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Basis for seasonal
forecasting
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Fundamental importance of uncertainty

Daily temperature forecast for Victoria, Canada
starting February 28

2 models, 10 forecasts from each starting from
slightly different initial conditions

= CanCM3 forecast = = CanCM3 climatology
= anCM4 forecast = = CanCM4 climatology

4- average over CanCM3 ensemble

¥~ 1 ensemble member

R TR — I — R S — - T — ]

Forecast day



Initial condition uncertainty leads to forecast uncertainty!

Initial condition

‘ L -.-' -._-' e et T
L l -
S - - -

Time

When uncertainties are large, a single forecast tells us very little — need an
ensemble of forecasts to estimate the probabilities of different outcomes
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Necessary conditions for useful
climate predictions

1) The phenomenon being forecast must be predictable

2) Prediction method must have ability to capitalize on
natural predictability

— If these two conditions are met then there is potential
for skillful predictions



How seasonal forecasts
are produced
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What are seasonal forecasts?

Weather forecast Climate projection
1-10 days | 10-100 years

Global average surface temperature change
6.0 T 1
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Climate model (atmosphere
/ocean/land/sea ice)
Initial conditions not critical

Weather prediction model

Current global
observations used to
initialize model



What are seasonal forecasts?

Weather forecast
1-10 days
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Weather prediction model

Current global
observations used to
initialize model

Climate projection
10-100 years

Global average surface temperature change
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Climate model (atmosphere
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Seasonal forecast

1-12 months




1 tier (coupled) vs 2 tier forecasts

1 tier forecast

atmosphere

land ocean

2 tier forecast

atmosphere

land ocean

atmosphere interacts with
land

SSTs specified (no ocean
model)

For example, some
systems simply persist
the SST anomaly present
before the forecast

1 tier systems cannot
forecast El Nifio/La Nifa

atmosphere interacts with
land and ocean

coupled climate model
includes ocean component
future SSTs are forecast
by model

2 tier systems potentially
can predict El Nino/La
Nifa
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Steps for producing seasonal forecasts

Run ensemble of forecasts from slightly different initial
conditions

Correct for biases in forecasts using hindcasts —» anomalies

Process information into deterministic or probabilistic
forecast

Include skill evaluation with forecast



Ensemble forecast

Forecast 1

month 2 month 3

month 1

Forecast 2

month 2 month 3

month 1

Forecast 2

month 2 month 3

month 1




Definition of
lead time

Forecast / r

issued

Ensemble forecast

" Forecast 1
Initial
State 1 month 1 month 2 month 3
" Forecast 2
Initial
state 2 month 1 month2 month 3
| |
||
||
" Forecast 2
Initial
%
state 10 month1 month2 month 3

, . . Lead 0 months

~"

Forecast valid

A

l [ | Lead 1 month




Burst vs lagged initialization

Burst

initialization

VVVVVVVVYYVYY

Forecast start time Month 1 Month 2 Month 3 Month 3
Advantages of burst initialization

« Shortest lead time, statistically homogeneous sample
 Anomalies, hindcast climatologies etc. easy to compute

Lagged

initialization

Forecast start time Month 1 Month 2 Month 3 Month 3
Advantages of lagged initialization

« Computational load spread out in time — can have more ensemble
members, more expensive model




Purposes of hindcasts

Hindcasts (or reforecasts or historical forecasts) are “forecasts” of the past

Hindcasts enable us to...

Estimate lead-time dependent model biases (“drift”) so that they can
be corrected for — more in lab session

Estimate historical skill

Calibrate probabilistic forecasts

Notes:

When estimating in-sample corrections and skill, cross validation
should be applied to avoid inflated estimates of skill

WMO currently recommends 1981-2010 as hindcast base period

30 years x 12 initialization months x 10 ensemble members = 3600
years of model integration per hindcast! (assuming 12 mon range)



CanCM3/4 model temperature biases
Relative to ERA-Interim reanalysis 1981-2010

DJF JJA

(a) CanCM3 (b)

CanCM3

Merryfield et al. (MWR 2013)



CanCM3/4 model precipitation biases
Relative to GPCP2.1 1981-2010

DJF JJA
(c) CanCM3 bias (d) CanCM3 bias

—

Merryfield et al. (MWR 2013)



Correction for model biases

* Because climate models are imperfect, each model has
its own climate that differs from that of the real world

 Thus, models initialized near observed climate state will
progressively drift towards biased model climate:

obs climatology
; > time

» forecast climatology

>
model climatology

* These biases can be removed by computing anomalies
with respect to forecast climatology that is a function of
forecast time and lead time, & comparing with observed
anomalies



Correction for model biases

* Because climate models are imperfect, each model has
its own climate that differs from that of the real world

 Thus, models initialized near observed climate state will
progressively drift towards biased model climate:

obs climatology
; » time

.. forecast climatology
forecast anomalies

>
model climatology

* These biases can be removed by computing anomalies
with respect to forecast climatology that is a function of
forecast time and lead time, & comparing with observed
anomalies



Calculation of bias correction

* Forecast anomalies:
F'oi=Fe - <Fg>

where k = predicted season, | =lead time,

< > |ndicates averaging over some standard set

of years (e.g. 1981-2010)

 Bias corrected forecast:

(Fideor = Fg + <O>=F, + <O >-<F,,>

where < O, > = average of observations (climatology)



Deterministic vs
probabilistic forecasts




Ensemble deterministic forecasts

Example: Seasonal mean temperature for JFM 2016

Deterministic forecast (single location)

“The average temperature in Victoria, Canada during
JFM 2016 will be 0.85°C above normal relative to the
average of all years in 1981-2010.”

Deterministic forecast map

2-m Temperature, Anomaly Forecast
year=2016, JFM, 0-month lead

.......

______
i

______
o5 =

B L A ——

Uncalibrated ensemble mean anomaly forecast.

However, these products contain no indication of uncertainty




Representing forecast uncertainty

Example: forecast of Victoria average temperature
(departure from normal in °C for winters starting in Dec of indicated year)

Consider 30 recent winters (1981-2010)
Divide into 10 coldest, ,

below normal

1984 | 1988 | 1981 | 1996 | 2010 | 1995 | 1985 | 1999 | 2000 | 2006 | 1997 | 1993 | 1982 | 1986 | 2002
-207 | -1.54 | 112 | -0.78 | -0.39 | -0.37 | -0.17 | -0.11 | 0.00 028 | 0.54 | 0.77 | 0.88 | 0.99 1.55

1992 | 2008 | 1990 | 1983 | 2007 | 1998 | 1987 | 1989 | 2001 | 1994 | 2004 | 2003 | 2009 | 2005 | 1991
-195 | 149 | -1.06 | -0.55 | -0.37 | -0.19 | -0.13 | -0.06 | 0.12 | 0.49 | 0.57 | 0.78 | 0.96 112 | 1.71




Probabilistic forecast (single location)

Forecast year= ED1E~seasnn—JFM lead=0

ower tercile 49 Jﬂﬁnr'lnrﬁ o

| Climatological PDF: |
mean

1 ] | e [Forecast POF.
B : | =5 ITET) sd=0.78

Seasonal mean
2 4 6 8 temperature

Here the forecast probability distribution or PDF is described in terms of
probabilities that forecast seasonal mean temperature will fall into climatologically
equi-probable tercile categories: below normal near normal above normal
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Probabilistic forecast (single location)

Forecast year=2016 season=JFM, lead=0
ower tergle 4.0 49 ypper tercie
1 I

| Climatological PDF: |
—,l__ ' | mean=4 .44 s0=0.9%
] » s | Forecast PDF
== =134 : : =.1. : sd=0.78

5%, P43 719%

Note: here the ensemble of
forecast values has been fit to a
normal distribution. Probabilities
can also be obtained from raw
forecast values |

! t g gical PDF:
] : ! rean=T. 19 sd=0.59
| w— Forecast POF:
I i : ' rieans8.47/+1.28) 2d=0,95
o, 1 B%
B N A

\
\

R S

Seasonal mean
2 4 6 8 temperature

Here the forecast probability distribution or PDF is described in terms of
probabilities that forecast seasonal mean temperature will fall into climatologically
equi-probable tercile categories: below normal above normal



Probabilistic forecast maps

Probabilities in each category
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Reliability of probabilistic forecasts

« Consider many probabilistic forecasts from different times, locations
« Compare forecast probabilites with observed frequencies

Forecasts underconfident:
forecast probability <

o

- Below Normal | ODSErved frequency i
0.9- Near Normal | s Forecasts reliable:
T e ‘ T forecast probability =
0.8 : ) ,s observed frequency
! ’

-~ I ’ -
07 | .’ Forecasts overconfident:
0.6- | R ’ forécast probability >

. _ -~ | observed frequency

Observed Frequency
o
(43

0.4+ . .
__________________________ climatological frequency =

0.3 1/3 for tercile forecasts

0.29 .-

0.1{

0.04= l

00 01 02 03 04 05 06 0.7 08 09 1.0
Forecast Probability



Reliability of probabilistic forecasts

« Consider many probabilistic forecasts from different times, locations
« Compare forecast probabilites with observed frequencies

Forecasts underconfident:
forecast probability <

o

- GelowNormal , | ODSErved frequency s

. Near Normal | 7 Forecasts reliable:
0.91 === Aove Norm : S forecast probability =
0.84 : 5‘ observed frequency

 skill>0,”
i no skill : ’,' Foreg:asts overconfident:
0.6- | R | forecast probability >
‘ _ -~ | observed frequency

Observed Frequency
o
(43

no skill climatological frequency =
—————————————————————————— — .
0.34 1/3 for tercile forecasts
0.21 .-
014 |
0.0+= l

00 01 02 03 04 05 06 0.7 08 09 1.0
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Advantages of calibrated probability forecasts

Seasonal precipitation forecast

» uncalibrated probabilities:

- high probabilities predicted
far more frequently than
observed

- overconfident, especially
for precipitation and near-
normal category

- near-normal grossly
overpredicted

« calibrated probabilities:

- much more reliable
(forecast probability =
observed frequency)

- less overconfident

- near-normal less
overpredicted

Forecast
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Growth of uncertainty with increasing lead
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Growth of uncertainty with increasing lead

Lead 0 months Lead 3 months
Precip.(gamma), 3-category Probabilistic Forecast Precip.(gamma), 3-category Probabilistic Forecast
year=2016, NDJ, 0-month lead year=2017, FMA, 3-month lead

| 2-season calibrated probability forecast. | 2-season calibrated probability forecast.
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Growth of uncertainty with increasing lead
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Probability of exceedance forecasts from IRI

» Useful if tercile below/near/above normal probabilities are not specific
enough

« Example: probability that JFM 2016 mean temperature will exceed 80t
percentile relative to 1981-2010 (Options are 10, 15,...85, 90 percentiles)

Flexible Forecasts } Region}——————— Model}——— . Target Time}———————— .Climatology (from 1950)}. .Probability}
[Temperature Flexible Seasonal Forecast | [North America |~ | [F oooooo t]v | [Jan-Marzols | [1981 to |zo10 [ xceeding  |v| Percentile [+ | 800 [+ [%lle
)
- )

&7

[;:::caste

L atitucia
B°H

—-
40N

30°N

)

TR W 150" 153 130 120 :m::

“ Jan-Mar 2016 Flexble seasonal Temperaiure lorecast issued 0000 1 Dec 2015

'] LA 02 K]
Pmbabilqr of excudng 50, ﬂ1h %-ila-

http://iridl.ldeo.columbia.edu/maproom/Global/Forecasts/Flexible Forecasts/temperature.html




Forecast skill




Skill scores

+ 1 Perfect
_ f'-o0’ ,
Example: Anomaly correlation AC= —— , 10 No skill
o(f') o(0') \l'
f'= forecast anomaly X1 (?)

o'= observed anomaly




Global anomaly correlation skills
DJF (Lead 0 months) JJA (Lead 0 months)

Near-surface temperature

Rules of thumb
«  Lower in extratropics than in tropics *  Lower in winter than summer

Lower over land than oceans *  (Much) lower for precip then temp



Additional
deterministic
and
probabilistic
skill scores
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Additional
deterministic
and
probabilistic
skill scores

SON precipitation
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Equatorial Pacific climate
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Equatorial Pacific climate
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El Nino direct impacts

shift in deep
convection

Descending
dry air
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dry air

Indonesia

300 em

200 m

El Nino conditions in the tropical Pacific
Copyright 1988 John Wiley and Sons, Inc. ll ights reserved.



El Nino teleconnections
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El Nino conditions in the tropical Pacific
Copyright 1988 John Wiley and Sons, Inc. ll ights reserved.



El Nino teleconnections

upper tropospheric response: strengthened
quasi-stationary Aleutian Low
Rossby wave

polar jet stream
shifted north

N subtiofio jet
"7 streamiextended

-~ - e

< DIVERGENCE
‘—‘“

Trenberth et al., JGR (1998) Horel & Wallace, MWR (1981)

s 0.5-1.0°C

warmin:

21.0°C
warming

Dlescending

Descending
dry air

dry air 180°¢
i

Drought

conditions

South

Indonesia # :
America

300 em 15 cm

50 m

200 m

El MNino conditions in the tropical Pacific

Copyright 1888 Jahn Wiley and Sons, Inc. 8ll rights reserved
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B-Month Nino Region 3.4
1

Historical El Nino/La Nina variability

« A widely used indicator of El Nino/La Nifa activity is

Nino3.4 = mean SST anomaly in 5N-5S, 120W-170W

rolling average of Nino3.4

» The Oceanic Nino Index (ONI) consists of a 3-month

Nino3.4 index

Oceanic Nifo Index (ONI)
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3-Month Nino Region 3.4 Aver
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Historical El Nino/La Nina variability

P

Very strong El Ninos
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Global El Nino impacts

December - February
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Example: ENSO impacts on Victoria

Example: forecast of Victoria average temperature

(departure from normal in °C for winters starting in Dec of indicated year)

below normal

Consider 30 recent winters (1981-2010)
Divide into 10 coldest,

La La La La La La El El El El El
Nina Niha Nina Nina Nina Nina Nino Nino Nino Nifo Nino
1984 1988 1981 1996 | 2010 1995 1985 1999 | 2000 2006 1997 1993 | 1982 1986 | 2002
207 1| -154 | -112 | -0.78 | -0.39 | -0.37 | -0.17 -0.11 0.00 0.28 0.54 0.77 0.88 0.99 1.55
1992 2008 1990 | 1983 2007 1998 | 1987 1989 | 2001 1994 | 2004 | 2003 | 2009 | 2005 | 1991
-1.95 | 149 | -1.06 | -055 | -0.37 | -0.19 | -0.13 | -0.06 0.12 0.49 0.57 0.78 0.96 1.12 1.71

La La El El El El El
Nina Nina Nino Nino Nino Nino Nino




Composites of strongest El Nino/La Niha events since 1981
DJF precipitaton MAM

MOwAESRL Physical Sciences Division BON MOAS/ESAL Physical Sclencas Division
P ) -y " ey - -

o

G0N

F0W

Nino

805

SUSD q05

EIE 1208 180 120w AW i 0 S0E 120E 180 1200 a0 0
Dec to Feb: 1995,1987,2010,1922,1983,1998,2016 bar te May: 1993,2015,1987,1998,2016,1983,15492

yaical Sciencas Division
AR -

MO&A,/ESRL

T T T T T 905 T T T T T
E0E 120E 180 120 GOW L o &0E 120E 180 120 a0 o

Dec to Feb: 1953,2000,2008,1985,2011 Mar to May: 1599,19859,2008,1585,2000

mm/day




Composites of strongest El Nino/La Niha events since 1981
DJF precipitaton MAM
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ENSO teleconnection to SW Asia in Spring

Regressions of MAM temperature and precipitation on Nino3.4 index
(1981-2010, plotted where correlation>0.3)

CanCM4

_'!l I I
-08 -0.7 -05 -0.3 -0a 0.1 0.3 0.5 0.7 0.8 -1

MAM surface temperature anomaly (°C) MAM standardized precipitation anomaly

-0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1




ENSO teleconnection to SW Asia in Spring

Regressions of MAM temperature and precipitation on Nino3.4 index
(1981-2010, plotted where correlation>0.3)

CanCM4
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-08 -0.7 -05 -0.3 -0a 0.1 0.3 a.5 0.7 0.8 -1 -0.8 -0.6 -0.4 -02 02 04 0.6 0.8 1
MAM surface temperature anomaly (°C) MAM standardized precipitation anomaly

CanCM4 skill




Historical CanCM3/4 ENSO predictions

Seasonal mean Nlno3 4 index: observed vs 0-9 month lead times
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« Some false alarms, such as
A 1990-91 and 2003-2004

MAM

« However, no misses for El Nifio/La
Nifia events exceeding +1.5°C, except
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Nino3.4 ensemble plumes from May 2019

NINO3.4 SST anomaly plume
C3S: ECMWEF contribution from 1 May 2019

@ Lost update: Sun Moy 26 2019
NWS /NCEP /CPC I P fé':myfﬂﬁg_zwﬂﬂmg Monthly mean anomalies relative to NGEP Ok2 1881-2010 climatology

CFSv2 forecast Nino3.4 SST ancomalies (K) X
3 : - - . - 2] L2
O ] [1
on -
@ L
z [
= L
M L
3 r
c 0 _0
< [
3 i i i i i i — ;
= } ; ! 3 ! 1 n -1
L oCT JAN APR JUL ocT JAN r
2018 2019 2020 T T T T T T T T T T T T T T
Mew Dec Jan Feb Mar Apr May Jun  Jul  Aug Sep Oct Nov Dec Jan
Latest 8 forecst members = = = Forecaost ensemble mean 2018 2019
Earliest 8 forecst members ——— NCDC daily analysis /Ji\.g""”h-l-w

Other forecost members

Monthly sea surface temperature anomalies for NINO3.4 region

— similar message: weak EIl Nifio
___ ] trending toward ENSO-neutral, with
"l ] some chance of persisting
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+
)
o

T
|
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08 e ———

°C above or helow average

1.6 .|

La Nifia

2.0 .|

2.4 |

28 | I I I I I I | I I I I
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— 2019
17 ——— Ensemble member —&— Forecast mean —e— Past analysis

— imate Model: ACCESS-S1
Commonwealth of Australia 2018, Australian Bureau of Meteorology Model run: 11 May 2019 Base period 1990-2012



Multi-model ensembles




Why multi-model ensembles?

1) Different models have different strengths and weaknesses

- model errors will tend to cancel each other out

- higher skill for multi models
than for single model, for a
given ensemble size N

- this example considers 4
models with 10 ensemble
members each —

2) More ensemble members
available by combining models

than from individual models

TAS, Land, zero-month lead, Corr

o

40

o Skill

35

ﬁ%" oo~ -0 - 1-model
fpoa -0 - 2-model
i -7 - 3-model
e -A - 4-model
:;; - = N-model

—
’--—
-

NI S
3'models |

| | | |
10 20 30 40

Total ensemble size N

Kharin et al., Atm.-Ocn. (2009)



WMO multi-model ensemble

https://www.wmolc.org/

WMO Lead Centre for
Long-Range Forecast Multi-Model Ensemble

About us News Data & Plot Related Sites

Introduction Deterministic MME Probabilistic MME References

* Latest Forecast data

Offenbach
ECMWF Moscow Montreal
5 i |
-] T . =1
Beijing & * Washington
Tououse” e _
: * CPTEC
R
2019 JJA % Melbourne

13 Global Producing Centres (GPCs) representing different meteorological

services
Forecast information provided to Regional Climate Centres (RCCs) and Climate

Outlook Forums (COFs)
Maps publicly available, data password protected



WMO multi-model ensemble

https://www.wmolc.org/

» 13 Global Producing Centres (GPCs) representing different meteorological
services

» Forecast information provided to Regional Climate Centres (RCCs) and
Regional Climate Outlook Forums (RCOFs)

« Maps publicly available, data password protected



WMO multi-model ensemble

https://www.wmolc.orqg/

";""bdb"'s“;: Multi—Model E/n“mb" F/°"°°°°t y y Probabilistic Multi—-Model Ensemble Forecast

GPGC_seoul/GPC_washington/GPC_tokyo/GPC_exeter/GPC_moscow/GPC_beijing GPC 1/GPC shington/GPC tok GPC eter/GP

FSGPG_ melbourne/GPC cptec/GPC_pretoria/GPC_ montrcql/GPC ecmwf/GPC offenbuch/GPC toulouse ;‘GF‘C ﬁneec:ubo/urne/gpc Gpgteoo//GPC pre{oc:—lfu/cpce mon{reﬂ]/@n;%szc;“;r{wf/GPC foenbuch/GPC toulouse
2m Temperature : JJA2019 {issued on May2018)

won Precipitation : JJA2019 {iesued on May2019)

0 60E 1206 180 1200 60 0

Below—Normal Near—Normal Above—Normal Below—Normal Near—Normal Above—Normal
[T TN [ - -l ] ][
80 70 60 50 40 40 50 60 7C 80 40 50 60 70 80 [%] 8¢ 70 60 50 40 40 50 60 70 80 40 50 B0 70 80 [%]

» 13 Global Producing Centres (GPCs) representing different meteorological

services
» Forecast information provided to Regional Climate Centres (RCCs) and Climate

Outlook Forums (COFs)
« Maps publicly available, data password protected



APCC multi-model ensemble
- APCC http://www.apcc21.ora/ser/outlook.do

APEC CLIMATE CENTER

Climate Outlook for June - November 2019

o During April 2019, EI Niflo conditions persisted with positive sea surface temperature anomalies across the

equatorial Pacific Ocean.
o The latest APCC ENSO outlook suggests about a 35% probability for weak El Nifio conditions during June

— August 2019 and the conditions are likely to persist through September — November 2019.

Temperature at 2m for June-August 2019 Precipitation for June-August 2019
Unit:mm/day

Unit:deg K 90N

; S : : b .
- i v D {f .
4 . - y y .
: . B P 605 — - - Sl 2 .
-] Ancmaly fields are displayed ‘ 7 Anomaly fields are displayed s

905 T —————— T e ——— T —T— 1 R e S LA s S o s o e s o e sy e s e e e e e

30w o 306 60€ 90 120E  1S0E 180  1SOM 120N  GOW  6OW  3OW 30W 0 30€ 60E 90E 1206 1506 180  150W  120W  9OW 6OW  30W
BEEREECOCHOOC0MME N . § § Iy § § |
-1 08 06 04 0.2 0 02 04 06 08 1 -1.6 12 08 0.4 02 0 02 04 08 1.2 16
Issued: 25 May, 2019 © APEC Climate Center Issued: 25 May, 2019 © APEC Climate Center

* Includes models USA, Canada, Australia, Korea, ...
» Month 1-3 and 4-6 probabilistic & deterministic forecast maps publicly available



Copernicus multi-model ensemble

/’1\ Climate Change https://climate.copernicus.eu/seasonal-forecasts

Service

€3S multi-system seasonal forecast ECMWF/Met Office/Météo-France/CMCC/DWI C3S multi-system seasonal forecast ECMWE/Met Office/Météa-France/CMCC/DWD
Mean 2m temperature anomaly JJA 201 Mean precipitation anomaly JUA 2019
Nominal forecast start: 01/05/19 Mominal forecast start: 01/05/19
Varance-standardized mean Varance standardized mean
M-20c 2010 1005 Jos.02[J-o02.02 [Joz.05 [[os.io [lo2o ll=20c B < 200mm[Il]-200.-100]-100.- 50 []-50.-20 [ ]-20. 20 []20.50 [ 50.100 [M100.200 > 200mm
1B0"E 150°W 120"W S0 BO"W 3w 0E 30°E EO'E B0°E 120°E 150°E 180"E 1507 W 120mW S0"W B0"W 30°W 0" 30'E E0"E 90'E 120'E 150°E

180"E 150"W 120w S0mw 60"W 30w 0'E 30'E 60"E 9'E 120°E 150"E

» Currently models include ECMWEF, UK Met Office, Météo-France, CMCC, DWI
* Numerical data publicly available
 More models to be added



https://www.cpc.ncep.noaa.gov/products/NMME/

- MMME Forecast of Prec. rate Anom IC=2018205 for Lead 1 2018JJA

1oaw 0 BOE 120E 180 120w B i

| | | | \ [
—4 _3 2 —1 —0.5 —0.25 O.25 0.5 1 2 3 4 -0 -5 -4 -2 -1 05025025 05 1 2 4 5 10

* Currently 7 models from US, Canada
* Numerical data publicly available
* More in tomorrow’s lecture



Summary




Guiding principles of climate
(e.g. seasonal) forecasting

1) Forecasts must communicate uncertainty

I 1
limatolog: IZIJZJEa Probabilities
Sy ronccnsr GRS |

JES il W | THU ¥R
S O

Rain Rair Showers
Wet ‘ lurries
B ARk NEn
.0 -8 -2 -0

mmm)p ensemble forecasts

2) Forecasts should be interpreted |
in the context of past ;
performance (skill)

=) many years of hindcasts
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Equatorial atmosphere/ocean

Mean Annual Global Insolation
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Equatorial atmosphere/ocean
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Typical buildup of a strong El Nino: the
role of westerly wind bursts (WWB)

climatological easterly
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Typical buildup of a strong El Nino: the
role of westerly wind bursts (WWB)

climatological easterly
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Typical buildup of a strong El Nino: the
role of westerly wind bursts (WWB)

climatological easterly
<

—
westerly wind burst (WWB) surface

warm Upwelhvr\],ngOSSby downwelling Kelvin wave cool
~1m/s 2-3m/s

thermocline
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2-3 months later

climatological easterly
<

.
cooler anomalous westerly (Bjerknes feedback) surface warmer

upwelling Rossby
wave
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2-3 months later

climatological easterly
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cooler anomalous westerly (Bjerknes feedback) surface warmer
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2-3 months later

climatological easterly

<
—_—
cooler anomalous westerly (Bjerknes feedback) surface warmer
upwelling Rossby

wave ®

© ~1m/s 8
7 o)
@ S
S upwelling S <
9 =
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SST anomaly -

SLP anomaly - “Southern Oscillation”
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Example: 1997

295—2°N Average, 3 Pentad Running Mean

Low-level zonal

wind anomalies
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NOAA/NCEP/CPC Monthly Ocean Briefing
http://www.cpc.ncep.noaa.gov/products/ GODAS/




Low-level zonal
wind anomalies
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Example: 1997

295—2°N Average, 3 Pentad Running Mean

Westerly
wind
bursts

NOAA/NCEP/CPC Monthly Ocean Briefing
http://www.cpc.ncep.noaa.gov/products/ GODAS/




Example: 1997

295—2°N Average, 3 Pentad Running Mean

Low-level zonal Mean temperature to

wind anomalies 300m depth anomalies
Heat Content
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NOAA/NCEP/CPC Monthly Ocean Briefing
http://www.cpc.ncep.noaa.gov/products/ GODAS/




Example: 1997

295—2°N Average, 3 Pentad Running Mean

Low-level zonal SST anomalies

wind anomalies

Mean temperature to

300m depth anomalies
Heat Content
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NOAA/NCEP/CPC Monthly Ocean Briefing
http://www.cpc.ncep.noaa.gov/products/ GODAS/




Example: 1997

295—2°N Average, 3 Pentad Running Mean

Low-level zonal
wind anomalies

JAN1997 P

Mean temperature to SST anomalies

300m depth anomalies
Heat Content
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