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ABSTRACT

The strong El Nifio of 1997-98 provided a unique opportunity for National Wesather Service, National Centersfor
Environmental Prediction, Climate Prediction Center (CPC) forecasters to apply several years of accumulated new
knowledge of the U.S. impacts of El Nifio to their long-lead seasonal forecasts with more clarity and confidence than
ever previously. This paper examines the performance of CPC'’ s official forecasts, and itsindividual component fore-
cast tools, during this event. Heavy winter precipitation across California and the southern plains-Gulf coast region
was accurately forecast with at least six months of lead time. Dryness was also correctly forecast in Montanaand in
the southwestern Ohio Valley. The warmth across the northern half of the country was correctly forecast, but extended
farther south and east than predicted. Asthe winter approached, forecaster confidence in the forecast pattern increased,
and the probability anomalies that were assigned reached unprecedented levelsin the months immediately preceding
the winter. Verification scores for winter 1997/98 forecasts set a new record at CPC for precipitation.

Forecasts for the autumn preceding the El Nifio winter were less skillful than those of winter, but skill for tempera-
ture was still higher than the average expected for autumn. The precipitation forecasts for autumn showed little skill.
Forecastsfor the spring following the El Nifio were poor, asan unexpected circulation pattern emerged, giving the southern
and southeastern United States asignificant drought. This pattern, which differed from the historical El Nifio pattern for
spring, may have been related to alarge pool of anomal ously warm water that remained in the far eastern tropical Pacific
through summer 1998 whilethe watersin the central Pacific cooled asthe El Nifio wasreplaced by aLaNifiaby thefirst
week of June.

It issuggested that in addition to the obvious effects of the 199798 El Nifio on 3-month mean climate in the United
States, the El Nifio (indeed, any strong EI Nifio or La Nifia) may have provided a positive influence on the skill of me-
dium-range forecasts of 5-day mean climate anomalies. This would reflect first the connection between the mean sea-
sonal conditions and the individual contributing synoptic events, but also the possibly unexpected effect of the tropical
boundary forcing unique to a given synoptic event. Circumstantial evidence suggests that the skill of medium-range
forecasts is increased during lead times (and averaging periods) long enough that the boundary conditions have a no-
ticeable effect, but not so long that the skill associated with theinitial conditions disappears. Firmer evidence of a ben-
eficial influence of ENSO on subclimate-scal e forecast skill is needed, asthe higher skill may be associated just with the
higher amplitude of the forecasts, regardless of the reason for that amplitude.

1. Introduction

Until 1997, many oceanographers and meteorol o-
gistsbelieved that the El Nifio of 1982—-83 would prob-
ably be the strongest El Nifio—Southern Oscillation
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(ENSO) episode on record in the twentieth century.
However, the period of boreal summer 1997 through
spring 1998 brought another El Nifio of approximately
equal intensity. The devel opment and climateimpacts
of the 199798 EIl Nifio were probably more widely
anticipated than ever before, asforecasters had severa
months|ead time to predict the climate impactsin the
United Statesfor the forthcoming cold season. Greater
anticipation was possible for this episode due to ad-
vances in observational technology, real-time global
monitoring, and dynamical forecasting capability, all
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of which have been aided by substantial increasesin
computer capacity.

Among the observational advantages achieved in
recent decades are the existence of areliable archive of
global outgoing longwaveradiation (OLR) since 1979
(Gruber and Krueger 1984), the related devel opment of
more accurate satellite-derived precipitation estimates
beginning in 1979 (Xieand Arkin 1997), and the cre-
ation of the NCEP—National Center for Atmospheric
Research (NCAR) global reanalysisdatasetsfor alarge
variety of global fieldssince 1958 (Kanay et a. 1996).
While observations of the ocean and atmaospherefrom
theearly 1950sto 1979 are satisfactory, thosefrom 1979
to the present are more complete and more accurate.
During the 1997-98 El Nifio a network of ocean/atmo-
sphere sensors, the Tropical Ocean Globa Atmosphere—
Tropical Atmosphere-Ocean (TOGA-TAO) array
(McPhaden et al. 1998), produced the most detailed
observationsyet available acrossthe equatorial Pacific.

In addition to observational advancement, our
physical understanding of, and ability to predict,
ENSO episodes has gradually increased throughout the
1980s and 1990s. In the 1980s, both dynamical and
statistical forecast tools were developed. Statistical
tools such as filtered composite analysis (e.qg.,
Ropelewski and Halpert 1986, 1996) and canonical
correlation analysis (CCA; Barnett and Preisendorfer
1987; Barnston and Ropelewski 1992) were helpful
in describing and diagnosing ENSO-based relation-
ships within the increasingly dense global datasets.
Dynamical predictive modelswere also developed in
the 1980s, |led by the Lamont-Doherty simple coupled
model (Cane and Zebiak 1987). While use of statisti-
cal models has continued into the 1990s, their growth
and demonstrated effectiveness may have reached a
relative plateau compared to the more persistent de-
velopment and performance increases of dynamical
models. The use of comprehensive ocean—atmosphere
coupled model s has been made possible by the emer-
gence of larger, faster computers. As computational
power increases, prospects for more sophisticated and
accurate dynamical climate forecast models remain
bright. Among the most advanced models to date are
those of the Center for Ocean—Land—Atmosphere
Studies (COLA; Kirtman et al. 1997), the National
Centersfor Environmental Prediction (NCEP; Ji et al.
1996), and the European Centre for Medium-Range
Weather Forecasts (ECMWF; Stockdale et al. 1998).
Hybrid statistical-dynamical models have also
emerged, such as that used at Scripps Institution of
Oceanography (Barnett et al. 1993).
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Because of the unusual strength of the 1997-98
El Nifio, aswell asitsearly onset in late spring of 1997,
the increased arsenal of dynamical model forecast
output allowed forecastersto make seasonal outlooks
of impacts for the upcoming winter (1997/98) with
unprecedented confidence. The main purpose of this
paper isto examinethisEl Nifio’ simpacts on the con-
tinental United States, and the accuracy of NCEP's
forecasts made for 3-month periods spanning October
1997 to June 1998. Sections 24 briefly describe the
dataand NCEP s prediction tools, aswell asNCEP' s
predictions of thetropical Pacific SST itself. Section 5
summarizesEl Nifio’ s expected impact on the climate
in the Pacific—North American region. In section 6,
Climate Prediction Center (CPC) climateforecastsand
the corresponding observations are examined. In
evaluating the forecasts, there is some discussion of
the unexpected late spring drought in the southern and
southeastern United States and its possible association
with the manner in which the El Nifio dissipated.
Section 7 offers some thoughts about the role of the
El Nifio on medium-range forecasts and their skill. A
summary and discussion are given in section 8.

2. Data

This paper uses avariety of atmospheric and oce-
anic data. The 200-hPa height and winds are from
the NCEP-NCAR reanalysis (Kalnay et al. 1996).
Global precipitation data, derived both from the
Climate Anomaly Monitoring System (CAMS)
(Ropelewski et al. (1985) and from OLR, are known
as “CAMSOPI’" (Xie and Arkin 1997). The OLR
dataset itself isbased on the National Oceanic and At-
mospheric Administration-12 Advanced Very High
Resol ution Radiometer IR window channel measure-
ments by the National Environmental Satellite, Data
and Information Service (NESDIS)/Satellite Research
Laboratory (Gruber and Krueger 1984). Sea surface
temperature (SST) data come from an empirical or-
thogonal functions reconstruction (Smith et al. 1996)
before 1982, and from the optimal interpolation sys-
tem (Reynolds and Smith 1994) for 1982 and later.
Subsurface sea temperatures are derived from an
analysis system that assimilates oceanic observations
into an oceanic GCM (Behringer et al. 1998). Surface
climate in the mainland United States (temperature,
precipitation) are from the CAMS for station analy-
ses, and from climate division datafrom the National
Climatic Data Center (e.g., Cayan et a. 1986) in the
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analysesfor the 1997-98 period. The anomalies of the
OLR, CAMPSOPI, and 200-hPa fields are based on
the 1979-95 normal period; those of U.S. temperature
and precipitation are based on 1961-90, and SST
anomalies are based on 1950-79. Whilethe differing
base periods introduce minor anomaly misalignment
among the fields, thisis small compared with thein-
terannual variability related to ENSO.

3. NCEP’s climate prediction tools

The climate forecast system at NCEP consists of
two broad classes: 1) tools that forecast the tropical
Pacific SST, and 2) toolsthat forecast the U.S. surface
temperature and precipitation. Thetoolsused at NCEP
for each of these purposes are shown in Table 1. For
forecasting the Pacific SST, the NCEP coupled ocean—
atmosphere model (Ji et al. 1996) isrunwith full cou-
pling in the tropical Pacific region. Two statistical
models—CCA and constructed analogues (CA)—are
aso run (O’ Lenic 1995). The CCA (Barnston and
Ropelewski 1992) uses patterns in the recent global
sealevel pressure and tropical Pacific SST to predict
SST inanumber of regions acrossthetropical Pacific
onthebasisof historical pattern relationships. The CA
(Van den Dool 1994; Van den Dool and Barnston
1995) expressesthe current global SST field, and the
SST’ srecent (within previous 1-yr) evolution, asalin-
ear combination of past SST fields over the same re-
cent seasons from historical data. That linear
combination is then used to form aweighted average
of the subsequent past SST developments, which is
used as the forecast. Using the

the first tier being the tropical Pacific SST forecasts
and the second being ensemble integrations of the
NCEP GCM using the predicted SSTs from the first
tier as boundary conditions. While the forecast SSTs
are used to force the atmospheric GCM in thetropical
Pacific basinin the secondtier, SSTsin the other tropi-
cal ocean basins and outside of the Tropics are pre-
scribed as those observed at the initial time, damped
toward climatology over a 45-day period. The GCM
forecasts are run out to six months, encompassing
3-month periods that begin up to 4.5 months after the
run time (i.e., they are centered up to 6 months after
run time). Additional input from statistical modelsis
used, including CCA (Barnston 1994), OCN (Huang
et al. 1995), and ENSO composites (Livezey et al.
1997b). The CCA uses recent patterns of global SST,
Northern Hemisphere 700-hPa height, and U.S. tem-
perature or precipitation itself as its predictors. The
OCN attemptsto capture recent low-frequency persis-
tence, or changesin the“normals,’” and consists of a
persistence of the mean anomaly of temperature (pre-
cipitation) over the last 10 (15) yearsfor the particu-
lar season and location. The ENSO composites depict
the distribution of temperature or precipitation anoma-
liesthat have occurred historically in association with
warm or cold ENSO episodes, based on the average
SST anomaly in the central tropical Pecific (5°N-5°S,
150°W-180°). Thisrelatively small region, straddling
the west flank of the Nifio 3.4 region, is used because
anomalous convection can be induced with smaller
SST anomalies than farther east due to the greater
climatological warmth west of 150°W. This SST-
sensitive region may therefore be more closely related

forecasts of the above three
models, a statistical consolida-
tioninto asingleforecast (Unger

TasLE 1. Climateforecast toolsused at NCEP for predicting tropical Pacific SST and pre-
dicting U.S. temperature and precipitation.

et al. 1997) is carried out with
multiplelinear regression, using

Tropical Pacific SST

U.S. temperature(T) and precipitation (P)

the historical record of the obser-
vations and theforecasts of each
model.

For forecasts of U.S. surface
climate, ensemble mean fore-
casts of the NCEP Coupled
Model are used (Livezey et al.
1996, 1997a). Eighteen indi-
vidual ensemble members con-
tribute to this mean forecast.
These forecasts represent the
second of atwo-tiered process,

CMP, CCA, and CA

NCEP Coupled Model (CMP)

Canonical correlation analysis (CCA)

Constructed analogues (CA)

A statistical consolidation of

NCEP Coupled Model ensembleforecasts

CCA using global SST, 700-mb height,
U.S Tand P

OCN: persistence of T (last 10 yr) and P
(last 15yr)

ENSO composites for T and P
based on historical data

Soil moisture tool using recent P and T data
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to extratropical teleconnections, despite being some-
what less stable statistically than alarger region would
be. The composites are used when awarm or cold epi-
sode isin progress or is expected, based on the SST
forecasts. A statistical consolidation of thethreetools
(other than the composites) is made using a scheme
similar to multipleregression, to aid the forecastersin
objectively combining theinput from the several tools.
A statistical forecast tool based on soil moisture
(Huang et al. 1996) is also incorporated at locations
and seasons in which it is known to be helpful, such
asinlarge portions of the interior continent in spring
and summer.

4. NCEP’s SST forecasts during the
1997-98 El Niio

Figure 1 showsthe seriesof forecastsfromNCEP' s
three prediction tools and their final consolidation,
along with the corresponding observations, for the SST
anomaly averaged over the Nifio 3.4 regionin the east-
central tropical Pacific (5°N-5°S, 120°-170°W) over
the period starting in mid-1996 and ending in late
1998. SST forecasts, issued once each month, are
shown for each of NCEP sthreetoolsinthefirst three
panels, and for their consolidation in the final panel.
The forecasts are for 3-month means centered at the
indicated month, except for the coupled model whose
forecasts are for 1-month means. Each SST anomaly
forecast is shown at 1-month resolution for the
6 months following issuance. The open circles show
the 1-month mean observations. The time of forecast
issuance is normally near midmonth, or about two
weeks|ater than thetime of the most recently observed
SST data. The dotted line in Fig. 1 connects the ob-
served SST near the time of issuance to the forecast
for onemonth later. For the two statistical models, the
most recent SST data consist of 3-month means ending
with the month previousto the month of issuance. This
predictor timing was designed to smooth out “noise”
to better represent the larger spatial and temporal
scales. Whilethisapproach may have meritin many cli-
mate situations, it impliesthat the most recent instanta:
neous SST conditions are not alwayswell represented
in the statistical models, especialy when the SST is
changing quickly. This helpsexplain why the statisti-
cal forecasts lagged the observations during the rapid
onset of the El Nifio in spring and summer of 1997.

Itisevident from Fig. 1 that the three NCEP mod-
els al predicted some warming in forecasts made in
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early 1997. The coupled dynamical model came clos-
est to predicting the rapid growth rate in spring and
summer, and the peak magnitude in fall 1997. The
coupled model’ sforecasts from the June through De-
cember 1997 initial times were highly accurate, and
those made during spring 1997, while somewhat too
weak, were clearly suggestive of developing strong
El Nifio conditions. The CCA was able to predict a
high-amplitude SST anomaly only after such an
anomaly wasreflected in the observed recent 3-month
mean SST. The constructed anal ogue model never re-
flected the high initial magnitudein its short-lead fore-
casts, athough it attained two-thirds that magnitude
in its forecasts from late 1997. Neither the CCA nor
constructed analogue forecast ahigh rate of change of
SST in spring 1997. The consolidated NCEP forecast
represents acompromise between the skillful forecasts
of the coupled model and the relatively amplitude-
deficient statistical forecasts. That it did not favor the
statistical forecasts (particularly in view of there be-
ing two of them) reflectsthe past performance of each
of the three tools, and the moderate historical redun-
dancy between thetwo statistical tools (Barnston et al.
1994). The dissipation phase of the El Nifio in late
spring 1998 was best handled by the constructed ana-
logue model and somewhat more sluggishly by CCA
and the coupled model. The coupled model showed a
tendency to favor warm over cold SST during the
1996-98 period (noteits forecasts before and after the
1997-98 El Nifio).

The NCEP coupled model’ s SST forecastswere 1
of 10 or more dynamical and statistical forecast sets
issued by various researchers or institutions during
1997-98 (Barnston et al. 1999). Some warming of the
SST during 1997 wasindicated by many of these other
models, but none of them predicted the rapid onset?
or high magnitude of the event as well as the NCEP
coupled model. While afew models verified about as
well as the CCA and constructed analogue, some
underpredicted the ElI Nifio still more severely.
Comprehensive coupled models, such as those of
NCEP, COLA, and ECMWEF, tended to perform bet-
ter than the simple coupled dynamical models and

IRegarding the rapid onset, it is possible that higher-frequency
signals such as the Madden—Julian oscillation (MJO) (Lau and
Chan 1986; Jones et al. 1998) and/or westerly wind bursts played
arole, as discussed in McPhaden and Yu (1999). However, we
have not determined whether the MJO was critical to the NCEP
coupled model’ s behavior in spring 1997.
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NCEP Sea Surface Temperature Forecast
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Note: Dotted lines indicate approximate time forecasts were issued.
For the statistical models, latest observed data is mean of previous 3 months.

Fic. 1. SST observations and forecasts of the average SST anomaly in the El Nifio 3.4 region (5°N-5°S, 120°-170°W) by month,
from Jun 1996 to Oct 1998. Forecasts are shown from 1 to 6 months of |ead time, for each of NCEP' s three tools and their consolida-
tion. Forecasts are for 3-month means centered at the month shown (but are 1-month means for the coupled model). Open circles
show the observations at the time of forecast i ssuance, about 1 to 2 weeks later than the time of the most recently observed SST data.
A dotted line connects the observed SST at the time of issuance to the forecast for one month later, and dashed line denotes forecasts

at varying lead.

most statistical models during this episode. Asan ex-
ample of two of the best performing dynamical mod-
els, the real-time Nifio 3 SST forecasts of the NCEP
and ECMWF models (Fig. 2) show that the ECMWF
model’ s performance during 1997-98 was a so quite
good, and perhaps better than NCEP during the early
part of 1997. Root-mean-square error (rmse) scoresfor
5-month lead forecasts verifying from April 1997
through September 1998 are 0.76°C for the NCEP
mode! and 0.86°C for ECMWF. However, for only the
April-December 1997 period, representing the growth
phase of the El Nifio, the ECMWF's rmse is only
0.79°C compared with 0.97°C for NCEP. For 3-month
lead forecasts verifying over similar periods, the same
gualitative comparative skill results are found, except
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the two models performed more nearly equally over
the entire period (0.50°C for NCEP, 0.49°C for
ECMWF).

Figure 3 showsthefield of observed SST anomaly
across the tropical Pacific basin in December—
February 1997/98, and the corresponding forecast
made by the NCEP coupled model two seasons in
advancein June 1997. The patterns are highly congru-
ent in shape (spatial anomaly correlation is 0.96 over
the gridded domain, with 1° latitude by 2° longitude
grid resolution). While the forecast was slightly
weaker than the observed SST across the central and
eastern equatoria Pacific, theforecast provided aclear
and believable warning that a strong El Nifio, and its
attendant global teleconnections and more local U.S.
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Fic. 2. Asin Fig. 1 except for the NCEP coupled model and
the ECMWF coupled model, and for the Nifio 3 region (5°N-5°S,
90°-150°W).

climateimpacts, werein the making for the forthcom-
ing winter. The event had in fact already become
strong by June, and the model was indicating further
strengthening. Despite the somewhat weaker consoli-
dated forecast due to the deficient indications of the
statistical models, the SST for the forthcoming win-
ter was forecast well enough in June 1997 to prompt
unequivocal forecastsof U.S. wintertimeimpactswith
ample lead time. As will be shown below, the prob-
ability anomalies that were issued in these forecasts
strengthened asthe summer and fall progressed, mak-
ing possible an unprecedented degree of public aware-
ness and preparedness.

5. Expected atmospheric effects of
positive tropical Pacific SST
anomalies

To appreciate how extratropical climate forecasts
would be formulated given the presence or expected
continuation of an El Nifio, we briefly review our un-
derstanding of the anomalous features of the general
atmospheric circulation induced by theincreased heat-
ing in the tropical Pacific. [Among others, a recent
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discussion of thistropical-to-extratropical connection
is found in Shukla (1998)]. The anomaly fields of
200-hPa height and winds in the Pacific basin in
January—March of the El Nifio years of 1983, 1992,
1987, and 1998 are shown in Fig. 4. The 1992 and
1987 cases represent moderately strong El Nifios,
while the events of 1983 and 1998 were very strong.
The heating in the troposphere associated with en-
hanced deep convection over the warmer-than-normal
tropical Pacific SST ismost marked in the mid-Pecific
(approximately 130°W-180°) where the climatol ogi-
cal SST isaready close to the 28°C deep convection
threshold. The upward motion and atmaospheric heat-
ing normally found in thefar western equatorial Pacific
is extended eastward over the enhanced convection.
Near and eastward of the maximum of enhanced up-
ward motion, covering approximately 100°—170°W,
the weakened trades near the surface and enhanced
easterly flow in the upper troposphere produce a sub-
tropical anomal ous anticyclonic couplet at 200 hPain
both hemispheres (Arkin 1982), straddling the anoma-
lous easterly equatorial flow (Fig. 4). Although the

El Nino FORECASTS
SEA SURFACE TEMPERATURE ANOMALIES

OBSERVED (°C)
20N i i
s P~ 2457 Se
W
2 gqj;“'ﬂ
E 108+
150E 180 150w 120w eaw
FORECAST ('C)
FORECAST MADE: JUN 1997
- =]
T
g
[=2]
a
B
(=]
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Fic. 3. The SST anomaly field in the tropical Pacific basinin
Dec—Feb 1997-98 (top), and the forecast of the anomaly field
made by the NCEP Coupled Model in Jun 1997 (bottom). Contour
intervals as shown in figure legend. The spatial anomaly correla-
tion between the two panelsis shown at lower right.
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Fic. 4. The 200-hPa height and wind anomaly fieldsin the Pacific basin in Jan-Mar of 1983, 1992, 1987, and 1998. Contour inter-

val is 30 m; negative contours dashed.

El Nifios of 1986-87 and 1991-92 had about two-
thirdsthe east-central equatorial Pacific SST anomaly
of those of 1982—83 and 1997-98, the differencein the
strengths of the subtropical anticyclonic couplet is
proportionately far greater. Theteleconnectionsinthe
extratropics are a so significantly weaker in 1987 and
1992 than in the stronger El Nifio cases. On the other
hand, the positive 200-hPa anomaly over Canada ap-
pears comparably strongin all four cases. The greater
intensity of the negative height anomaly south of the
Aleutiansin 1983 than in 1998 could be a consegquence
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of the more westerly location of the strongest SST
anomaliesin early 1983 (not shown).

In common to all significant El Nifios is an en-
hanced subtropical Pacific ridge associated with ade-
scending branch of the stronger-than-normal Hadley
circulation in both hemispheres, and an anomalous
trough at higher latitudes—mainly in the winter hemi-
sphere. At the latitude approximately midway between
the subtropical ridge and the midlatitude trough there
isan enhanced jet stream and north-to-south tempera-
ture gradient, and thus a strengthened storm track. This
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structure induces alongwave pattern with downstream
features defining the familiar Pacific—North American
(PNA) and/or Tropical-Northern Hemisphere (TNH)
patterns (Wallace and Gutzler 1981; Barnston and
Livezey 1987), including an anomalous ridge over
south-central Canada and trough over the Gulf of
Mexico and southeastern United States. This overall
El Niflo—related atmospheric structure (Horel and
Wallace 1981) iswell represented in nonlinear numeri-
cal ocean—atmosphere climate models (Kumar et al.
1996), making possible realistic forecasts of North
American climate anomalies attendant to El Nifio.
Successful representation has also been achieved us-
ing linear numerical models (e.g., Ting and Hoerling
1993; Peng and Van den Dool 1999).

In the continental United States, El Nifio episodes
historically tend to feature a strong subtropical jet
stream over the southern part of the country from late
fall through winter and much of the following spring,
supplying energy and moistureto storms crossing the
Gulf of Mexico. Persistent stronger-than-normal low
pressure south of the Gulf of Alaska transports mild
maritime air inland to the western North American
continent, cutting off the supply of cold air for much
of western and central Canada and the northern parts
of the United States. Asaresult, El Nifio brings cool,
wet conditions from the southern plains eastward to
Florida and mild weather from the northern Rockies
to western New England. Thereisalso some tendency
for drynessin the Ohio Valley and over the northern
Great Plains, both in association with an enhanced
ridge over south-central Canada. Heightened stormi-
nessin Californiaoccurswith many El Nifio episodes,
but lessreliably than the wethess over the Gulf states.
Observations (not shown here) as well as numerical
simulations (Hoerling and Kumar 1999) suggest that
northern California, aswell as Oregon and Washington
State, arelikely to receive above-normal precipitation
during very strong El Nifio episodes, while this wet-
ness tends to be more limited to southern and central
Californiaduring mild to moderate El Nifio episodes.
The numerical experimentsindicate that the details of
the West Coast’s response are closely related to the
location and orientation of the Pacific jet.

The atmospheric effects of El Nifio in midlatitude
North America are strongest from boreal winter
through midspring. Thus, anomalies of 200-hPaheight
and winds similar to those showninFig. 4, except for
October—December of the initial year of the four
El Nifio events (not shown), are much weaker than
those three months later, despite equally strong SST
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anomalies. The 1-month analyses show that these ef-
fects start becoming significant in December. This
reflects the essential role of the boreal midwinter at-
mospheric structure (i.e., strong latitudinal tempera-
ture gradient, strong Hadley circulation, and strong
jets) inactivating ENSO’ sextratropical teleconnection
patterns. Thisrequired setting hel ps explain the weak-
ness and inconsistency of extratropical effectsin the
summer hemisphere.

6. NCEP’s forecasts of temperature and
precipitation during the 1997-98
El Nifo

Beginning in summer 1997, based on existing con-
ditionsand the SST forecasts, NCEP/CPC forecasters
were confident that astrong El Nifio wasin placeand
would persist through the upcoming winter. In effect,
aforecast of opportunity presented itself. Theforecast-
ers confidence alowed them to place great weight on
the ENSO compositetool (Table 1), although the other
tools—particularly the NCEP coupled model fore-
casts—turned out to be skillful aswell. The forecasts
of most of the tools were qualitatively similar, al-
though their strengths differed. Even the OCN fore-
casts, which show just the decadal trend component
of the forecast, were skillful, suggesting that the
El Nifio mapped onto the current interdecadal signal.

a. October—December 1997: A phasing-in of

El Nifio impacts

Thetop panel of Fig. 5 showsthe NCEP/CPC prob-
ability anomaly forecasts of precipitation issued in
mid-September, for the October—December 1997 pe-
riod. The anomalies are given with respect to the
1961-90 climatol ogy, within which thetercile bound-
aries are defined. The corresponding observationsare
shown in the bottom panel. The observations are ex-
pressed as rankings with respect to the 104-yr period
1895-1998. The verification process, however, uses
thetercile definitions based only on 1961-90. Figure 6
presents the temperature forecast and observationsin
asimilar fashion. The El Nifio began toinfluence U.S.
weather patternsinfall of 1997 asanomal ouswetness
affected the Southeast as early as October and central
and southern California beginning in November.
October and December turned out to bewet alsointhe
central plains, the coast of Texas, and the middle
Atlantic portion of the eastern seaboard, as well as
Georgiaand Florida. Autumn was unusually mild over
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the northern plains and along
parts of the Pacific coast. This
warmth, plusdrynessfrom Mon-
tanato the western Dakotas, was
likely associated with El Nifio.
In California, thewetnesswould
continue through winter to early
June 1998, resulting in arecord
number of days with precipita-
tion during the 12-month water
year (July—June) at a number of
cities.

The skill of the forecasts
showninFigs. 5and 6 isevalu-
ated using the Heidke skill
scores, a rating based on the
number of locations at which
forecasts are categorically cor-
rect in terms of three climato-
logically equaly likely categories,
or terciles (below, near, and
abovenormal). Thescoreiszero
when the number of correct fore-
casts equals that expected by
chance, and 100 for all-correct
forecasts. The appendix pro-
videsamore compl ete explana-
tion of thisscore. Verificationwas
carried out at 59 approximately
equal-area climate divisions.
Their locationsareroughly collo-
cated with the station network
shown in Fig. 1c of Barnston
(1994). (In spring 1998, this 59
climatedivision network was changed to a102 climate
division network for verification.) Figure 7 showsthe
time series of the Heidke skill for NCEP' s 0.5-month
lead forecasts for precipitation for 3-month periods
from November—January 1995-96 to September—
November 1998. Two versions of skill are shown:
1) only for locations forecast as nonclimatol ogy; and
2) for dl locations, where those with climatology fore-
casts are given one-third credit (Van den Dool et a.
1997). The percentage of locations given nonclimatol -
ogy forecastsis shown at the bottom of Fig. 7. In cases
inwhich all locations are forecast as climatology, the
first version of the skill does not exist, and the second
version has a Heidke score of zero. Figure 8 shows
forecast skill in similar fashion for temperature. For
the period October—December 1997, the skill of the
precipitation forecast was barely above zero, as only

11 - 20 [Wet]
1 - 10 [Very Wet|
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1 - 10 [Very Dry|
11 - 20 [Dry]
21 - 34 [In Driest One-Third] 1

[_]21 - 34 [In Wettest One-Third]

October - December Precipitation

Mid-September Forecast (top) and 1997 Ranks by Climate Division (bottom)

Cenfer

or wetlest one
third on record

Fic. 5. (top) The forecast of Oct—Dec 1997 precipitation probability anomaly issued by
NCEP/CPC in mid-September. Anomalies are with respect to the climatological probabil-
ity (of 1/3) for theabove normal category. Negative anomaliesimply equally positive anoma
lies for the below normal category, and vice versa. (bottom) The observed precipitation
outcome is shown in terms of ranking with respect to the 104 years since 1895.

dlightly morethan one-third of thelocationswere cor-
rectly forecast. While much of the southern tier of
states did receive above-normal precipitation, there
were serious errors on the smaller-scal e aspects of the
forecast versus observed pattern. The observations
show that awinterlike El Nifio impact pattern began
setting up in fall, earlier than would normally be ex-
pected. The temperature forecast was more success-
ful (Fig. 8), largely because the warmth forecast for
the northern plainsverified. However, the percentage
of the United States given nonclimatology forecasts
was small.

b. January—March 1998: Expected peak time of

El Nifio impacts

January—Marchisbelieved to be the core period for
observing El Nifio impacts on U.S. weather and cli-
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October - December Temperatures
Mid-September Forecast (top) and 1997 Ranks by Climate Division (bottom

| —
[ 1 - 10 [Very Warm]

Hﬂ - 20 [Warm| 1

|21 - 34 [In Warmest One-Third] - -
21 - 34 [In Coldest One-Third]

Hﬂ - 20 [Cold]

B 1 - 10 [Very Cold]

Fic. 6. Asin Fig. 5 except for temperature.

mate. This is the case because of the approximately
2-month lag between extremesin the solar cycle and
the consequent quasi-stable, roughly steady-state con-
dition established in the seasonally varying ocean-
atmosphere system. Thus, the signal-to-noiseratio for
North American climate with respect to tropical Pa-
cific SST forcingismaximizedin latewinter and early
spring (Van den Dool 1983; Kumar and Hoerling
1998). Thishigh signal period likely producestherea
tive maximum in statistical skill in forecasting mean
geopotential heights and surface temperature in
middle-to-late winter, and the lower skill for forecasts
for the single month of December than for any of Janu-
ary, February, or March (Barnston 1994). (However,
December—February 1997-98 was most skillfully pre-
dicted by CPC in the instance of this El Nifio.) The
top pand of Fig. 9 showsthe NCEP/CPC probability
anomaly forecasts of precipitation, issued in mid-
December, for the January—March 1998 period. The
corresponding observations are shown in the middle
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1997 rankings in the
rrrr ‘mest or coldest 5 since
1885 (104 vears ) are plofted

panel, and the bottom panel
. shows the composite forecast
| . tool for El Nifio episodes, using
—\ ~~  historical datafrom the El Nifio
yearslisted above the map. The
same set of threemapsare shown
in similar fashion for tempera-
turein Fig. 10.

The forecasts for January—
March precipitation called for
abnormal wetness over Califor-
nia, the southern plains, the Gulf
coast, and Florida, with above-
normal precipitation extending
northward into Georgia and
South Carolina. Due to fore-
caster confidence, the magnitudes
of the precipitation probability
anomalies were unprecedented
inthe history of U.S. operational
seasonal forecasts. Asshownin
Fig. 9, thefinal forecast is basi-
cally the same as the ENSO
compositetool. Thisisboth be-
cause that tool was weighted
very heavily, and becausethein-
dications of the combination of
the other tools' forecasts were
similar (although somewhat
weaker), and where they dif-
fered, they wereignored in favor
of the composite tool. The 0.5-month lead forecasts,
issued in mid-December, indicated probability anoma:
lies of 30% and above for wetness over parts of Kan-
sas, Oklahoma, and Texas, as well as most of the
Florida peninsula. Below normal precipitation was
forecast with over 30% probability anomaliesin the
OhioValley. In addition, fairly confident forecasts of
dryness were issued for Montana. These forecasts
turned out to be fairly accurate by climateforecasting
standards, with aHeidke score of 29 for the locations
assigned nonclimatology forecasts (comprising 73%
of al locations), and 21 for al stations. The precipita
tion forecasts for the December—February period (not
shown) were still more skillful, scoring 80 for loca-
tions with nonclimatology forecastsand 52 for al lo-
cations. The January—March forecast scores were
degraded by mainly near normal or wet conditions
observed in the Ohio Valley, some dryness and near
normal conditionsin New Mexico, and above normal
precipitation over much of the north-central region.

Tnshaded areas
did not rank
amang the coldest
or warmest one-
< third on record
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Nonetheless, the forecasts cor-
rectly anticipated wetness in
Cdlifornia, the southern plains,
and the Gulf coast and South-
east. The wetness extended far-
ther north than expected along
the eastern seaboard. Excessive
precipitation was particularly
extreme in coastal California,
Oklahoma, and from Florida
westward to southern Louisiana
and northward to Virginia. The
precipitation in many of these
regionsranked in thetop 5 of the
last 104 years(Fig. 9), and severd
new recordswere set. Nationwide,
January—March 1998 was the
wettest January—March recorded
inthelast 104 years.
January—March tempera-
tures (Fig. 10) were well above
normal acrossalarge part of the
country, particularly the north-
ern plains, Midwest, and North-
east, where readings averaged
more than 3°C above normal.
Nationwide, it was the sixth
mildest January—March period
in the last 104 years, and the
warmest January—February on
record. The 0.5-month lead fore-
cast for this period was quite
accurate by climate forecasting
standards, but, as was the case
for precipitation, less accurate
than the December—February
forecast (not shown). TheHeidke
score for the nation was 51 for
the 73% of locations receiving
nonclimatology forecasts, and
37 for al locations. Most of the
area in the northern United
States waswarm as expected, as
was the California coast. The
forecast did not verify well in
southern Texas and the South-
east, whereforecasts of negative
temperature anomalies were not
realized.
While the canonical [e.g., a
compositemean, aCCA or joint-
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Fic. 7. Time series of Heidke skill scores (see appendix) for 0.5-month lead NCEP/CPC
forecasts of precipitation for Nov—Jan 1995 to Sep—Nov 1998. The broken, highly variable
line shows skill for only the set of locations given nonclimatology forecasts. When al sta-
tions are forecast as climatology, no skill value is given. The less variable line shows skill
for al stations, where climatology forecasts are scored as one-third correct (i.e., the chance
rate). The means of the scores for each of the two versions of skill are indicated by the hori-
zontal lines across the graph. The percentage of locations given nonclimatology forecasts
is shown in the histogram at bottom.
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January - March Precipitation
Mid-December Forecast (top), 1998 Ranks by Climate Division (center),
— and Historical Distribution of El-Nino Events (bottom)
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Fic. 9. (top) The forecast of Jan-Mar 1998 precipitation probability anomaly issued by
NCEP/CPC in mid-December. Anomalies are with respect to the climatol ogical probability
(of 1/3) for the above normal category. Negative anomalies imply equally positive anoma-
lies for the below normal category, and vice versa. (middle) The observed precipitation
outcome in terms of ranking with respect to the 104 years since 1895. (bottom) The com-
posite precipitation category frequency pattern derived from the historical datafor the El Nifio
years listed above the map.

more random nature relating to
the atmosphere’s extratropical
internal dynamics may resultin
a somewhat different observed
pattern. (The expectation of
such deviationsis manifested in
the variability among ensemble
members in atmospheric GCM
simulationswith prescribed SST
forcing, and in the “ unexplained
variance” parameter in statistical
ENSO models.) Thefact that the
December—February forecasts
verified with higher skill than
those of January—Marchislikely
related to this random aspect of
the atmosphere in 1997-98.
Specifically, examination of
mapsof 1-month mean anomalies
at 200 hPa (not shown) indicates
that the typical El Nifio—related
extratropical atmospheric pat-
tern (the PNA/TNH structure)
largely broke down in March
1998 and somewhat reestab-
lisheditself in April. ThisMarch
failureisthought to bearandom
peculiarity of the 1997-98 event.

An additional reason for a
superior December—February
skill in temperature forecastsis
the long-term warming trend
found in much of the United
States through much of the an-
nual cycle, which tilts the odds
against the below normal tercile
even in much of the southeast-
ern United States during El Nifio
winters. (For example, January—
March of therecent warm events
of 1983, 1987, and 1992 had
little or no below normal tem-
peratures anywherein the United
States.) Some of the CPC fore-
cast tools (particularly the CCA)
indicated below normal tem-

EOF mode, or the pattern defined by Ropelewski and  perature for thisregion for January—March, implying
Halpert (1986), etc.] climate patterns associated with  that the impact of the very strong El Nifio would out-
El Nifio are reasonable best guesses for the forecast, weigh adecada temperature trend, despite aclear rep-
it isexpected that eventsrelated to other climate phe-  resentation of the trend in the CCA (which, however,
nomena (e.g., the North Atlantic oscillation) or of a did not encompass the Gulf states appreciably in
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January—March). While the
NCEP temperature forecastsfor
January—March contained some
areathat was below normal near
the Gulf states, the December—
February forecasts did not, re-
sulting in ahigher skill scorefor
December——ebruary. Oneisledto
wonder, with the generally up-
ward temperaturetrend, whether
we will see below normal win-
ter temperatures again with
El Nifio in more than small,
isolated areas within the Gulf
states. (In the EI Nifio of the
1950s through 1970s, by con-
trast, much of the entire south-
eastern third of the United States
tended to be colder than normal.)
The central Gulf states have
been exempt from thelong-term
warming trend in winter seenin
much of the rest of the United
States partly because of the ten-
dency toward more frequent
El Nifios in the last 20 years,
which themselves have favored
relative coolnessin that area as
compared with the remainder of
the United States. The causes of
global climate changes, seenin
multidecadal trends, are not
presently known; they may bea
combination of the effects of in-
creasing greenhouse gases and
aerosolsand natural (nonanthro-
pogenic) climate variability.
Regardless of their physical
causes, at CPC they are “mod-
eled” by the OCN, and in aless
exclusive manner by the coupled
model, the CCA, and in a set of
ENSO compositesdevelopedin
late 1998 that incorporates linearly fitted trends (not
shown here; R. Livezey 1999, personal communica-
tion). CPC is attempting to relate atmospheric trends
totrendsin SST in specific regions, such as the east-
erntropical Indian Ocean and western tropical Pacific,
and subsequently model them numerically. It isclear
that trends can play just asimportant arolein climate
forecasting in North America as ENSO fluctuations.

1-10 [Very Warm|
11 - 20 [Warm]
[ ]21 - 34 In Warmest One-Third]

21 - 34 [in Coldest One-Third]
11 - 20 [Cold]
1-10 [Very Cold]

Climate Prediction
Center
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January - March Temperatures
Mid-December Forecast (top), 1998 Ranks by Climate Division (center),
and Historical Distribution of El-Nino Events (bottom)
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Fic. 10. Asin Fig. 9 except for temperature.

Hence, for all seasons from 1995 to early 1998 the
OCN hasdonedlightly better than any other individual
tools for temperature forecasts (Van den Dooal et al.
1999).

The 0.5-month |ead precipitation and temperature
forecasts of the NCEP coupled model, the CCA, and
the OCN for January—March 1998 (made in mid-
December) are shown in Fig. 11. The left column of
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Fic. 11. Forecasts for precipitation for Jan-Mar 1998 made in mid-December (0.5-month lead) from three of the individual tools
used by CPC forecasters: the NCEP coupled model, the CCA, and the OCN. Precipitation forecasts are shown in left column, tem-
perature forecasts in right column. Units are standardized anomaly (x 100). Forecasts of the ENSO composite tool are shown at the
bottom of Figs. 9 and 10; the soil moisture tool is not shown because it is not used heavily for winter forecasts.

Fig. 11indicatesthat the precipitation forecasts of the
threetools (other than the ENSO composites) werein
very rough agreement (e.g., wetnessin the Southwest,
Florida, and parts of the central plains; drynessin the
northern Rockies), but varied considerably in many
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ways. The coupled model had by far the strongest fore-
cast, with top one-percentile rainfalls (> 2.5 standard
deviations) indicated for south-central Californiaand
top quintilerainfall in and near Florida. Theseregions
were given high confidencein thefinal forecasts, and
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verified favorably. The coupled model forecast for
dryness centered in southern Texas was overruled by
the other tools. The CCA forecast, while having agen-
erally correct pattern, was weak on the above normal
precipitation in the Southeast. The OCN scored fairly
well for precipitation without “knowing” that an El
Nifio was occurring; this may be duetotheincreasing
frequency of El Nifios (e.g., 1987 1992, 1995), or at
least atilt toward an El Nifioike climate (e.g., 1988,
1990, 1991, 1993, 1994), over the last 15 years. For
temperature, the coupled model again verified rela
tively well, largely becauseit predicted warmth for all
of the United States except for southern Texas and
Florida. The OCN also scored well because of its
nearly pervasive warm forecast. The OCN’s Heidke
score, being categorically based, did not suffer at all
from the warm “bull’ s-eye’in the interior Southwest
due to strong trends there. Although the CCA is ca

pable of incorporating long-term trendsinitsforecasts,
it missed much credit because of itscool forecast for the
Southeast and the smallness of its warmest regions in
the north central states and the far West.

Table 2 shows the Heidke scores, for the entire
United States, of 0.5-month lead forecasts of the four
main individual tools (coupled model, CCA, OCN,
and ENSO composites), and of CPC'’s final forecast
(with locations having “CL” given one-third credit),
for the running 3-month periods of October—December
1997 to April-June 1998, although the scoresfor most
of the tools were still not computed for spring 1998.
Forecasts of the individua tools were “masked out”
at locations having cross-validated correlation skill
estimates of lessthan 0.3, so that forecastersonly saw
portions of the map expected to be minimally skill-
ful. Hence, the forecasters did not see the total maps
as they are shown in Fig. 11. The skills of the indi-

TasLE 2. Heidke skills for the forecasts of individual tools, and for CPC’ s official forecast, during the 199798 El Nifio. Skill for
precipitation forecastsis shown at top, and for temperature forecasts at bottom. The forecasts of theindividual tools are scored only at
locations having minimal expected skill (seetext); other locations are given the default one-third credit. “NA” indicatesthat thetool’s

score was not available.

Precipitation
Oct-Dec  Nov-Jan DecFeb Jan-Mar Feb-Apr Mar-May Apr-Jun
Coupled model 2 -1 3 6 9 NA NA
CCA 3 11 14 9 7 NA NA
OCN 10 14 9 14 8 NA NA
ENSO composite 6 11 30 25 13 -4 NA
Official 2 24 52 21 20 2 8
Temperature
Oct-Dec  Nov-Jan DecFeb Jan-Mar Feb-Apr Mar-May Apr-Jun
Coupled model 9 20 34 27 18 NA NA
CCA 3 8 3 5 -10 NA NA
OCN 3 34 26 30 5 NA NA
ENSO composite 0 30 58 28 18 -6 NA
Officia 9 39 47 37 16 -7 -21
Bulletin of the American Meteorological Society 1843



vidual tools shown in Table 2 are computed only for
the locations with this minimal skill level (approxi-
mately half of the total area), with the other locations
given one-third credit. During the high signal-to-noise
conditions that accompany strong ENSO episodes
there may be potential for higher skill forecasts than
during average climate conditions, and the masking
out of the normally lower skill locations may have
deprived the forecasters of worthy information. This
may be the case particularly for the coupled model,
whose skill is concentrated nearly exclusively in re-
sponsesto ENSO (Livezey et al. 1996). Infact, when
thetoolsare verified over the entire United States for
January—March 1998 (Fig. 11), their Heidke scoresare
higher than those of the masked forecasts (and, in most
cases, as high or higher than the score of the official
forecast.) Thisraises questions about the use of acon-
stant mask based on mean historical skill; perhapsthe
degree of masking should be varied, based on the cli-
mate conditions at hand, allowing for “forecasts of
opportunity” such as strong ENSO episodes.

Figures 7 and 8 show that NCEP's forecast skill
was relatively high during the winter of the 1997-98
El Nifio. Thisisespecially true from the point of view
of the scorefor al stations, which reached amaximum
during that winter for both precipitation and tempera-
ture as compared with the other periods shown. Skills
for the smaller set of locations given nonclimatol ogy
forecasts were among the most accurate forecasts ever
verified. Itisnoteworthy that the percentage coverage
of nonclimatology forecastsfor precipitation reached
an unprecedented level (maximizing at 73% in
January—March) during the 1997-98 cold season, un-
doubtedly related to the high confidence associated
with the opportunity that the strong EI Nifio afforded
the forecasters. This confidence comes, in part, as a
result of knowledge, acquired in only the last several
years, related to results of ensembles of numerical
simulations using both observed and contrived SST
patterns asthe lower boundary. While statistical mod-
elsusually described ENSO impacts satisfactorily, the
observational dataupon which they aretotally depen-
dent may not be sufficiently long, reliable, or homo-
geneous to give excellent results. Good verification
data are needed in modeling research; however, long
training datasets are not required to design adynami-
cal model’s forecast capability. Ideally, dynamical
models should be able to forecast events whose basic
characteristics have never been observed historically.

Figure 12 shows the sequence of NCEP/CPC
precipitation probability anomaly forecasts for
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January—March 1998 issued at 3-month intervalsfrom
mid-March 1997, at alead time of 9.5 months, to mid-
December 1997, at a0.5-month lead time. Inthe first
two months of 1997, before asignificant El Nifio was
anticipated, the forecastsfor the following winter car-
ried weak probability anomalies. Thelocationsreceiv-
ing nonclimatology forecasts had indications mainly
from the statistical OCN forecaststhat describe ongo-
ing interdecadal trends, and to alesser extent from the
CCA, which can also capture trends and had accessto
datashowing abuildup of positive subsurface seatem-
perature anomalies in the western tropical Pacific
(Smith et a. 1995). Even the recent trend on its own
resembles El Nifio conditions to some extent (Zhang
etal. 1997). The SST forecast tools had a so been hint-
ing at areversal of theweak cold (LaNifia) conditions
of the winter of 1995/96 and again in 1996/97. It is
therefore not accidental that forecastsissued beforethe
El Nifio' s appearance somewhat resemble an El Nifio
pattern. As 1997 progressed and the prospect of an
El Nifio became more of areality by June and July,
the U.S. precipitation forecast pattern became more
precisely that of the ElI Nifio composite (Fig. 9, bot-
tom). Asthe enormity of the event became more ob-
vious from late summer to midfall, the magnitude of
the probability anomaliesincreased to level sthat were
previously unthinkable, especially for precipitation,
mainly because of the high weight given to the ENSO
composites. Itisclear from Fig. 12 that NCEP/CPC's
forecast anomaly patterns for winter 1997/98 were
consistent for at least seven months prior to the vali-
dation time, with increasing confidence as the lead
time diminished.

c. April-June 1998: Unpredicted drought in

southern/southeastern United States

ENSO impacts are known to continue into the
spring season, especially through April, following
their strongest manifestationsinwinter (Livezey et a.
19974). In the forecasts run in mid-March 1998, the
SST forecast models were indicating a dissipation of
the El Nifio by early summer. It was also understood
that late boreal spring iswhen the climatological SST
peaks in the central and eastern tropica Pacific, and
has the smallest year-to-year variability, tending to
damp or neutralize prespring ENSO-rel ated anomalies.
(Thelate spring is therefore characterized by a mini-
mum in the annual cycle of the persistence of the
ENSO condition, and askill barrier for ENSO predic-
tion.) Therefore, forecasters were progressively low-
ering the weight given to the El Nifio composites for
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the spring and early summer 1998 forecasts. The com-
posites themsel ves are noticeably weaker in late spring
than winter. Still, the forecasts showed considerable
resemblance to the composites, which differ fromtheir
winter counterparts. However, spring and early sum-
mer 1998 saw aradical and unexpected changein the
climate pattern asamassive dome of high pressurethat
had been covering portions of northeastern Mexicoin
winter (against the odds as shown by El Nifio com-
posites) moved northward, blocking storm systems
from the southern plains and the Southeast. As are-
sult, significant rains became nonexistent in Florida
and elsewhere along the Gulf coast in late March,
while heavy rains and numerous severe weather out-
breaks swept areas to the north from the Midwest to
the East Coast. A seriesof heat waves and fires began
to affect Texasin early May and Floridain early June,
greatly intensifying the drought. The South recorded
its driest and hottest May—June ever, while north-
central Floridameasured itsdriest April-Juneand third
warmest April-June ever. Heavy rainfall did not re-
turn to Florida until July, and until even later across
the rest of the Southeast and southern plains.
Theoutlooksfor April-June 1998 precipitation had
only minimal skill (less than 10), and those for tem-
perature were dightly negative. The precipitation fore-
casts correctly showed wetness for much of the West,
but incorrectly extended the wetness southeastward
into Texasduring aperiod of intensifying drought. The
forecasts also incorrectly indicated drynessin the up-
per Midwest and northern plains, an area that was
largely wet. Theforecasts missed the drynessthat oc-
curred in Florida and the Gulf states. The April-June
temperature forecasts were poor. California and Ne-
vada had below normal temperatures that were not
predicted, brought about in part by the large-scaleflow
pattern associated with the anomalous ridge (and
drought) downstream. Above normal temperatures
over the Great L akes and Northeast were mostly inan
areahaving forecasts of climatology. Theforecast was
somewhat better in the Northwest, where observed
warmth from Washington to Montana was within a
larger area predicted to be warm. The most serious
error occurred in the Texas—Gulf—Florida region,
where significant positive temperature anomalieswere

Fic. 12. Sequence of NCEP/CPC precipitation probability
anomaly forecasts for Jan—Mar 1998 issued at 3-month intervals
from mid-March (9.5-month lead) to mid-December (0.5-month
lead) 1997.
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observed but the forecast indicated mainly below
normal temperatures.

One might reasonably inquire as to why the late
spring drought in the South occurred, running counter
to the historical El Nifio composites. One possibility
relates to the particular manner in which the El Nifio
ended. Although it ended abruptly across much of the
tropical Pacificinvery late May 1998, the SST in the
far eastern tropical Pacific (80°—105°W) remained well
above normal throughout the summer. Because the
composites are based on the SST in a region farther
west, anomaliesin the eastern Pacific that conflict with
those farther west may induce impactsindependent of,
and therefore possibly in conflict with, those depicted
inthe composites. Thisisespecialy possiblewhen the
eastern anomaly opposes the anomaly farther west,
violating the normally strong positive correlation of
SST anomalies from South America (except for the
200 km adjacent to the coastline) to the dateline. The
high SST in the eastern Pacific may have activated the
following physical scenario.

Asdiscussed above, in El Nifio conditions during
boreal winter the subtropical region north of thewarm
ocean water (e.g., from Hawaii northward to nearly
30°N, and westward to Micronesia) tendsto be warm
and dry due to an enhanced subtropical upper-
atmospheric ridge poleward of the anomal ous heating
associated with the increased tropical convection and
upper-level divergence. During the warm half of the
year this atmospheric anomaly pattern is much less
pronounced, even with strong SST anomdies(e.g., late
boreal summers of 1982 and 1997), due to a weaker
north-to-south temperature gradient and thus weaker
Hadley circulation and weaker thermal wind on the
poleward side of the subtropics. However, the pattern
can still appear during the warmer half of the year,
especialy when the latitudinal temperature gradient
isnot at its annual minimum from July to September.
In late spring 1998, especially June, the twin anticy-
clones associated with the dying El Nifio moved east-
ward with the convection toward the remaining warm
pool just west of South American near 80°—105°W.
With theweaker extratropical westerliestypical of late
spring, a reduced and more longitudinally localized
subtropical atmospheric ridging occurred near (or only
dightly downstream of) the longitude of the remain-
ing warm SST's, such that the subtropical regionto the
north, inthevicinity of northern Mexico and the south-
central United States, experienced above normal tem-
peratures and drought. Because the drought started in
late March, before the warm SST became limited to
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thefar eastern Pacific basin, this explanation might be
challenged. Whileit is true that the drought may not
have started because of the way in which the El Nifio
dissipated, it may have persisted aslong asit did for
that reason. A more detailed diagnosis of thisevent is
givenin section 4a(2) of Bell et al. (1999). That diag-
nosis concludes, in essence, that in late spring 1998
the subtropical ridge in the Northern Hemisphere as-
sociated with El Nifio moved to the east over North
Americawith the remaining anomalous tropical con-
vection, and migrated northward into the southern
United Statesin association with the normal seasonal
solar progression.

The above hypothesismight be supported if it were
reproduced by a GCM run using SST boundary con-
ditions prescribed as observed during spring 1998.
Figure 13 shows the precipitation anomaly for the
April-June 1998 period as observed by CAMS (left)
and as ssimulated by the NCEP coupled model using
observed tropical Pacific SST boundary conditionsfor
the same period (right). The simulation isthe mean of
an 18-member ensemble run. The region inside the
contour passed at test at the 95% confidencelevel for
the difference between zero and the ensemble mean.
While the model simulation produced arainfall defi-
cit that was somewhat weak and displaced dightly to
the south, the general pattern was correct, lending
some support to the hypothesis. The model’s under-
representation may berelated to itsbiasesin theloca-
tion of the subtropical and extratropical ENSO
impacts, as described in Smith and Ropel ewski (1997),
although that study found a mainly westward place-
ment bias. However, Smith and Ropelewski (1997)
examined all cases of El Nifio collectively, and the
April-September period together, possibly hiding the
expectations related to the more unique tropical Pa-
cific El Nifio SST pattern of late spring 1998, whose
timing is also on one end of the 6-month seasonal
window. The late spring 1998 caseis unusual in that
past cases of similar observed SST structure are non-
existent. The recent cases of 1983, 1987, 1992, and
even 1993 are similar to the extent that warm water
remained in the tropical Pacific through much of the
spring, but not inthe differencein the dissipation tim-
ing between east-central and far-eastern Pacific waters.
In midsummer, some observed instances of atropical
Pacific SST pattern similar to that of April-June 1998
do exist and are not found to be associated with ahigh
pressure dome over the South or Southeast. Use of a
numerical model may therefore be particularly valu-
able in this late spring case, providing information
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Fic. 13. Precipitation anomaly (mm month?) for Apr—Jun 1998 as observed (left), and as simulated by the NCEP climate atmo-
spheric GCM using observed tropical Pacific SST boundary conditions for that period (right). An 18-member ensemble was used.
Regions statistically significant at the 95% confidence level are contoured.

(subject to some distortion associated with NCEP
model biases) unique to this event and not included
in Smith and Ropelewski (1997). The benefit of ady-
namical model simulation in thisinstance isthe abil-
ity to react to forcing situations that do not clearly
project on the historical relationships derived from a
statistical model developed using long-term data.

7. Suggestions of an ENSO effect on

medium-range forecasts and their
skill

One of the outcomes of the studies and forecasts
made during 1997-98 was the possibility that bound-
ary condition anomalies have visible impacts on the
mean weather over 7- or 5-day periods, and even on
individual significant weather events. Therealization
that major boundary condition anomalies may affect
medium-range weather has been extended to theissue
of attributioninarecent study by Barsugli et a. (1999).
Inthat study, parallel ensembles of simulations of in-
dividual large-scale extreme weather eventswererun
for the two cases of 1) observed boundary conditions
(e.g., the anomalous tropical SST of the 1997-98 El
Nifio) and 2) climatological boundary conditions.
When the difference between the two ensemble means
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in the resulting weather developments at medium-
range lead times differs significantly in comparison to
the ensembl e spreads of the two sets of runs, attribu-
tion to the anomal ous boundary conditionsis deemed
justified, and the difference regarded asthe “ synoptic
El Nifio signal.” Asdiscussed in Barsugli et al. (1999),
the appearance of boundary condition effects in me-
dium-range weather forecastsrequires alead time suf-
ficiently long for those conditionsto begin influencing
the forecast, but short enough that the effects of the
initial conditions are still reasonably well forecast.
This “window of opportunity” is typically in the 5—
15-day range. (Note also that during El Nifio theini-
tial conditions themselves contain cumulative effects
from the El Nifio boundary conditions prior to thefore-
cast period.) During periods of anomalous boundary
conditions, the combined influences of boundary and
initial conditions may increase forecast skill above
what it would be without the boundary condition in-
fluences. The skills of two such runs using the NCEP
medium-range forecast model during the December—
February 1997-98 period, for example, have been
compared (Fig. 14) at the Climate Diagnostics Center
in Boulder, Colorado. Whilethe skill of the model run
with climatological SST isindistinguishable from that
of theactual SST for the first four days, the benefit of
taking the EI Nifio into account appears from day 5
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Fic. 14. Forecast skill (asaspatial anomaly correlation) infore-
casting 500-hPa height in the PNA region as a function of lead
timein the NCEP medium-range forecast (M RF) model with T62
horizontal resolution, run each day during Dec—Feb 1997-98
during the strong El Nifio episode. Average skill for the forecast
using the actual SST in the tropical Pacific Ocean is shown by
the curve having higher skill after 5 days, scoresfor forecastsusing
climatological tropical Pacific SST are shown by the other curve.
Modeled after Barsugli et al. (1999).

onward and becomes quite visible during the second
week of the integration.

Onthebasis of Fig. 14, one might expect the skill
of medium-range forecasts to be somewhat higher
during periods of anomal ous boundary conditionsthan
near-average boundary conditions. Figure 15 shows
the 7-day running mean skill, expressed as a spatial
anomaly correlation, of 5-day forecasts of mean
500-hPa height over North America over days 6-10
using NCEP' smedium-range forecast moddl. Over the
period from fall of 1997 through part of the winter of
1998/99, atendency toward increased skill isnoted for
the El Nifio winter of 1997/98 as compared to other
portions of the period. Interms of surface temperature
forecasts over the United States at this same medium
range, Fig. 16 shows month-to-month verification skill
(Heidke score) using this sameforecast model (modi-
fied by human forecasters) for the longer period of
1978 to spring of 1999. The NCEP model has under-
gone various modifications and i mprovements during
thisperiod. In addition to the gradually increasing skill
of the forecasts (note the least squares regression fit
to the skill) due to model and observation improve-
ments, the skills for the winter months of December,
January, February, and March during five El Nifio
episodes (1983, 1987, 1992, 1995, and 1998) are high-
lighted by solid squares, and two La Nifia episodes
(1989, 1999) by solid circles. Skills of non-ENSO
winter months, which are normally dightly higher than
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those of other seasons, are shown by diamonds. No
dramatic or statistically significant skill differenceis
exhibited during the ENSO winter months: For all 15
non-ENSO winters (60 months) the mean skill is23.4,
while for the 7 ENSO wintersit is 28.0 (26.7 for the
five El Nifio winters, 31.0 for two La Nifiawinters).
Nonethel ess, we cannot reject the possibility that the
anomal ous boundary conditions created by El Nifio or
LaNifaepisodes may provide opportunitiesfor fore-
cast skill additional to that associated with theinitial
conditionsalonein forecasts at medium range. Asfore-
cast models more correctly simulate anomalies in
tropical convection and the impacts of these on glo-
bal circulations, and as the sample size of cases in-
creaseswith time, onewould hopefor firmer real-time
evidence of the contribution of boundary forcing to
skill inthe 615-day range. As stated in Barsugli et al.
(1999), however, higher skills may turn out to result
from any set of forecasts having above-average am-
plitude, and not just those related to ENSO or, for that
matter, related to external forcing.

8. Summary and discussion

NWS/CPC forecasters correctly forecast heavy
winter precipitation across California and the south-
ern plains—Gulf coast region for the strong El Nifio
winter of 1997/98 at least six months in advance.
Drynessin Montana and the southwestern Ohio Val-
ley was also correctly forecast. As the winter ap-
proached, forecastersincreased their confidencein the
forecast pattern, and probability anomalies reached
record high levelsin the monthsimmediately preced-
ing the winter. The warmth across the northern half
of the country was also correctly forecast, though the
area of warmth extended farther southward and east-
ward than anticipated. Because the extratropical atmo-
spheric pattern typical of El Nifio temporarily broke
down in March 1998, forecasts for December—
February were more skillful than those of January—
March, the opposite of what would normally be
expected. The skill of the precipitation forecast for
December—February set a new all-time record for
CPC’ s seasonal precipitation forecasts.

Theforecastsfor the autumn of 1997 showed little
skill for precipitation, although the temperature fore-
casts had fairly good skill. Forecasts for spring 1998
were poor, as acirculation pattern devel oped that did
not conform to the historical El Nifio pattern, espe-
cially for temperature. It is suggested that this pattern,
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related to an unexpected drought in the southern and
southeastern states, may have been related to the
unigue manner in which the El Nifio ended. In particu-
lar, significant residual warm SST that remained in the
far eastern tropical Pacificin May and June may have
moved the normally expected El Nifio—related sub-
tropical ridge eastward over the Americas, and this
ridge may have migrated northward to 25°—-35°N with
the seasonal solar progression. Simulations of the
NCEP medium-rangeforecast (MRF-12) model using
observed SST forcing were able to roughly reproduce
thislate-spring drought. Similarly localized SST forc-
ing in midsummer has not been observed to be asso-
ciated with such a circulation pattern. Indeed, the
circulation pattern broke down by July 1998 despite
the persisting positive SST anomaliesin thefar-eastern
tropical Pacific. This may bethe case because, during
midsummer, the north-to-south temperature gradient,
and thusthe general Hadley circulation, becomestoo
weak to sustain the subtropical ridge and higher-
latitude trough structure that would appear in response
to El Nifio, especially when the tropical heating is
morelimited and localized asit wasin the far eastern
tropical Pacific in midsummer 1998.

An impact of the anomal ous boundary conditions
associated with EI Nifio on medium-range NWP fore-
castsissuggested in the skills of ensemble simulations
that ignore those boundary conditionsversusthose that
take them into account. An increment in the skill of
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NCEP' s medium-range mode! forecasts has been ob-
served during ENSO winters (but is not statistically
significant) over the last two decades. When parallel
ensemble simulations are performed with and without
the anomal ous boundary conditionswith respect to an
observed extreme large-scale weather event, theissue
of attribution to the boundary conditions may be ad-
dressed quasi-objectively. Hence, a recent study
(Barsugli et al. 1999) attempted to assess the
attributability of several extreme weather events dur-
ing winter 1997/98 to the strong El Nifio.

The skillful winter 1997/98 forecasts issued by
CPC, while partly aresult of the strong ENSO signal
provided by nature, may also be attributed to an in-
creasing reliance upon numerical models as input to
CPC' sforecasts of forthcoming tropical Pacific SST
conditions as well as resulting climate impacts over
the United States. The success of the forecasts of the
International Research Institute of El Nifio's global
climate impacts during winter 1997/98 (Mason et al.
1999) may be explained similarly. Accommodation of
nonlinearity in the ocean—atmosphere climate system
is one reason that dynamical models would be ex-
pected, idedlly, to outperform their linear statistical
model counterparts. It has become clearer that EI Nifio
and La Nifia are not each others' close opposites
(Kumar and Hoerling 1998), and the impact patterns
of El Nifio may differ somewhat as a function of the
event’s strength (Hoerling and Kumar 1999) despite
being linearly proportional to strength to first order
(Kumar and Hoerling 1997). Linear models, such as
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the harmonic dial method used by Ropelewski and
Halpert (1986) or the CCA method (Barnett and
Preisendorfer 1987; Barnston 1994), blend theimpacts
of El Nifio episodes of varying strengthsin their his-
torical training samples. While the use of multiple
modesin CCA and other empirical techniques can par-
tially resolve nonlinearities (and thereby reduce am-
plitude damping that would result when using one
blended mode), dynamical models are comparatively
unlimited in this respect. The beneficial use and ac-
ceptance of dynamical model forecasts present many
challenges, such astheinterpretation of ensembledis-
tributions, and recognition and correction of system-
atic errors. Many of these issues will be more easily
addressed as computers become increasingly power-
ful. The question of predictability, or the upper bound
of expected forecast skill given a “perfect” climate
model and unlimited computer resources, remains
open. Thus, we hope that significant upside potential
still existsfor dynamical approaches. Inthe meantime,
while we are becoming increasingly comfortable | et-
ting dynamical tools influence our operational fore-
casts, we continue to run statistical modelsfor “reality
checks” and for skill benchmarks.
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Appendix: The Heidke Skill Score

The Heidke skill score is a measure of forecast
accuracy that is widely used when the forecasts and
their corresponding observations are expressed as
categories (e.g., below normal, near normal, etc.)
rather than in numerical form. The score is based
simply on the number of forecasts whose category
turned out to be correct. The skill (S formulais S=
100(C - E)/(N - E), where C is the number of loca-
tions correctly forecast, E is the number expected to
be correct by chance, and N isthetotal number of lo-
cations forecast. For three climatologically equally
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likely categories (below, near, and above normal), as
used by NWS/CPC, E equals N/3. Thus, the formula
reducesto S= 100[C — (N/3)]/(2N/3). An equivalent
way to write this formulais S= 100 x 1.5[(C/N) -
0.333]. Using this formula, a set of all-correct fore-
casts resultsin ascore of 100, while aset of forecasts
with asmany correct aswould be expected by chance
scores 0. Negative scores are also possible, with a
lower limit of —100/(K-1) for the case of no correct
forecasts, where K is the number of equally likely
categories. For the three-category system used at
NCEP/CPC thelower limit is—50. The category defi-
nitions applied to the NWS/CPC forecasts do not take
the probability anomaliesinto account; rather, all lo-
cations having positive probability anomalies are
placed into the“above normal” category, and likewise
for negative probability anomalies. Occasionally a
“near normal” isforecast. The skill isassessed intwo
ways (Van den Dool et at. 1997): in thefirst way, lo-
cations having the “climatology” forecast are not
counted at al, so that only locations for which a cat-
egorical forecast is assigned are considered, effec-
tively reducing the value of N. The second scoring
method counts all locations, but assigns one-third
credit (i.e., the chance hit rate) to locations having cli-
matology forecasts. The second scoring method pro-
duces scores that have the same sign as scores from
the first method but that are closer to zero in propor-
tion to the fraction of locations having climatology
forecasts. Specificaly, if thefraction of |ocations hav-
ing nonclimatology forecastsis denoted by f, the skill
score using the second method equals the skill score
using the first method, multiplied by f.

There are benefits and liabilities associated with
each of the two methods of assessing skill. The
method that only considers locations for which
nonclimatol oy forecasts are made has the advantage
of rating skill only where the forecasters believed, a
priori, that they had ampleinformation and knowledge
to warrant making aforecast. Its disadvantage is that
it may result in small sample sizes, causing high fore-
cast-to-forecast skill variability. (Consider the ex-
treme case of making aforecast for only one location,
in which the outcome would be a Heidke skill score
of either =50 or 100.) Ancther possibly negative char-
acteristic is that a good forecast for a small fraction
of locations is credited just as much as a good fore-
cast for alargefraction of locations. The method that
gives one-third credit for locations having climatol-
ogy forecasts always keeps the full sample size and
thus haslessvariable skill results. Assuming that skill
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generally averages above zero, it exacts apenalty for
making climatology forecasts (but not as severe a
penalty asfor making incorrect nonclimatology fore-
casts); it does not give the forecaster any credit for
knowing in advance where not to make aforecast. In
this presentation we show both skillsin order that our
readers may decide whichismore meaningful for their
purposes.
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