CHAPTER 3

=,

Q) Empirical and
Process Studies CIRES

CDC's climate esearch dbrt has a firm foundation in empirical studies, consistent with our emphasis
on climate monitoring, understanding and prediction. The science projects in this area involve not only
seasonal to interannual time scales but also specifically target the annual cycle and intraseasonal vari-
ability. On inteannual time scales the focus is on ENSO. Empirical studies at CDC dfawedrour
undesstanding of the global aulation’s response to ENSO SST anomalies as the diabatiodoand

the base state chaagvith the annual cycl@ hese insights havegmpted some of the modelingésti-

gations described in section 3.1.

Several projects are devoted to advancing our knowledge of the annual cycle. The role of clouds in sea-
sonal mass circulations is one area of interest, and preliminary work with different data sets shows that
there is considerable room for impmement in the depiction of clouds in the NCEBmalyses. Funda-

mental work is being carried out oapresenting corective clouds and pcipitation in general circula-

tion models byxamining an equilitaited cloud ensembkeSensitivity to various foings. Other agas

being irvestigated include sudderatrsitions in the latitude of the jet sm, stratosphere-troposphere
exchange, and seasonal base state controls on higher frequency variability.

CDC believes more reseé#rés required to undestand the ole of intaseasonal variability in seasonal
climate anomalies. Seldom is boundaryciiog stong enough towercome the inh@nt noise in the
atmospheg-ocean system, especially in mid-latitudesrdNorth America whermuad of our dignostic
work is focused. Maovey the pediction of &treme gents sule as floods, drughts, cold and warm
spells, involves the synergistid¢esfts of multiple time scale®fm synoptic to int@mnual. Intraseasonal
time scales encompass a compet of phenomena including cobetr featues, suh as the Madden-
Julian oscillation (MJO), teleconnection patterns and zonal xndariations. The MJO in particular
provides a focus for our studies on this time scale.

Our investigations of the MJO encompass both the atmosimel ocean. The MJO ibaracterized by
large-scale covective flae-ups that deelop wer the equatorial Indian Ocearvery 30-60 days and

then maee slowly eastwartowad the cental Pacific. The wet phase of enhancedwamtion and pe-
cipitation is followed by a dry phase whkeronvection is suppressed. A concerted effort is underway to
diagnose and model the sea surface terupee anomalies that accompany thewaiment of convection
across the IndoPacific region. The role of MJO activity in interannual variations of the monsoons in the
IndoPRacific region is also under westigation. Results of this study should shed light onto whether
intraseasonal activity needs to be faithfully depicted for ateusimulation and fercast of these sea-
sonal mean monsoons. Thaension of the signal of the MJO into mid-latitudes is also bewgsti

gated, with emphasis on both the zonal mean and eddy components.

While scientific undstanding emains a sttng motivation, CDC also emphasizesalrtime awae-

ness of the observed climatedahgh weekly weather meetings and virtual anddbapy mapsoms.

These meetings provide an arena for discussing and exchanging ideas on evolving low frequency events
including ENSO, the annual cycle, MJOs, zonal index variations, storm tracks, etc.
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3.1 Annual climate and annual cycle  calculated flugs and heating rates, the
impact of clouds on those circulations
3.1.1 The role of clouds for the seasonalwill subsequently be quantified.
cycle in the equatorial east Pacific
The impact of clouds on the seasonal
Clouds play an important role in global cycle of radiatve enegy fluxes at the
climate. Thg exert a strong influence surface is illustrated ifrig. 3.1a which
on the mean state andnability of the displays the amplitude of the annual
atmosphere and ocean. Inaccurate simurarmonic of cloud radiate forcing
lations of cloud properties in general (CRF) at the sudce in the eastdeific.
circulation models (GCMs) are a lead-CRF is the diierence between twvflux
ing cause of errors in simulations of thecalculations: one including cloud prop-
Earths climate. CDC is »ploring the erties and the other omitting them.
role of clouds for the seasonalcte of Clouds &ert a strong influence on the
atmosphere and oceaariability in the annual amplitude of swa€e flux at con-
east Rcific as part of thedh American vective locations wer the South &ific,
Climate Studies program. the intertropical corergence zone, the
Amazon basin, and at subtropical sub-
To that end, radiate heating rates in the sidence/stratus locations in the northeast
atmosphere h& been calculated using and southeastaeific. The contriltion
the radiatre transfer model of the by clouds in those geons represents
NCAR CCM3 general circulation 20-50% of the seasonayde of the net
model. Bmperature and humidity data surface energy flu¥ig. 3.1bshows the
from ECMWEF analyses and obsedv amplitude of the annual harmonic of the
cloud properties from the International difference between surface fluxes calcu-
Satellite Cloud Climatology Project lated from obsemd cloud properties
serne as inputs to the radied#i transfer and suréce fluwes from the NCEP/
model. NCAR reanalysis data. That fifence
guantifies the impact of cloud field
Top-of-theatmosphere flles agree errors in NCEP reanalysis on the sea-
well with obserations from the Earth sonal gcle of surhce fluxes. That
Radiation Budget Experiment and sur-impact is lagest @wer locations domi-
face flues agree well with the GEWEX nated by lav stratus and stratocumulus
Surface Radiation Budget. Thus the cal-clouds. For example, the error in surface
culation proides an accurate assess{lux over the equatorial cold tongue is as
ment of the seasonal and interannualarge as the annual amplitude of net sur-
variations of radiatie heating in the face energy flux there.
atmosphere. The calculated fhsxand
heating rates are xamined for the 3.1.2 Rrameterization of corective
impact of clouds on engetics at the clouds
surface and in the atmosphere and also
form the basis forwaluating the NCEP/ Ensembles of caective clouds partici-
NCAR reanalysis data. In addition, by pate in “moist” tropical circulations
driving diagnostic models of the oceanranging from hurricanes to easterly
and atmospheric circulations with thewavwes to monsoons to ENSO. The
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(a) Calculated CRF at the surface
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Fig. 3.1.The amplitude of the first annual harmonic of (a) calculated cloud raifatcing (CRF) at the swfe
and (b) the difference between calculated and NCEP surface fluxes in the east Pacific.

cumulus parameterization problem con-cumulus ensemble sensity modeling
sists of specifying theutk sensitvities studies is deeloping a model stragy

of these ensembles: outputs (e.g. condnder which the modeled cloud ensem-
densation rate) as a function of inputs. ble is not controlled by lateral boundary
Current computer peer permits conditions (“forcing”) or initial condi-
explicit simulation of multiple clouds tions.

for multiple cloud lifetimes. It should be

possible to bgin mapping the sensitt  We first obtain a control simulation
ties of these ensembles. Theyko such involving an ensemble of clouds of vari-
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ous sizes in a statistical steady stateThe annual ycle of the uppetropo-
equilibrated with their enronmental spheric Asian and American jet streams
stratification Fig. 3.2. Becaus&ig. 3.2 directly impacts the annual cycle of pre-
was obtained with periodic lateral cipitation in the United States. Docu-
boundary conditions and artificial forc- menting the annual ycle of the jet
ing, some modification is needed tostream pruoides a basis for uestigating
restore the domain to the basic thermoits dynamics, comparing it with general
dynamic balance found in natural cloudcirculation model climatologies and
ensembles. monitoring seasonal transitions in the
circulation. The annualycle of the cli-
The sensitiity of this cumulus ensem- matological Asian and American jet
ble to a wariety of obserationally- streams is strongly asymmetric in time
derived perturbations will be computed. and shavs abrupt changes, especially in
These perturbations include v@on- the spring.Fig. 3.3ashavs that during
mental density perturbations, humidity winter the axis of the Asian jet stream is
changes such as “dry tongues”, andanchored along 30°N. The jet stream
wind shear changes of the kindsbifurcates abruptly in late Marchver
obsered in tropical sounding data. Thethe centralandeastern North &ific
most systematic of these sengites region, with the northern branch cen-
will be incorporated into e cumulus tered around 42°N and the southern
parameterizations for GCMs. Most cur-branch around 18°N. After a split jet
rent schemes hawittle or no sensiity  regime during northern summehe jet
to corvective inhibition, or to dry air moves gradually southavd to its winter
aloft. No current schemesveany sen- location in the autumn. The jet deceler-
sitivity to wind shearHow much can ates ery quickly during March and
improved cowection schemes impve  accelerates rather slowly in the autumn.
global weather and climate forecasts?
The annual ycle of the climatological
3.1.3 Abrupt banges in the annual American jet stream looks kk a
cycle of the Northern Hemispleejet sawiooth wave (Fig. 3.3b. The center
streams of the jet is in its northernmost position
of about 45°N in the summefrom Sep-
tember onwrd, the jet mees gradually
southward until the end of May when it
jumps abruptly northerd by more than
Total condensate - initial cloud ensemble 20°of latitude from about 23°N to 45°N.
< ij The jet stream is strongest in late Janu-
g ozl

= FAY . .

£ by , ﬂ* B il ary and weadst in early June. The jet

7 '}_?1[:};3.3 ! - i ﬁwiﬁ decelerates ery rapidly in May and

° ST st o L) accelerates fairly slowly in the autumn.
0 x (km) 400

The bifurcation of the Asian jet stream

Fig. 3.2. GATE 12Z 13 September total condensate, j i i i
from Grabavski et al (1996). The domain is laterally in late March is associated with an

periodic, so several copies of this field can be used tcal’-)rupt shift _in the prec_ipitation pattern
increase ensemble size. over the United Statesig. 3.4ashavs
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A 180-140W.mean cal and radiate balances in both
regions, which wuld, in turn, influence
the radiatve forcing of the global cli-
mate system. A better understanding of
the plysics and dynamics of strato-
sphere-troposphere x&ange (S/T
exchange) is thus critical to understand-

= ing and predicting global climate
Ny TR EBseebe: change and assessing the climatic
a T e s e impacts of human activities.

Latitude
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B 105W-55W-mean
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Fig. 3.3 Annual gcle of zonal wind at 200 miThe
contour interval is 5 m's Stratosphere-troposphere  xchange

along isentropic suates that intersect
the etratropical tropopause has been
that west of the RogkMountains, pre- investicgated using a transport model
cipitation is mainly confined to the lati- driven by analyzed global winds. The
tude band of 320°N in the winter and characteristics of along-isentrope S/T
early spring. The precipitation bandexchange ®hibit two distinctve
jumps abruptly northward by 10 degreesegimes. At 330K and belg S/T
of latitude in early April, and remains exchange occurs vigorously in all sea-
there until the end of the summé&ast sons. At 340K and abe, havever it
of the Rock Mountains Fig. 3.4, has a strong annualyde; \ery little
there is little precipitation in the winter exchange ta&s place in the winter
and early spring. The rainseason hemisphere, Uit significant &change
arrives suddenly in early April through- occurs in the summer hemisphere, par-
out the latitude band from 30° to 50°N, ticularly during northern summeAs an
with the heaviest precipitation occurring example, the results from twexperi-
in early June. Indct, heay precipita- ments for the winter of 1992/1993 and
tion occurs throughout the Rock the summer of 1993 on the 350 K isen-
Mountains along 45°N in early June andtropic surface are discussed here.
corresponds to the abrupt nortéma
jump of the American jet.

CDC scientists are curre ntlyVﬂStlgat- Western Rockies (112.5-107.5W-mean)

50N

ing the role of tropical heating and wave

breaking in these sudden transitions of £ /%ﬁ

the circulation during the annual cycle.
ON) Jan~1Feb ~ aMar 4Apr SMay 5Jun  6Jul 6Aug 6Sep 70ct 7Nov 8Dec3iDec

3.1.4 |SemIDp|C Stl&tOSphere- son Eastern Rockies (105-100W-mean) \/M
troposphere exchange g™ ﬁ/ﬁ@ %
The e(Change Of Chem|Ca"y and I’adia- 3"Nma TFeb 4Mar 4Apr SMay 5Jun 63Ul g 6®7m 7Nov 8Dec3iDec
tively actve trace gses, such as ozone

and vater \apot between the strato- Fig. 3.4 Annual gcle of precipitation. The contou
sphere and troposphere alters the cheminterval is 0.01 inches per day.
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An idealized passe tracer that is zon- barrier efects of the steep gradients of
ally symmetric and entirely in the potential wrticity at the tropopause
stratosphere is initialized on Mol1, while the strong summertime S/T
1992 in the winter x@eriment and on exchange is related to the transport and
May 1, 1993 in the summexgeriment. mixing by disturbances associated with
The tracer field is then adeted by the the Asian and Md@co monsoon antic
6-hourly nondvergent winds from the clones.
NCEP/NCAR reanalyses for four
months.Fig. 3.5 shavs the tracer field 3.1.5 Submonthly ceaction and
and the 2 PVU potentialovticity con-  circulation variations
tour on Feb28, 1993 and on Aug. 31,
1993. During the four winter months The circulation changes associated with
very little tracer has been transportedhe annual cycle exert a strong influence
from the stratosphere into the tropo-on the character of submonthlginabil-
sphere (upper panel). During the sumity of convection and circulation. Using
mer, on the other hand, a considerablden years of outgoing longne radia-
amount of tracer has been transportetion (OLR) and circulation data, 6-30
from the stratosphere into the tropo-day filtered wariations were xamined
sphere (laer panel). The weak winter- during the standard three-month sea-
time S/T &change is due to the strongsons. Rgression relationships between
filtered OLR at warious locations in the
A) 1993/ 2128/ 0 Tropics and the 200 and 850 mb circula-
== tion were mappedFig. 3.6 presents a
summary of the results. In gens
where comection is embedded in base
state uppelevel easterlies, anomalous
equatorial easterly flo is typically
present at 200 mb within and to the west
of the conective signal, along with pat-
terns of meridional outfle into sub-
tropical antigclonic perturbationsHig.
3.6a and 3.6b). Lagged relationships
suggest that the cwection is forcing
the circulation in these cases. As a con-
trast, in rgions located within base state
upper-leel westerlies or along the mar-
gin of influence of upper westerly dis-
turbances, carection appears to be
forced by uppetevel wave energy prop-
10 20 30 40 50 60 70 80 agating into the deeprépics, with the
Fig. 3.5 Distribution of an idealized passi tracer on convectie signal located in the upand

(A) Feh 28, 1993 and (B) Aug. 31, 1993 after it Motion regjion ahead of uppdevel
months of intgration in a transport model usir troughs Fig_ 3_6()_ The results confirm

analyzed winds. The hegasolid cune is the 2 PVU : ; ; _
potential wrticity contour which marks roughly th theoretical and mOde“ng ideas that sug

tropopause. gest that Rossby ave enegy is able to
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200-mb
Near-equatorial convection embedded in anomalous east-
erly flow within and to the west of the heating, and linked
to symmetric anticyclones in the subtropics of both hemi-
spheres. Most common in equinoctial seasons. Propa-
gates westward.

Convection in summer hemisphere with cross-equatorial

} , outflow into the winter hemisphere jet and anticyclone.
b Also occurs in conjunction with near-equatorial convec-
tion. Most common during solstitial seasons. Convec-
tion stationary, subtropical features propagate eastward.
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Convection ahead of an upper level trough associated with
wave energy propagating into the tropics. Occurs prima-
rily in regions of upper level westerlies at low latitudes.
Indicative of forcing of the convection by wave activity at
upper levels. Propagates eastward and equatorward.

Fig. 3.6.Summary figure of principal 200 mb modes of circulation associated with 6-30-day tropicattam
Shading denotes regions of negative OLR perturbations.

propagite Into the deep rdpics In  western Acific oceans Is about 7500km

regions of upper-level westerlies. (~zonal vavenumber 2-3), such that
while enhanced ceection ceoers the
3.2 Intraseasonal Variations Indian Ocean, suppressed vection

cowers the westerndeific. A half gcle
3.2.1 Maddendllian  oscillation: later, when the enhanced a@ttion has
Tropical influences propagted into the westernakific, the

reverse occurs. Hence, the wentive
Diagnostic studies of the atmosphericdisturbance has the appearance of a
Madden-Julian oscillation (MJO) @& standing oscillation. Heever this
concentrated on elucidating where andapparent standing oscillation is better
when the signal of the MJO is promi- interpreted as the spatial modulation of
nent. In general, the strongest eastiv a purely zonally propading distur-
propagting anomalies of caeection bance.
and circulation occur during December
April along the equator in the easternThus, theories of the MJO, based on the
hemisphere, where climatological con-assumption of a standing c@ctive
vection and \armest SST occur at this component that gas rise to a propadr
time of yearThe local zonal scale of the ing circulation anomalyappear not to
convective anomaly wer the Indian and be releant. On the other hand, Hendon
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and Sa|by 1994 emphasized the possib|e 850 MB VORTICITY COMPOSITED FROM BAND—PASS OLR
role of frictional wave CISK as the A+ ¢ v
mechanism of the MJO, whereby fric- |
tional surhce comergence some 30° to |
40° longitude to the east of theviscid
lower tropospheric commence fuels
conwection in-phase with the Ige-scale
tropospheric temperature anomaly asso

45

R

ciated with the MJO. B)o 16 53 125 53 28 5 3
(4 ‘ = ="
Synoptic and higher frequenactity J o A C;E,
is important both for its rectified fett @ D ]
on seasonal time scales (i.e., the sea- s 4O "
sonal aerage of a gen quantity wuld A -

be diferent in the absence of these tran-|
sients), and because day-to-day weather
is often more significant to people than Fig. 3.7.Composite worticity anomaly based on &

90°

seasonal \&®rages. Research has who 95 day band-pass OLR anomalies between 60°|
that synoptic and mesoscale gection
is enhanced during the tpr-scale con-
vectively actve phase of the MJO. The
increase occurs uniformlyver all syn-
optic time-scales, i little difference in
the character of the aviability is
observed between dry and wet phases.

180° that hee been rotated to a rekatilongitude ¢
0° at (@) 12°N and (b) 12°S. Posdirelative vorticit
anomalies are thick in (a) and gative anomalie
thick in (b). The contour_intea¥ is 5x10’st with
contours starting at 5xIfsL. The \orticity fields
hawe been band-pass filtered to include periods
35-95 days and spatially truncated at T12. She
represents composited filtered OLR anomalie
more than 7 Wr. Asterisks represent reports
tropical disturbances of depression strengtt

greater plotted relatre to the OLR anomalyThe
L total number of yclone reports in each 45° octar
Enhanced mesoscale adfy within the  written above each figure.

active phase exhibits a marked tendency

to be organized into westward propagat-

ing clusters with periods near 2 daysDarwin forecast dice of the Australian
and half waelengths of about 1000 km. Bureau of Meteorology.
It is hypothesized that the local 2-day

period results from a diurnalycle of 3.2.2  Madden4dlian
convectie forcing that isdrther to the Extratropical influences
east each day with theatope of MJO

activity, thus requiring anxaéra day for Circulation anomalies associated with
the westward propagating disturbance tahe MJO are not only zonally&nsive
return to the original longitude. Across but also &tend meridionally into the
the eastern hemisphere, the MJO prosubtropics and »ratropics. The sub-
vides lage-scale conditionsa¥orable tropical signal is robst, ut the atratro-
for tropical gclone deelopment Fig. pical signal, while being statistically
3.7). The idea that the MJO modulatessignificant, is often werwhelmed by in-
tropical gclone actvity has been situ mid-latitude wariability. Subtropical
included in @perimental intraseasonal circulation anomalies appear more
prediction of tropical yclones at the directly linked to the diabatic forcing

oscillation:
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associated with the MJO oaction ric components. The symmetric
anomalies. These anomalies can be isczomponent is layest in the tropics and
lated through composite studies and irproduces a signal in global atmospheric
many respects resemble perturbations aingular momentum (AAM). Approxi-
the climatological stationary waves. mately 30-40% of the OLRaviance
over the IndoBcific warm pool is coher-
The MJO may also influence than+ ent with length-of-day or global AAM
ance statistics of the circulation throughin the 30-70 day band.oF the zonal
organizing or modulating submonthly mean the coherent AAM signal is char-
variability. This type of influence is acterized by meridional mement of
more dificult to characterize since it zonal winds from equatorial gens to
involves Rosshy ave dispersion, cold the subtropics. Studies of an inidiual
sumes, jet streaks, etc., all of which arecase suggested that the wvement is
ubiquitous features of the circulation. produced by momentum transports and
We hae focused primarily on the first that the frictional torque occurs partially
type, although studies of the secondas a response to the transpdrig. 3.8
type have also been performed. taken from a composite studgonfirms
that the cwariance between the 30-70
The composite MJO circulation anoma-day filtered perturbations and the clima-
lies have both asymmetric and symmet-tological flov produces the Wk of the

LATITUDE

LATITUDE

LATITUDE

o

_— e

Fig. 3.8.The zonal mean flux coargence of zonal momentum at 200 mb whegressed onto the 30-70-d:
filtered global relatie AAM tendeng. The anomalies are for a one standardadien anomaly in global AAM
tendency (=8.0 Hadys). The abscissa represents leads and lags from -25 to +25 days and the ordinate r
latitude ranging from 70°N to 50°S. The contour ingig 0.2 m & day® and positive values 0.1 m &' day*

are shaded red, gative valuex -0.1 m &' day! are shaded blue. The fieldssBebeen spectrally truncated
T31. a) the total flux caergence of zonal momentum, b) the portion of the total fluxvexgence due to th:
spatial coariance between 30-70 day filtered 200 ndztor wind perturbations and the Wwonber-March
climatological 200 mb vector wind, c¢) the difference (a minus b).
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momentum transports thatvgi rise to As noted in the praous subsection,
poleward mawement of AAM anoma- enhanced  submonthly  ogective
lies. There is also a nonlinear compo-actvity = accompanies the MJO
nent Eig. 3.89 which suggests that convective envelope. A similar envelope
MJO tropical convection could initiate a of enhanced or ganized submonthly
low or high zonal inde state which then actvity related to cold sges,

persists through anxwatropical eddy westerlywind lirsts, Rossby
feedback. wawetrains, etc., also accompanies the
a) INDIAN OCEAN CONVECTION

u
’ SURFACE LOWS
—

=

2
"PRESSURE SURGES

50E 180 20w

b) SOUTHEAST ASIAN TRANSITION
UPPER LEVEL WAVE TRAIN ) <
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C) WESTERN PACIFIC CONVECTION
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Fig. 3.9. Schematic diagram of time and space scale interactions in the transition of a maximurrectiva
actvity (stippled area) from (a) the eastern Indian Ocean, (b) across Southeast Asia, and (c) into the
equatorial Pacific. To give amample of the timescale, this transition occurreer@bout a 3-week period in tl
December 1992 case study described in tkie e H and L in ellipses indicate upper tropospheric circule
anomalies depicting major features of the 6-30 and MJO timescales. The L in dashed circles near th
denotes westard mwoing equatorial Rossby aves. L in solid circles indicates sacke lav-pressure area:
Thick solid arravs represent major features of anomalous upper tropospheric winds. Thin dashed lir
Australia and eastern Asia denote pressure surges.

50E
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MJO. Fig. 3.9 shavs a schematic equatorial Rcific thermocline. Recent
example of some of this agtty, based studies have shen that these awves are
on rggression analysis and case studiepredominantly forced by eastward prop-
of individual events. agating zonal wind stress anomalies
across the western portion of thacRic
3.2.3 Equatorial Pacific Ocean dynamics basin, associated with the wer-fre-
gueny components of the atmospheric
Equatorial Kelvin wawves play a promi- MJO (Fig. 3.10. The similar phase
nent role in both ENSO and the annuakpeed of the atmospheric MJO (3-5 m/s)
cycle of the thermal structure of the and graest Kelvin wawe (~2.3 m/s)
eastern Rcific. On sub-annual time results in nearesonant forcing of the
scales, intraseasonakkin waves with  Kelvin wawes across the westeradic.
wawelengths comparable to the width of Such nearesonant forcing implies that
the Racific basin and period near 70relatively weak suidice wind anomalies
days dominate the aviability of the associated with the MJO are capable of

a) Depth Perturbation and Zonal Stress
Based on /20 EOFs
[ [V~ UH\ TN //T I T [ IM I

H\_/’\\\‘/’\ Lo T o
10 N NN ‘ w _|

Days

’ | | | |
120E 160E

|
160W
Longitude

Fig. 3.10.Lagged-rgression of Z20 (shading) and zonal stress (contours) onto the principal componer
two leading EOFs of intraseasonally filtered Z20. Tigeagsions are shm along the equator and are scale:
1.5 standard deation of the principal components. The shadingle are at 4 m inteals, with dark shad:
representing posite anomalies. The contour intahvfor stress is 2.5 x 18 Nm2 with the zero contol
suppressed.
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producing relatiely lage amplitude between the zonake&ent of the forcing,
Kelvin waves. amplitude of the resultant Kelvin waves,

and eastard etent of the varm pool
The intraseasonal édvin waves are of has been proposedrig. 3.11). Such a

fundamental importance for the tropicalmechanism may operate at the onset of

climate because thie produce SST some varm ENSO weents. A recent
anomalies along the equator via zonakxample is described in section 3.4.
adwection and suppression of the ther-

mocline. The possibility of feedback

A)

Ob=zerved S5T / Winds on the Equator
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1951 1992
B)
Modeled 38T / Wind
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Fig. 3.11.(a) Detail of SST on the equator for July 1991 through April 1992 (during the peak of the EI M
1991-1992). Contours and shadingwI8ST with a contour inteal of 1°C, with supplemental contour/shade
29.5 °C. The heavy slant lines are Kelvin wave ray paths from TOGA-TAO data. The heavy contour lab
is the zero line of zonal winds, shing the steplik progression of westerlies eaatd o\er the Rcific during
the onset of the arm eent. (b) Model SST/wind output from a simple coupled model. Theylmawe is the
eastern edge of the 29°C SST and the wind patch. The light sinusoidalatuop is the time series of win
from (1) (up is easterlydowvn is westerly) (winds are zero before day 0). The shadingsskiwe rgion of
westerly winds. Slant lines indicate maximum pusifpressure perturbation to match the obsgKelvin lines
in Fig. 3.11a; east of the forcedyien these are &vin characteristics, within the forcedgien they move at
speed 2c.
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3.24 Vdrm pool sea surface understanding the causes of these anom-
temperatures. alies and on»ploring their impact on
intraseasonal and longer time-scale glo-
The Coupled Ocean Atmospherebal climate anomalies.
Response Experiment (&RE), con-
ducted in the equatorial westeradfic  Insight into the mechanism of the MJO
November 1992-March 1993, high- and its interaction with the ocean has
lighted the intraseasonalanation of been @ined by deeloping the relation-
SST that occurs across the warm pool irship between the sarte flues of heat
conjunction with the atmospheric MJO. and momentum and the c@ttive and
Large eents, such as occurred incirculation anomalies associated with
COARE, produce swings in SST of the MJO Fig. 3.12. Enhanced latent
greater than 1°C with spatial coherencéheat flux, which results from anomalous
of thousands of kilometers. Such sub-surface westerlies, lags enhanced con-
seasonal SST anomalies in the@rm vection by about 1 week. Such a phas-
pool are lager than those produced dur-ing suggests that the MJO octive
ing ENSO or gen by the annualycle. actwity is not in quasi-equilibrium with
Ongoing research at CDC is focused orthe surface flux of moisture and sensible

8000 km
<7 ~
4m/s
4
Wind stress 0.06 N/m? . 5
- Wind stress 0.01 N/m
- Swave
FLn Swave )
170 W/m? 160 W/m? FLu 220 W/m
2 Net
A Net SOWIM® - e \Wim2
-70 W/m?
SST 29.2C SST 29.7C
Coldest Warmest

Fig. 3.12. Schematic diagram shing the phase relationship of heat #8x comection and SST foi
intraseasonal oscillations. Typical values of surface fluxes and SST in the western Pacific are shown.
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heat. The total suaite heat flux (includ- itive heat flux into the ocean by about
ing shortvave radiation) is, heever, 1/4 gcle (10-15 days). The heat flux
suficiently lage to drve SST anoma- anomalies result primarily from insola-
lies, which may play an ag#é role in tion anomalies associated with cloudi-
the evolution of the MJO. ness wariations and latent heat flux
anomalies produced by sace wind-
A composite eolution of the sudice speed w@riations. Intgration of a mied
heat flux and SST anomalies that ardayer model forced with obsezd heat
produced by the MJO as deeloped flux and wind stress ariations Fig.
(Fig. 3.13) Coherent SST and heat flux3.13b indicate that the intraseasonal
anomalies, with a local zonalawenum- SST \ariations in the \arm pool are
ber 2 structure, systematically propsgy well explained by one dimensional
from the Indian Ocean easivd to mixed layer plsics. Ongoing research
about the date line. Warm SST lags posts aimed at understanding the impact of

A) Surface Heat Flux & SST Anomaly 55

Phase (degree)

B)

Phase (degree)

120E 130E 140E 150E 160E 170E

e s R B B

-30 -10 10 30
Fig. 3.13.Composite SST anomaly (line contour) from (a) the datyr{®ds and Smith, 1994) and (b) tl
mixed layer model\eraged wer 2.5° S - 7.5° S. Shading indicates netamafheat flux anomaly calculat
from (a) the obserd SST (Rgnolds and Smith, 1994) and (b) the model SHie \ertical axis indicates thi
phase of intraseasonal oscillations obtained from the EOF analysis of OLR data. A linear trend along t

axis is eliminated.
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these SST variations on large-scale conthe atmosphere forcing the ocean. The
vective activity over the warm pool. maximization of aksea coupling when
the atmosphere leads SST by 2-3 weeks
3.2.5 Extatropical sea surface is consistent with the theoretical sto-
temperature chastic atmospheric forcing model of
Frankignoul and HasselmanmTe]lus
Unlike the situation in the tropics, the 29, 357(1977)], in which the ocean
degree to which thextra-tropicalatmo- mixed layer responds passly to high-
sphere and ocean mutually interact tdrequeng stochastic atmospheric forc-
produce climate anomalies on seasonalng.
to-interannual time scales is a subject of
intense debate. In anfeft to shed light A GFDL GCM simulation has been
on the issue of cause andeet in mid- used to study the sade flux variability
latitudes, weekly SST and atmosphericover the North Bcific and Atlantic
circulation data were used tovestigate Oceans during wintefThe surdce flux
the relatve strength of aisea coupling anomalies are ganized by the M-
as a function of time lagTable 3.1 level atmospheric circulation in agree-
shovs the total squared wariance ment with prgious obserational stud-
between SST and 500 mb height®o ies. Surce flux \ariability in the 3-10
the North Atlantic as a function of time day time band is clearly associated with
lag in weeks. The lag wvariances are midlatitude storms. The SLP and sur-
based on data from 14 winters containface flux anomalies are also strong in
ing 25 weeks each. Evidentlthe air  the 10-30 day bandub are located fur-
sea coupling is strongest when thether north, are broader in scale, and
atmosphere leads SST by 2-3 weekspropagte ~3-4 times more sidy east-
twice as strong as the simultaneousvard than the synoptic disturbances.
covariability and nearly four times as More than half of theariability occurs
large as when SST leads the atmospheren submonthly timescales. The anoma-
by a fav weeks. This result strongly lous wind speed has the greatest influ-
suggests that the dominant direction ofence on sudce flux anomalies in the
interaction on seasonal-to-interannualsubtropics and westernaéific, while
time scales in thex¢ra-tropics is that of the flux anomalies are more closely

Table 3.1.Total temporal squared eariance between normalized SST and 500-mb height anomeatieshe
North Atlantic during winter as a function of lag in weeks. Negative (positive) lags indicate SST leads (
atmosphere. Units are non-dimensional as each grid point has been normalized by itveesiaactar
deviation. The simultaneous eariance has been arbitrarily assignede of 100 units. @p row) Unfilterec
data; (bottom row) intraseasonal data.

Lag in weeks

-4 -3 -2 -1 0 1 2 3 4
Unf 53 51 51 64 100 141 159 155 140
Intra 62 59 52 57 100 158 176 164 136
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associated with air temperature andwvawe train &tending from the south-
moisture anomalies in the northeasteastern North &tific to oer North
Pacific and oer the Atlantic north of America. Havever closer &amination
40°N. of the eolution of the uppetropo-

spheric circulation suggests that the
3.2.6 Dynamical initiation of droughts. 1988 AMJ seasonal mean may not accu-

rately represent atmospheric conditions
Much of the contiguous United Statesduring the drought. ¢t example, Fig.
experienced seere hot and dry condi- 3.14 shaws a time-longitude plot of 10-
tions during the summers of 1980 andday lavpass streamfunction anomalies
1988. Owrall damages to the society averaged between 30°N and 60°N.edv
and emironment made the 1988 droughtthe North America mgon (e.g., longi-
one of the natiols’ greatest disasters of tudes 60°WL35°W) the circulation
the twentieth century.

We hare compared the relag roles of Lowpass streamfunction anomaly
remote and local forcing in thev@u- st g 2EOC pEe S0 B 20T
tions of the gtreme U.S. summer heat y

wawe-droughts of 1980 and 1988. The

results indicate the importance of both 203un
dynamical forcing from remote sources
and anomalous local boundary condi-
tions in accounting for the twextreme
heat wave-droughts. The relative impor-
tance of these attors varies signifi- aimay
cantly during the \olution of the
ewents. In at least these dwcases, the
ewlution of e&treme heat wave-
droughts can be interpreted as a+tw
stage process, with g&-scale dynami- 11May
cal processes playing the key role in ini-

tiating the droughts, and local sack
feedbacks assuming a major role in their ey
persistence.

[E=N

10Jun

21May

5 /Q
—
QC — £

= 5

s

The nature of the remote forcing of i

drought is under debaterenberth et al. \@

[Science 242, 1640(1988)] has pro- e/ ] .]

posed that the primary cause of the 1988 \\ o

drought vas the strong anomalous 0 § &Mg
upper-leel antigiclone aver the Great e e 1w sow sw o

Plains in the April-May-June (AMJ) Fig. 3.14 Time-longitude plot of obseed 200 mt

mean. The further suggested that this 10-day lavpass streamfunction anomaliegeaagec
over the latitude belt from 30°N to 60°N for 1 A

anomalous uppdevel antig/clone Vas  19sg.30 june 1988. The contour inris 4 x 1
part of a tropically forced stationary m?s?; negative values are shaded blue.
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exhibited substantial intraseasonariv  of the tropics/gtratropics, are topics of
ation throughout the springwb strong ongoing research at CDC.
anomalous antyclones in early and late
June are \adent; these dominate the 3.3 Use and evaluation of the NCAR/
AMJ mean. In April and Maynot only NCEP reanalysis
were there no persistent anomalous anti-
cyclones over North America, but a pro-CDC males considerable use of the
nounced ngative  streamfunction NCAR/NCEP reanalysis both for
anomaly existed during mid-May. research and climate monitoring. Man
of the projects described in this and
Synoptic maps of wpass streamfunc- other chapters use the reanalysis in one
tion during this time suggest the pres-way or anotherProjects are also under-
ence of engy propa@tion across the way to ealuate the reanalysis and to use
Pacific in the first half of May and in some of its unique components such as
early June. Furthermore, the rapidthe diabatic heating fields and tloe
dewelopment of the lge antigclones level data.
over North America during June as
preceeded by large OLR anomalies oveB.3.1 Atmospheric budgets
the west Pacific, but not over the eastern
tropical FRacific. These obseations, The o-level data preides an opportu-
along with results from a barotropic nity to compute atmosphericutigets
model forced by obseed dvergence that are in the assimilating model’
anomalies, strongly suggest thatmbe  coordinates and thus free of interpola-
stream engy propagtion of Rossby tion errors. Vdrk has bgun on &amin-
wawves forced wer Southeast Asia and ing atmospheric angular momentum
the west Bcific was primarily responsi- (AAM), absolute wrticity and potential
ble for the rapid deslopment during vorticity budgets. Applications e
June of the tw anomalous antyclones ranged from determining at whichvid
over the Great Plains. (if any) an equralent barotropic model
can be applied, to dynamically adjusting
In sum, work done at CDC indicates the analyzed d@ergence, to xplaining
that drought may be better studied nothe vertically-integrated AAM tendency.
as a single, steady seasonetrd, lut There are substantial residuals in some
rather as a succession oveats that of these bdgets. As anxample, Fig.
together produce a seriougdnological 3.15 shavs the zonal and global AAM
deficit. These results W@ significant tendeng associated with the annual
implications for thedctors necessary to cycle during 1979-95. The obsexten-
simulate and predict thevaution of deny (Fig. 3.159 along with tvo cal-
sewere lage-scale droughts. Thetent culated tendencies based on the NCEP
to which these vents are deterministi- operational analysisF{g. 3.159 and
cally influenced by boundary forcing NCEP reanalysisHig. 3.159 are dis-
(both due to anomalous SST and soiplayed. If the hdgets were perfectly
moisture feedbacks), and thetent to balanced, all three figuresowld be
which they arise from natural variability identical. Havever this is not the case
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in either the operational nor the reanaly-3.3.2 Surface heat fluxes

sis tendeng Using the NCEP reanaly-

sis, this sensite hudget has a global Seweral projects are undeay to ealu-
residual of -15 Hadies, which would ate the sugce heat flugs in the reanal-
spin davn the global relate AAM to ysis. In  section 3.1.1, Ige
zero in ~120 days. The zonal structurediscrepancies in the annual harmonic of
of the imbalance (contours irrig. the NCEP radiate surfice flux were
3.159 suggests that either the NCEPdocumented. Similar problems in the
surface stresses are too weak or that theurface short avwe flux were found
momentum transports are too strongwhen comparing the reanalysis to in-situ
The use of 6-hour forecasts of the surobsenations from the tropical west
face stress to compute the frictionPacific. NCEP clouds appear to be the
torque leads us to suspect the predictedrimary cause for these fiifences. On
stresses. This could be tested with dhe other hand, vaporatie fluxes
“one-time step” approach applied to theagreed &wrably with in-situ tropical
initial conditions from the reanalysis.  observations.

TENDENCY SEASONAL CYCLE (REANALYSIS)

JuL AUG SEP ocT NBV DEC JAN FEB MAR APR MRY JUN JuL

Fig. 3.15Latitude-time plot of atmospheric angular momentum tend@rdhe 1979-95 annuaycle (first three
harmonics): a) the obsad tendeng based on NCAR/NCEP reanalysis, b) the calculated tepdzased on
NMC operational momentum fles and torques and c) the calculated tenddrased on NCAR/NCEF
reanalysis momentum fles and torques. All three panelswhmnal intgrals: a) is contoured with an intatv
of 0.2.Hadleys/degree of latitude (1 Hadley=1.0%1y n?s2) while b) and c) have an interval of 0.4 Hadle
degree. Data are daily and time runs from 1 July at the left edge to 1 July on the right. Bhenceach panel i
the global AAM tendency and its scale is shown on the right; the labels are in Hadleys.
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In mid-latitudes, the 4-week SST ten-GCM-produced heating. These data will
dency and the tendegcresulting from be used to study ENSO-induced circula-
the reanalysis sensible and latent gger tion anomalies and their sengity to
fluxes using climatological med layer SST.

depths were compared in both the N.

Pacific and N. Atlantic. The tavspatial 3.3.4 Divergence

patterns are nearly identical, and the

magnitudes are close: the fasxinduce Another sensitig quantity is the tropical
about two-thirds of the obseed SST upper tropospheric @ergence, whose
tendencies. Thus during northern win-horizontal distrilntion closely follavs
ter, when the short awve flux is less that of the column-intgrated diabatic
important, the NCEP swate fluwes heating. The diergence also plays a
appear useful for studying weekly SSTdirect role in tropical-etratropical inter-
tendencies and perhaps the re-emeractions. There are reasons to bedighat
gence of SST anomalies discussed ithe 200 mb diergence in the NCEP

section 3.1.3. reanalyses has some serious biases, and
is inconsistent with the 200 mb vorticity
3.3.3 Diabatic heating budget.

The three-dimensional diabatic heatingCDC scientists ha deeloped a
fields are a &luable resource for aki- method of making minimal modifica-
ety of climate and weather applications.tions to wind fields so that thesatisfy
The fields hag been used to force baro-the \orticity budget. The procedure
clinic models, study three-dimensionalinvolves solving the so-called “general-
transports and compare with GCM heat-zed chi problem”Fig. 3.16shavs a 13-
ing rates and profiles. winter (DJF 1980-93) werage of the

200 mb dvergence in the NCEP reanal-
Diagnostics computed from the NCEPyses (labeled ‘pre-chi’), the minimally
and the MSA diabatic heating rates modified NCEP reanalyses (labeled
hawe been compared to obtain aver  ‘post-chi’), the operational ECMWF
bound on uncertainty in these fields. Ofanalyses (‘pre-chi’), and the minimally
particular interest are the terms in themodified ECMWF analyses (‘post-chi’).
potential \orticity budget that are The figure also shes the 13-winter
related to tropical diabatic heating. Inawverages of OLR and precipitation. The
addition, the dynamical significance of NCEP ‘pre-chi’ reanalysis field is in
these uncertainties isamined by com- several ways the outlier among these six
puting the linear steady solution of afields. Of particular concern is the dar
baroclinic model forced by the tf- divergence osr the western north equa-
ence between the NCEP andASA torial Pacific ocean, which is consider-
heating rates. ably wealer in the ‘post-chi’ NCEP

field (even with the minimal modifica-
The heating rates are also beingion), and absent in all the other fields.
regressed onto sea sack temperatures Ongoing work is focused on identifying
to provide fields to force steady baro- the sources for these discrepancies.
clinic models and to compare with
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Figure 3.16 Decembeflanuary-Februaryvarages for the years 1980-93 for fouvedjence fields and a
outgoing longwave radiation and precipitation field.

3.4 Real time monitoring

Real time monitoring indicates that the
In this section a real time climate situa-expansion occurs in steps associated
tion is discussed to illustrate processesvith MJOs and this is confirmed by
and phenomena which are being investidiagnostics of the 1979-97 period. As of
gated and monitored at CDE€ig. 3.17 this writing, a well-defined>gansion is
shavs a time-longitude diagram of nor- undervay during the 1996-97 northern
malized 3-month running mean SSTwinter. The link with MJOs can be seen
anomalies for the last 15 years. Then Fig. 3.18which shavs the OLR field
most prominent feature is the ENSOin a time-longitude format. Three MJOs
cycle. A less distinctie kut rolust fea- are eident between October and March
ture is the eastard maement of posi- in the 60°E to 180° longitude band. The
tive SST anomalies from the westernconvectie signal for each succeeding
Pacific tovard the dateline. In some MJO is farther east than the preus
cases the easand epansion is brief one. One mechanism that can account
(1989-90, 1990-91, 1995-96) whereas irfor this behaior is zonal temperature
others it precedes the basin-widarm- adwection by the oceanic édvin wave
ing associated with ENSO. forced by MJO winds. A simple illustra-
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Fig. 3.17. Longitude-time plot of normalized s
surface temperature anomalieseeged betwee
4°N-4°S. Yellav/red (green/blue) shading represt
positive (nggative) standard daations. The contol
interval is 0.5 standard dmtions. The data a
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Fig. 3.18.Longitude-time plot of outgoing longwa
radiation anomalies (OLR)varaged between 10°|
10°S. “ellow/red (blue/purple) shading represe
negative (positvre) OLR anomalies. Nmtive OLR
anomalies correspond to posdti deep covection
anomalies. Data are weekly and the labels or
ordinate represent the middle of the week.

weekly and hee been smoothed with a 13-we
running mean.

tion of the mechanism ag presented in
Fig. 3.11

VERTICAL AND ZONAL INTEGRAL OF
RELATIVE ATMOSPHERIC ANGULAR MOMENTUM

TOTAL FIELD CONTOURS, NEG. ANOMALIES BLUE, POS. ANOMALIES RED
T T T T T T T T T

The MJOs are also associated with glo-
bal changes in the atmospheric circula-
tion. Fig. 3.19 shavs the zonal and
global AAM anomalies for the period
April 1996 to March 1997. The global
AAM contains some lge AAM oscil-
lations at the end of the period that coin-
cide with the last two MJOs seenHig.
3.18 These contrast with the reladly
weak increase in AAM that accompa-
nied the MJO during Octob&ovem- MY, I
ber 1996. Hwever all three MJOs are - RN \/
associated with posi¢ zonal AAM Te e a w w e W e o
anomalies in the tropicig. 3.19 top) e e

much as described in section 3.2.2. TheFig. 3.19.Top) Time-latitude plot of zonal ingral
different beheior in the last tw eents ¢/, aimospheric argular momentum (AAM): tc
could be related to the initiation of a kgmPs® and no zero contouAAM anomalies ar
zonal-eddy feedback that maintains theshaded red (blug) for anomalies 2.0X1kgmr’s™
eX|St|ng phase of the zonal indeand (= 2.0x1¢ kngS ). Bottom) line plot of globe

h g AAM anomaly Data in both panels are daily ¢
possibly even influences the MJO. have been smoothed with a 5-day running mear

GLOBAL AAM ANOM (SCALED BY 1.E25)

TN m
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