infer the total number of days of CAOs 
of intensity P over a continent during the 66 DJF peri-
ods from the product of (1 - P%) and 5,940 (the total 
number of days in the 66 winter seasons). 

ASSOCIATION OF CAOS WITH THE 
STRENGTHENING OF MASS TRANSPORT 
INTO THE POLAR STRATOSPHERE. To illus-
trate the association of continental-scale CAOs with 
the strengthening of poleward mass transport into 
the polar stratosphere, we show in Fig. 2 the ST60N, 
CNA_0.0, CNA_0.5, CEA_0.0, and CEA_0.5 indices 
for the 2013/14 winter. It can be seen that there were 
three pronounced PULSEs (labeled as A, B, and D 
in Fig. 2a) with mass transport across 60°N into the 
polar stratosphere exceeding 6 × 109 kg s-1 for a week 
consecutively. The first two PULSEs were back-to-
back week-long twin strong circulation events that 
started on 31 December 2013 with a peak intensity 
of 9.2 × 109 kg s-1 (above the 90th percentile). The 
PULSE D began on 31 January with a peak intensity 
of 11 × 109 kg s-1 (about 95th percentile) and lasted 
8 days. Sandwiched between the twin and the third 

Table 3. Percentile thresholds of the stratospheric mass circulation index and cold area per-
centage indices derived from NNR1 during the 66 DJFs from 1948 to 2014. 

Percentile ST60N (109 kg s–1) CNA_0.0 (%) CNA_0.5 (%) CEA_0.0 (%) CEA_0.5 (%)

Max 16.87 100   96.2 91.6 83.8

90th 8.28 77.4 60.5 70.7 51.2

80th 6.90 69.5 49.4 63.0 42.7

70th 5.96 62.8 41.0 56.8 37.3

60th 5.23 55.4 33.9 52.0 32.9

50th (median) 4.46 48.5 28.0 47.3 28.3

40th 3.96 41.7 22.4 42.9 24.4

30th 3.50 34.9 16.8 38.2 20.2

20th 2.90 28.0 11.4 32.9 15.8

10th 2.19 18.8 5.4 24.9 10.3

Min –1.96 0 0 3.2 0
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PULSEs was a minor PULSE (labeled as C), a 2-day 
event during 19 and 20 January 2014, whose peak 
just slightly exceeded 6 × 109 kg s-1 (70th percentile). 
Following the twin PULSEs A and B was a 14-day-long 
episode of CAOs in the midlatitudes of North America 
with 70%–80% of the area occupied by below-normal 
temperature anomalies or up to 60% of the area re-
porting below-normal temperature anomalies by at 
least half a standard deviation (both CNA_0.0 and 
CNA_0.5 exceeded the 90th percentile). A week-long 
massive CAO episode over North America with its 
cold area indices exceeding the 90th percentile fol-
lowed PULSE D. Even the minor PULSE was followed 
by a 3-day-long weak CAO over North America. In 
the midlatitudes of Eurasia, however, there was only 
a 1-week-long episode of 
major CAO with the peak 
of CEA_0.0 or CEA_0.5 
index reaching the 70th 
percentile level in the win-
ter of 2013/14, which took 
place after the third pulse. 
It is important to point out 
that not all continental-scale 
CAOs are preceded by a 
stratospheric pulse, such as 
the major CAO that took 
place over the midlatitudes 
of North America during 
9–21 December 2013. We 
have verified that during 
this period, there was little 
presence of large-amplitude 
planetary-scale waves in the 
stratosphere and, therefore, 
no strong circulation event 
in the stratosphere.

We next present statisti-
cal evidence supporting 
the idea that the relation 
between PULSEs and CAOs 
found in the 2013/14 winter 
holds for other years as well. 
To do this, we examine the 
occurrence probability of 

CAOs at different numbers of lead–lag days relative 
to the peak dates of PULSE events (Fig. 3) using the 
66 yr of daily NNR1 data in DJF. For example, to 
construct the probability of the occurrence (PO) of 
CNA_0.0_P events, we count the total number of 
days of CNA_0.0_P events at t0 days from the peak 
days of individual PULSEs, denoted as N(t0), with t0 
ranging from -10 to 25 days, where negative values of 
t0 represent t0 days before the peak days and positive 
values after. The PO of CNA_0.0_P at different lead–
lag days relative to the peak dates of PULSEs is given 
by the ratio of N(t0) to the total number of PULSEs, 
M(n), listed in the second row of Table 4, where n is 
the duration threshold for PULSE events. In the same 
fashion, we obtain the PO of CNA_0.5_P, CEA_0.0_P, 

Table 4. Total number of PULSE events that last at least n consecutive days, their total number of 
days, and their average peak intensity (109 kg s–1) recorded during the 66 DJFs of 1948–2014.

n 2 3 4 5 6 7 8

No. of events [M(n)] 206 178 154 135 117 101 76

Total No. of days during events [D(n)] 1,608 1,552 1,480 1,404 1,314 1,218 1,043

Avg peak intensity [PI(n)] 7.81 7.97 8.13 8.26 8.40 8.56 8.80

Fig. 2. Time series of various indices derived from the NOAA CFS Reanalysis 
(CFSR) for the period from 1 Dec 2013 to 28 Feb 2014. (a) The ST60N index 
(109 kg s−1), (b) CNA_0.0 (purple) and CEA_0.0 (blue), and (c) the CNA_0.5 
(purple) and CEA_0.5 (blue). The thin solid horizontal lines correspond to the 
median values of these indices (as shown in Table 2), while the dashed horizontal 
lines represent the 70th percentile thresholds of these indices. The shaded rect-
angular boxes in (a) mark the time spans of the four PULSE events—namely, 
the periods when ST60N exceeded the threshold of the 70th percentile—and 
those in (b) and (c) mark the time spans of CAO events defined by CNA 0.0_70, 
CEA 0.0_70, CNA 0.5_70, and CEA 0.5_70 (see text for details).
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and CEA_0.5_P events at different numbers of lead–
lag days relative to the peak dates of PULSEs. 

To test the statistical significance of the PO 
of CAOs, we perform 5,000 Monte Carlo simula-
tions using the same daily time series of CNA_0.0, 
CNA_0.5, CEA_0.0, and CEA_0.5. In each Monte 
Carlo simulation, we randomly select a set of K(N) 
dates (N = 1–5,000) as the peak number of days of 
PULSEs in the 66-DJF period and evaluate the PO 
of CAOs at t0 days from these randomly selected 
dates, with t0 ranging from -10 to 25. We then rank 
the PO of CAOs at t0 days from the peak days of the 
observed PULSEs against the 5,000 samples of the 
PO at t0 days from the randomly selected dates. A 
statistical significance at the 5% level for the above-
normal PO is determined when the observed PO of 
the CAOs at a given lead–lag time exceeds the 95th 
percentile of the 5,000 simulated POs at the same 
lead–lag time. Similarly, a statistical significance at 
the 5% level for the below-normal PO is determined 
when the observed value falls below the 5th percentile 
of the 5,000 simulated PO values. We have done two 
sets of 5,000 Monte Carlo simulations for each cold 

area index: one with two adjacent randomly selected 
dates at least 8 days apart and the other without such 
a condition. The statistical tests from the resultant 
Monte Carlo simulations are nearly identical. 

We have obtained the POs of CNA_0.0_P, 
CNA_0.5_P, CEA_0.0_P, and CEA_0.5_P events 
with P = 50, 60, 70, 80, and 90 as a function of the 
number of lead–lag days relative to the peak dates 
of PULSE events with different duration thresholds, 
n. For the same value of P, the PO of CNA_0.0_P 
(CEA_0.0_P) is nearly identical to that of CNA_0.5_P 
(CEA_0.5_P). Therefore, it suffices just to show 
CNA_0.5_P and CEA_0.5_P, as displayed in Fig. 3 
for P = 50 (for cold area indices above the 50th per-
centile) and P = 70 (for cold area indices above the 
70th percentile). It is seen that the PO needed for 
CAOs to occur over Eurasia is significantly above the 
climatological probability during 1 week before the 
peak day of a PULSE. The peak PO of CEA_0.5_50 
(CEA_0.5_70) events can be as high as 68% (44%) on 
day 3 (4) before the PULSE’s peak day, which is a 36% 
(47%) gain from its climatology probability (equal-
ing 1 - P%). The PO for CAOs to occur over North 

America becomes signifi-
cantly above the climatol-
ogy probability in the sec-
ond week after the PULSE’s 
peak day, with the peak 
probability of 63% (39%) on 
day 11 (16) for CNA_0.5_50 
(CNA_0.5_70) events, a 
26% (30%) gain from the cli-
matological probability. The 
longer the duration (up to 
8 days) of a PULSE is (which 
tends to be also a stronger 
PULSE), the higher the PO 
of the CAOs is. Comparison 
between the top and bottom 
panels of Fig. 3 indicates 
that the results are not sen-
sitive to the threshold used 
for defining CAOs in terms 
of the timing information 
with respect to the peak 
days of PULSEs. However, 
the relative gain of the oc-
currence probability from 
the climatological prob-
ability is higher for more 
massive CAOs (detected by 
larger threshold P value). 
This implies that the skill 

Fig. 3. Probability (solid color lines, %) of occurrence of (a) CNA 0.5_50, (b) 
CEA 0.5_50, (c) CNA 0.5_70, and (d) CEA 0.5_70 at different lead–lag times 
with respect to the peak dates of PULSEs with durations of n days or longer. 
Different colors correspond to different values of n (n = 2, 3, …, 8). The hori-
zontal solid black line in each panel represents the climatological probability 
equaling the corresponding percentile threshold. The dots indicate statistical 
significance at the 5% level. Statistics are derived from the NNR1 dataset for 
the 66 DJFs of 1948–2014.
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for relating CAOs to the peak days of PULSE is more 
robust for more massive CAOs. 

We have constructed the PO of CAOs with respect 
to the peak days of PULSEs detected using different 
thresholds (the one for Fig. 3 is the 70th percentile 
threshold of the ST60N index). The timing informa-
tion of the above-normal probability of CAOs is in-
sensitive to the threshold value (as long as it is greater 
than the 60th percentile), as one may expect from 
the results of different duration time shown in Fig. 3 
(recall that the duration time and intensity of a PULSE 
are positively correlated). We also have found that the 
larger the threshold intensity used to define a PULSE, 
the greater the above-normal probability for CAOs to 
occur, similar to the results of different duration times 
shown in Fig. 3. However, for a smaller threshold 
(say less than the 40th percentile), the diagnosed PO 
of CAOs approaches the climatological probability. 
Additional discussion of the threshold for detecting 
PULSE events is provided in the section offering a 
prototype hybrid paradigm for subseasonal forecasts 
of continental-scale CAOs. 

SKILL EVALUATIONS OF FORECASTS FOR 
THE ST60N, CNA, AND CEA INDICES DUR-
ING THE 2013/14 WINTER. We now provide 
evidence suggesting that the CFSv2’s operational 
forecasts during the 2013/14 winter did possess useful 
skill in predicting the ST60N index more than 2 weeks 
in advance, whereas their skill in directly predicting 
CAOs degrades significantly beyond 2 weeks. It is 
seen from Fig. 4a that similar to the observations, the 
ST60N derived from the CFSv2 forecasts at lead times 
of 1–50 days showed a below-normal mass transport 
into the polar stratosphere for most of December, and 
significantly above-normal mass transport in Janu-
ary and early February. The CFSv2 forecasts not only 
reproduced the general pattern of the temporal evolu-
tion, but also captured the occurrence of individual 
PULSE events. The useful skill of CFSv2 in forecast-
ing PULSEs at the subseasonal range can also be 
seen from the time series of the ST60N derived from 
forecasts starting at a given initial condition, which 
is along the direction parallel to the dashed lines in 
Fig. 4a. Nevertheless, the timing of the forecasted 
PULSEs was delayed by up to a week or so in the 
CFSv2 forecasts at a lead time of 2 weeks and longer. 

Figure 5a shows the correlation skill of the opera-
tional CFSv2 forecasts for the ST60N index during 
the winter of 2013/14 as a function of forecast lead 
time and lagged verification time. We consider a cor-
relation of 0.3 to be the cutoff for “marginally useful” 
skill in the subseasonal range, a term that is borrowed 

from the experience in predictions of upper-level (i.e., 
500-hPa height) charts in the 6–10-day range (e.g., 
Zhang et al. 2013; Hamill et al. 2004). In the opening 
section of the online supplement, we provide detailed 
information on how the correlation skill at a given 
forecast lead time is evaluated at different lagged 
verification times. By design, the correlation skill at 
zero lagged verification time is exactly equal to the 
convectional correlation skill. It is seen that CFSv2 
does possess useful skill (above 0.4) in predicting 
the ST60N index even when the lead time is longer 
than 2 weeks, particularly in the range between 35 
and 45 days. Moreover, the correlation skill in the 
range between 15 and 35 days is substantially im-
proved when we verify the forecasts at an earlier time 
(positive lag, which attempts to account for the delay 
errors of the CFSv2 forecasts). This confirms that 
the overall correlation skill of the operational CFSv2 
forecasts for the ST60N index during the winter of 
2013/14 remained above the 0.5 level throughout the 
45 days of lead time after the timing error, which is 
within the range of 1–10 days, had been taken into 
consideration. Therefore, the operational CFSv2 
forecasts indeed possess useful prediction skill for 
the isentropic meridional mass circulation above 
400 K (also see Fig. ES10b in the online supplement) 
at lead times of 30 days and longer. However, the 
CFSv2 forecasts for the meridional mass circulation 
below 400 K (Figs. ES9, ES11, and ES10a in the online 
supplement) are no longer reliable beyond 2 weeks.

From a forecaster’s perspective, the “usefulness” 
or the actual skill that matters should be evaluated 
by following the lead-time series of the forecasted 
ST60N derived from the forecasts starting from the 
initial state when the forecast is made. In Fig. 4a, the 
real-time series of the forecasted ST60N is along the 
diagonal axis parallel to a dashed line, at which point 
the real time and forecast lead time are identical. It is 
seen that the twin PULSE events (PULSEs A and B) 
observed in the period of 1–15 January 2014 were de-
tected by CFSv2 forecasts as early as 7 December 2013, 
which would provide forecasters useful information 
about the occurrence of PULSE events 20–40 days 
in advance. Similarly, the strongest PULSE event 
(PULSE D, 31 January–7 February 2014) observed in 
the 2013/14 winter was detected by CFSv2 forecasts as 
early as 26 December 2013, again within a lead time 
of 20–40 days. Moreover, these three major PULSE 
events showed up in most of the forecasts between 
the first detected data and their occurring dates except 
the obvious back-and-forth timing and duration er-
rors of a few days. The combination of the back-and-
forth timing errors and duration time errors make 
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Fig. 4. Variations of various 
indices as a function of verifica-
tion time (abscissa) during the 
2013/14 winter and forecast 
lead time (ordinate): (a) ST60N 
(109 kg s−1), (b) CNA_0.0 (%), 
and (c) CEA_0.0 (%). Day 0 in 
the lead time corresponds to 
the initial conditions of the 
CFSv2 forecasts. The white-
shaded area corresponds to 
the climatological values de-
rived from the NOAA CFSR 
for the period of 1999–2009. 
The dashed lines are along the 
diagonal axis at which the real 
time and forecast lead time are 
identical. The black-colored 
letters A–D mark the timing 
of the observed four PULSE 
events identified in Fig. 2, and 
those in red correspond to 
their counterparts detected 
from the five individual fore-
casts (i.e., the time series along 
the dashed lines).

just exceeded the threshold of 
PULSE events marginally, was 
not detected clearly until about 
2 weeks before it happened. It 
appears that the difficulty in 
detecting the minor PULSE 
event from CFSv2 forecasts 
was mainly due to the large 
duration errors in forecast-
ing the major PULSE B event 
that took place just a few days 
earlier. Therefore, CFSv2 can 
provide useful information 
for detecting large-amplitude 
PULSE events at a lead time 
of 20–40 days, except for tim-
ing and duration errors of a 
few days, but may not be able 
to do so for small-amplitude 
PULSE events. We will illus-
trate how to utilize the useful 
skill of the CFSv2 forecasts in 
detecting PULSEs 20–40 days 

in advance for real-time subseasonal forecasts of CAOs 
in the next section.

Turning our attention to the CFSv2 forecasts of 
CAOs, Fig. 4b shows that the CFSv2 forecasts were 
unable to capture the three massive CAOs over North 

the forecasted PULSEs appear “on” and “off ” at the 
verification time, responsible for the relatively poor 
correlation skill at the verification time (i.e., the skill 
at lag 0 in Fig. 5a). It is important to point out that the 
PULSE C event, which was a 2-day PULSE event that 
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America beyond 2 weeks. This was also the case for 
the sole prolonged massive CAO over Eurasia in the 
first half of February (Fig. 4c). Figures 5b and 5c 
vividly show the week 2 cutoff limit of the CFSv2 
prediction skill for the CNA and CEA indices. Beyond 
2 weeks, there is a lack of continuity in the correlation 
skill of the CFSv2 forecasts of these indices even after 
we have taken the timing error into consideration. 

A PROTOTYPE HYBRID PARADIGM FOR 
SUBSEASONAL FORECASTS OF CONTI-
NENTAL-SCALE CAOS. Figure 6 outlines an 
operationally implementable procedure for a hybrid 
(dynamical plus statistical) paradigm for real-time 
subseasonal forecasts of continental-scale CAOs. 
Before starting the operational subseasonal forecasts 
of CAOs, one needs to build the statistical compo-
nent that links the pulse of the stratosphere to the 
occurrence probability of continental-scale CAOs 
of different levels of severity (i.e., in terms of area 
coverage over a continent and intensity), as shown 
in Fig. 3. One can construct such a statistical model 
for the occurrence probability of CAOs as a function 
of the intensity and duration of PULSEs. In opera-
tional forecasts, one can derive the ST60N index as a 
function of forecast lead time using the operational 

model’s forecast outputs starting from the date when 
the forecasts for CAOs are to be made. PULSE events 
can be detected from the lead-time series of the fore-
casted ST60N index based on the forecaster’s choice. 
The forecaster can issue forecasts for the temporal 
distribution of the high probability for CAOs of dif-
ferent severity to occur by plugging the information 
related to peak days, duration time, and intensity into 
the preconstructed statistical model. 

In this hybrid forecast paradigm, one needs to 
consider the balance between “missing forecasts” and 
“false alarm” forecasts in choosing the threshold for 
detecting PULSEs for the model’s forecast outputs. 
For a larger threshold, the PO of CAOs is higher and 
statistically more significantly above the climatology 
probability. However, one would have fewer CAO 
events to forecast because of the smaller number of 
PULSE events detected in the model’s forecast out-
puts. This may yield more missing forecasts of CAO. 
On the other hand, a smaller threshold would lead 
to more PULSEs detected from the model’s forecast. 
However, because 1) the model may not have useful 
skill in predicting small-amplitude PULSEs beyond 
2 weeks and 2) the diagnostic information that links 
CAOs to PULSEs may not be statistically significant, 
a smaller threshold for PULSEs may lead to more false 

Fig. 5. The correlation scores of the operational CFSv2 forecasts for DJF 2013/14 as a function of the forecast 
lead time (ordinate, days) and lagged verification time (abscissa, days): (a) ST60N, (b) CNA_00, and (c) CEA_0.0. 
The dotted area indicates statistical significance at the 5% level.
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alarm detections of PULSE events from the model’s 
forecast output and more false alarm forecasts of 
CAOS even when the model could capture small-
amplitude PULSEs accurately.

We next wish to use the results presented in 
Figs. 4a and 3 to demonstrate how such a hybrid 
paradigm could be used for forecasting CAOs dur-
ing the winter of 2013/14 at a lead time longer than 
2 weeks. Because the twin PULSE (A and B) events 
first detected on 7 December 2013 remained above 
the threshold continuously in the later forecasts, one 
could forecast on 10 December 2013 about the high 
probability for CAOs to occur over the period a few 
days before the new year through the first 10 days 
of 2014, which would be a (at least) 25-day forecast. 
Since its detection on 7 December, the forecasted 
PULSE event appeared to show up at a later time in 
later forecasts until around 26 December when the 
timing delay of its occurrence in forecasts stopped. 
Therefore, one could issue a forecast on 26 December 
2013 to predict that a new round of CAOs would occur 
during the period between the last week of January 

Fig. 6. Flowchart of the prototype hybrid paradigm for 
real-time subseasonal forecasts of continental-scale 
CAOs in the midlatitudes.

and the end of the second week of February. This 
would make it a 30-day forecast. 

The feasibility of the prototype hybrid paradigm 
for predicting continental-scale CAOs in real time 
1 month in advance has been put to a test at Florida 
State University by a team consisting of three 
graduate students and three undergraduate students 
led by the first author. They issued experimental 
subseasonal forecasts in real time, which are acces-
sible freely by the general public and archived online 
(www.amccao.com). As recorded at the website, they 
were very successful in forecasting CAOs and winter 
storms at a lead time of 3–6 weeks in advance for 
the 2014/15 winter season. Specifically, they issued 
forecasts for a total of 15 PULSE events of strong 
mass transport into the polar stratosphere during 
the period from 14 October 2014 to 30 April 2015 at 
an average lead time of 1 month since 29 September 
2014. All of their forecasts have been confirmed to 
capture the peak times of these 15 PULSEs within the 
time periods of their forecasts. There were only three 
major peaks of strong mass transport into the polar 
stratosphere that were not forecasted (29 November 
2014, 10 December 2014, and 23 January 2015). None 
of the forecasts issued resulted in a false alarm. Most 
importantly, all of these 15 strong stratospheric cir-
culation events (or PULSEs) were accompanied by 
major CAOs over at least one of the two major conti-
nents. This is particularly the case for North America 
where an abrupt increase in the area of below-normal 
temperatures was recorded within a few days after 
each of the 15 PULSEs. The inaugural subseasonal 
forecasts for CAOs during the winter of 2014/15 will 
be summarized in a separate paper.

CONCLUDING REMARKS. We have discov-
ered that CAOs over the two major continents in the 
Northern Hemisphere on average tend to take place 
within a short time period from 1 week before to 1 
to 2 weeks after anomalously strong mass transport 
into the polar stratosphere (i.e., the pulse of the 
stratosphere or PULSE). We also showed that an 
operational model, such as the CFSv2, is capable of 
predicting the PULSE, namely, the timing of strong 
mass transport into the polar stratosphere at a lead 
time of 20–40 days. This enables us to utilize the 
statistical relation between PULSE events and CAOs 
to predict the timing of having an abnormally high 
probability of the occurrence of continental-scale 
CAOs 1 month in advance. 

In the online supplement to this paper, we 
have demonstrated that the key well-known po-
lar stratospheric circulation indices, such as the 
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lower-stratospheric NAM index and polar strato-
spheric temperature anomalies, are dominated by 
low-frequency signals with long decorrelation time 
scales (about 3 weeks). From the mass circulation per-
spective, each PULSE event corresponds to a stronger 
poleward mass transport into the polar stratosphere, 
causing a rising in the polar stratospheric tempera-
ture and a decrease of the stratospheric NAM index. 
It often takes several consecutive PULSE events into 
the polar stratosphere to cause a substantial warming 
in the polar stratosphere and a substantial weaken-
ing of the polar stratospheric vortex. It follows that 
the low-frequency nature of the lower-stratospheric 
NAM index is a manifestation of the accumulative 
(or temporal integral) effect of multiple PULSE 
events. Furthermore, forecasts of PULSE events can 
be made all winter long, as we demonstrated in our 
experimental forecasts for the winter of 2014/15, 
since their success does not require the presence 
of stratospheric (major or minor) warming signals 
in the initial conditions, which is the case for the 
conventional strategy that relies solely on dynamical 
model forecasts (e.g., Sigmond et al. 2013; Tripathi 
et al. 2014). 

We wish to add that only deep and large-amplitude 
baroclinic waves are capable of driving a stratospheric 
pulse that is connected to the troposphere. Therefore, 
the proposed hybrid prediction strategy may not be 
able to help predict continental CAOs associated with 
every anomalously strong tropospheric meridional 
circulation event nor cold events that are mainly 
created by underlying surface conditions (e.g., the 
“refrigerator” effect of snow cover).

It is noteworthy that the good skill found for the 
CFSv2 forecasts of PULSEs beyond the 2-week lead 
time for the 2013/14 winter was obtained without 
any systematic bias correction. The skill presented in 
Fig. 5a could be further improved after applying such 
bias corrections based on historical hindcasts made 
by the same model. Additionally, North American 
Multimodel Ensemble forecasts (Kirtman et al. 2014) 
may yield an even better level of skill for predicting 
PULSEs at a lead time longer than that obtained 
here, which is based on forecasts of a single model. 
Additionally, models with higher resolution may help 
to gain additional skill in predicting the stratospheric 
anomalies at a longer lead time (Marshall and Scaife 
2010; Tripathi et al. 2014). 
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The Thinking 
Person’s Guide to 
Climate Change
ROBERT HENSON

This fully updated and expanded 
revision of The Rough Guide to 
Climate Change combines years 
of data with recent research. 
It is the most comprehensive 
overview of climate science, 
acknowledging controversies 
but standing strong in its stance 
that the climate is changing—and 
something needs to be done.

© 2014, PAPERBACK, 520 PAGES, 
ISBN: 978-1-935704-73-7 
LIST $30 MEMBER $20

Taken by  
Storm, 1938:  
A Social and 
Meteorological  
History of the Great  
New England Hurricane  
LOURDES B. AVILÉS

The science behind the 1938 
Hurricane, which hit New  
England unannounced, is 

presented here for the first time along with new data that 
sheds light on the motivations of the Weather Bureau 
forecasters. This compelling history successfully weaves 
science, historical accounts, and social analyses to create 
a comprehensive picture of the most powerful and 
devastating hurricane to hit New England to date. 

© 2013, HARDCOVER, 288 PAGES, ISBN: 978-1-878220-37-0         

LIST $40    MEMBER $30       

Climate Conundrums:  
What the Climate Debate  
Reveals about Us
WILLIAM B. GAIL

This is a journey through how we think, 
individually and collectively, about 
humanity’s relationship with nature,  
and more. Can we make nature better?  
Could science and religion reconcile?  
Gail’s insights on such issues help us  
better understand who we are and find  
a way forward.

© 2014, PAPERBACK, 240 PAGES,  
ISBN: 978-1-935704-74-4 LIST $30 MEMBER $20

Living on the  
Real World:  
How Thinking and Acting  
Like Meteorologists  
Will Help Save the Planet
WILLIAM H. HOOKE

Meteorologists focus on small bits 
of information while using frequent 
collaboration to make decisions.  
With climate change a reality, William 
H. Hooke suggests we look to the way 
meteorologists operate as a model for  
how we can solve the 21st century’s most 
urgent environmental problems.

© 2014, PAPERBACK, 272 PAGES, ISBN 978-1-935704-56-0  LIST $30    MEMBER $22 

An Observer’s Guide to Clouds  
and Weather:
A Northeastern  
Primer on Prediction
TOBY CARLSON, PAUL KNIGHT,  
AND CELIA WYCKOFF

With help from Penn State experts, start 
at the beginning and go deep. This primer, 
intended for both serious enthusiasts and 
new meteorology students, will leave you 
with both refined observation skills and 
an understanding of the complex science 
behind the weather: the ingredients for 
making reliable predictions of your own. 
It connects fundamental meteorological 
concepts with the processes that shape 

weather patterns, and will make an expert of any dedicated reader.

© 2014, PAPERBACK, 210 PAGES,  
ISBN: 978-1-935704-58-4  LIST $30 MEMBER $20

A Scientific Peak: 
How Boulder Became a 
World Center for Space and 
Atmospheric Science

JOSEPH P. BASSI

How did big science come to Boulder, 
Colorado? Joe Bassi introduces us  
to the characters, including Harvard 
sun–Earth researcher Walter Orr 
Roberts, and the unexpected brew  
of politics, passion, and sheer luck that 
during the Cold War era transformed 
this “Scientific Siberia” to home of 
NCAR and NOAA.

How Boulder Became a World Center
for Space and Atmospheric Science

A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y

Joseph P. Bassi

A Scientific Peak

In 1951, Bob Simpson rode a plane 
into a hurricane—just one of the 
many pioneering exploits you’ll find 
in these memoirs. Bob and his wife 
Joanne are meteorological icons: Bob 
was the first director of the National 
Hurricane Research Project and a 
director of the National Hurricane 
Center. He helped to create the 
Saffir–Simpson Hurricane Scale; the 

public knows well his Categories 1–5. Proceeds from this book 
help support the AMS’s K. Vic Ooyama Scholarship Fund.

© 2015, PAPERBACK, 156 PAGES  
ISBN: 978-1-935704-75-1 LIST $25 MEMBER $20

Hurricane Pioneer: 
Memoirs of Bob Simpson
ROBERT H. SIMPSON AND NEAL DORST

Before Doppler radar and weather 
broadcasts, Spanish Jesuit Benito Viñes 
(1837–1893) spent decades observing 
the skies at Belen Observatory in 
colonial Cuba. Nicknamed “the Hurricane Priest,” Viñes  
taught the public about the weather and developed the first 
network of weather observation stations in the Caribbean, 
groundwork for the hurricane warning systems we use today. 

© 2014, PAPERBACK, 172 PAGES  
ISBN: 978-1-935704-62-1 LIST $20 MEMBER $16

Father Benito Viñes: 
The 19th-Century Life  
and Contributions of a  
Cuban Hurricane Observer  
and Scientist
LUIS E. RAMOS GUADALUPE

TRANSLATED BY OSWALDO GARCIA

The 19th-Century  
Life and Contributions  
of a Cuban Hurricane  
Observer and Scientist

by Luis E. Ramos
Guadalupe

Translated by  
Oswaldo Garcia
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HISTORY AMS Meteorological Monographs Vols. 1–55 (1947–2010) are available via 
Springer at springer.com/ams, with select volumes available in print via AMS 
at bookstore.ametsoc.org. Starting in 2016 with Vol. 56, new monographs will 
be open access, available via the AMS Journals Online site.

© 2015, PAPERBACK, 264 PAGES, ISBN: 978-1-935704-85-0

LIST PRICE: $35.00      MEMBER PRICE: $25.00

http://bookstore.ametsoc.org
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