Interannual Heat Content Variability and Lagrangian Pathways 1n the Tropical Pacific

° ° ° UNIVERSITY OF )v
Chr 1 Stlna L o HOlland and Gar y T. MltChum, College of Marine Science, USF, 140 Seventh Avenue South, St. Petersburg, FL. 33701 .ES'OTLéJE-P‘}’-iL-*ORIDA

. B A
cholland@marine.usf.edu KA ADINE

mitchum@marine.usf.edu SCIENC

Abstract Review of Previous Results NN e WL

Pathway

_ _ We began by describing the horizontal patterns of volume change and redistribution within the tropical Pacific. The question of whether or not the volume of the
At previous SWT meetings, we have J tropical Pacific changes over the course of an El Nifio event has important consequences for our understanding of the dynamical mechanisms responsible for the

presented results describing the large-scale [ variability. Computations of volume variability based on the tide gauge network within the tropical Pacific, shown in the figure on the top left, suggests that the tropical @g;m:dafy

two-dimensional patterns of volume variability in J| Pacific as a whole build up volume prior to warm ENSO events, and experiences a rapid loss during the event itself. — - oo

the tropical Pacific during the El Nifio - Southern Revisiting this question using TOPEX / Poseidon (T/P) altimetry and a numerical model based on Gent ':_f N A ‘
ot : UHSLC Warm Water Vol and Cane (1989), we found that the tide gauge volume estimate is more accurately a description of the L

Oscillation (ENSO) cycle. We determined that 8 , am a,er oHme volume variability over approximately 6°S-6°N. T/P altimetry and our numerical model results show that the z=118-129m}) >0Uther Interior

Pathway

the volume variability could be accounted for
by the variations in the vertically integrated
heat content. As a result, we then looked
In greater detail at the transport pathways

near-equatorial volume is largely countered by a volume increase between 8°N and 20°N, but that there
1 is still a decrease over the tropical Pacific as a whole. Using the numerical model fields, we described the
pattern of volume redistribution in the tropical Pacific by computing the dynamics responsible for volume _id’s
variability in a series of geographic boxes and the fluxes between each. These boxes are shown in the
: : ) . { figure below left, superimposed over a map of the covariance of sea surface height with the primary mode
in the tropical _PaC|ﬁC_ that gave nse_ to _heat of variability of the zonally averaged sea surface height (thus capturing the meridional redistribution).
content anomalies during ENSO. We did this by P75 1980 1085 1990 1005 2000 The fluxes responsible for the redistribution between these boxes is shown in schematic form in the figure el Yo ENSO
computing Lagrangian trajectories backwards below. The major terms are the near equatorial eastward heat flux, the redistribution to the south of the E;tf;t‘;fy” tcror
in time from several anomaly regions, and our eqqatorAl‘tht?] northwirthfattﬂux aczcrc|>ss 8_°Nt,hand th(a:c uvaarddsurfach(r:]e hegt flux in the eéf\ltée(r)n equitorlzl

: region. ese contribute to a net loss in the equatorial and southern boxes over an event, and a
ComPUtatlonS. were based on the output of a 15 mode EOF of zonally integrated sea level corresponding gain in the northern boxes. The net fluxes out of the tropics are relatively small. The volume
modified version of the Gent and Cane (1989) 4 ————————————— variability within the tropical Pacific, or within any of our smaller geographic boxes, can be accounted for
sigma-coordinate model. These results will almost entirely by changes in the vertically integrated heat content.
be briefly reviewed. Based on feedback from
previousySWT meetings, we have continued o - More recently, we h_ave focused on the heat content anomalies through_ou’g ENSO. Using model o

temperature and velocity fields, we have computed trajectories backward in time from locations within

strong ENSO heat content anomalies. By comparing trajectories computed during ENSO conditions to
trajectories computed during normal (NULL) conditions, we can compute diagnostic terms for each water

Western Boundary
Pathway
1

112-241m (

=

by examining whether our results are robust. -2}
First, we computed trajectories for a Gaussian
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clump of initial positions, to see whether the parcel. These are: the initial anomaly (we choose the length of the trajectory so that this term is small), — 10°s Pathway
trajeCtorieSWOU|d remaincoherent as we tracked tf;ii%r:]asl,EEZrgd::?gra;,nzgqlnvgr’;ifc:aacleeﬂfactt_f] Ogt?'?\ teEn&%gaat#dreN%rfSisg;c]dbs ;Vr\:(seegnt(;] ?chiNdS'?f(Srr:eiyeU'l;]L(mgli_all) downwelling/upwelling (10~° mvs)
: . s It : | in su | uri i1t , | | ownwelling/upwelling (10™° m/s
them back through time. Ne.Xt’ V\_/€ Comple_ted 20N C?V.a"ance = Sea el R 0.05 Eurface heating experience by the water pgarcel dgue to differences between the ENSO and NULL pathways. . | | o R
two test runs of the model, in which the mixed - ' i
. ®:42.6 -100 ¢ 1 =100+ \‘: ENSO
layer dynamics were altered to allow for greater 1SN g 1229 ©7208. ¢ 76°W  For example, we determined that there are three main pathways - [
and lesser degrees of wind stirring, and another ~ HoPN into the eastern equatorial Pacific, a western boundary pathway = -200| | osdod UL
run wherein the mixed |ayer depth was fixed TN | QTO-S %5 and two interior pathways, from north and south of the equator, il | el 1
ot fifty meters. The trajectory calculations and | | o crematcall 1 10 oure o the Lop T Durg EXSO. %
analysis were repeated for each of these runs ol o , 186.%6-957/ , pathways are much stronger and their origins are further west. ™ . o e
for the eastern equatorial warm anomaly and These factors combine to create the familiar strong warm anomaly okt e e e
for the off-equatorial cool anomalies in the 55 in the eastern equatorial Pacific at the peak of the El Nifio event. ——
western Pacific. Finally, we are completing an 20°S | | o
additional model run with daily output, in order 108 0 =616 We also _dlagnosed off—equ_atorlal warm anomalies in both the
. . eastern Pacific (warm anomalies) and the western Pacific (cool
to check whether the trajectories computed 158] anomalies) a few months after the peak of El Nifio. The cool
from monthly averaged output of the model | anomalies in the western off-equatorial Pacific were especially
are consistent with trajectories computed from S TTIsE 10 tsow 120w sow -0.05 z Y interesting. They are due to increased upwelling during El Nifio, and
fields with finer temporal resolution. they can be accounted for by changes in the local wind stress curl B
y and Ekman pumping in the region, as shown at right. months from anomaly time
Our CompO Slte Comp ared tO the 1 997 ENS O EV@nt composite (blue) compared to 1997 event (red)
15Nmﬂ | | | |
10N z'; (1) NIP
In the analyses described above, we used a composite ENSO event, which was formed by averaging 4 distinct ENSO periods. Specifically, these are the 1972-1973, 1982-1983, 5N - \
1986-1987, and 1997-1998 ENSO events. We did this to describe the progression of volume changes and redistribution within a typical ENSO event. Of course, there is considerable o & e
variation in the details from one event to another, but that is beyond the scope of the current study. % *\, (3) WBP C
(2) SIP
We decided to check the composite ENSO by repeating the analysis of the eastern equatorial warm anomaly using just 1o s | | | | |
. - the 1997 ENSO event, and comparing that to the results from the composite ENSO. The composite was formed by 198 150E 180 150W 120W 90W
composite El Nino; month 37 (peak) ) : ) ) ) )
800 averaging the four events listed above, with no normalization. Since the 1997 event was such an extremely strong event,
- i we expected that the composite would be similar in character to this one particular event. 190
80 =
1 400 In fact, the composite and the 1997 ENSO events are qualitatively similar, although the 1997 event is the stronger of % sol |
10NF the two. The figure on the left shows maps of the vertically integrated heat content anomaly for these two events. The 3
20 top panel shows the eastern equatorial warm anomaly at month 37, the peak of the composite ENSO event. This month £ M 1
ol B B corresponds to September of 1997, which is shown in the lower panel. * 20} d
. 0 | .l . o= B B
T The figure below shows the vertical profile of the temperature anomaly for this month, averaged horizontally over the EINT ETN2 E1N3 E2N1 E2N2 E2N3 E3N1 E3N2 E3N3
1osir 400 anomaly region. Again, they are qualitatively similar, but the 1997 event (shown in green) has a temperature anomaly
that is approximately 50% greater than the temperature anomaly for the composite event (shown in blue). Also, the T
20S | ~600 temperature anomaly at depth (near 200m) is proportionately higher in the 1997 event than in the composite. This £ 500l |
. G50 suggests that there are dynamical differences between the 1997 event and the other ENSO events used to form the £
150E 180 150W 120W 20w composite, but the anomaly in this depth range is small when compared to the anomaly near the surface. §1ooo— d
Trajectories were computed as well for the 1997 event, starting ‘_g“ 00 I| lI 1
September, 1997 from the same positions as were used with the composite. As with the @ | . == I| I |
- composite, the trajectories entering the anomaly region in the EIN1 E1N2 EIN3 E2N1 E2N2 E2N3 E3NT E3N2 ESN3
20N : 1900 . | S EITYEEA0E EYEs B RREF | upper 150m (accounting for most of the anomaly) followed three
major pathways: the Northern Interior Pathway (1, NIP), the South-
onl i - i ern Interior Pathway (2, SIP), and the Western Boundary Pathway (3,
2001 : WBP), shown schematically in the top panel of the figure above and to
s | the right.
0 T — . 1 |° a0l | Since trajectories were computed for both ENSO and NULL cases, there are a total of 9 possible configurations of these
\ pathways: that the ENSO and NULL trajectories both follow the NIP (ETN1), that the ENSO trajectory follows the NIP while the
108} ! 500 " | NULL trajectory follows the SIP (ETN2), and so on. The number of trajectories fitting each of these 9 possibilities is shown in the
| 1 middle panel of the figure above and to the right. The blue bars are for the composite and the red bars are for the 1997 event.
_700] | Similarly, the amount that each of these 9 possible scenarios adds to the total anomaly (in mK) is shown in the bottom panel. This
20S 65 . . - o . AN .
el | figure shows that the dynamics which give rise to the western equatorial warm anomaly are quite similar between our composite
150E 180 150W  120W 90W ENSO and the 1997 warm event. The diagnostic terms, as discussed in the section above, are also comparable. We are therefore
0T | confident that our composite is yielding results which are applicable to real world ENSO events.
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Model Mixed Layer Dynamics .

3 500 500
| | _ NP S 20N 20N
c_=1.25 c_=0.6;r=0.949; 0/c, = 1.07 Since so much of the heat 5N t £
= 500 - - gm0 content and volume variability of o 3L WBP S 10N 10N|
5 the tropical Pacific is due to ENSO- 53*\ < 8
c 10N related changes in the vertical j0sl (2) SIP g o 0 0 0
g movement of water parcels, the 15S¢"_l . . . . . T
[ 0 dynamics of the mixed layer are 150E 180 1SOW - T20W oW gosy 10S|
o . . - : c
4§ Clearly lmportant. ThIS model uses 50 | colrrelatlolns to stlandardlrun.O.I997, O.9I65, O.9IS8 | % 7
E; 108 a hybrld vertical miXing SCheme o g2081-3l()E 156E 170E 170W 150W ~500 2081-3IOE 156E 170E 170W 150W ~500
9 (Chen et al., 1994), which includes S ol |
S : 203 s00 the effects of wind stirring, shear & . . . .
oW 140W 120w 100w sow 2% 160W 140W 120W 100w sow 900 I€ ng, g c_=2.5;r=0.94;0/c, =0.898 ML depth = 50m; r = 0.936; 6/, = 1.01
instability, and convective overturn- 2 o JoN 500 SON 500
. . . o - .
c_=25;r=09450/, = 1.05 ML depth = 50m; r = 0.928; /o, = 1.12 ing. This scheme includes a tunable £ I I
SON 500 2o s00 parameter controlling the degree of ¢ Jonl Jonl
wind stirring. In the base model run, °"E1,N1 E1.N2 E1,N3 E2,NT E2,N2 E2,N3 E3 N1 E3N2 E3,N3
10N 10N this parameter IS set to Cm=1 .25. correlations to standard run: 0.986, 0.961, 0.982 o0l L 1o o0l L 10
We have competed two additional %\1500 -
0 0 runs, with this parameter set to < 10S! &' 10s! |
c,=0.6 and c_=2.5. One other run 51000 ‘ |
10S 10S = was completed, in which the mixed £ cost s S W o2s) 500
layer was simply held at 50m thick, S, 500( - 130E 150E 170E 170W 150W 130E 150E 170E 170W 150W
. . S
208 . '500 208 - -500 everyWhere. The horlzontal pat_ § 1500 'norther'ncoollanomally | | 1500 ¢ 'norther'ncooliemomally | | | These Same four mOdeI runS
160W 140W 120W 100W 80W 160W 140W 120W 100W 80W " ih _ © = 1000 1000 :
terns of volume variability and re O B Nt ET B BT NS B2 N Eo NG E2NG EoNT E3.1 EONG | g 100m 0/ 100-200m | were used to evaluate whether
warm anomaly: comparison of terms, z >= -150 distribution were similar for all of 0| -apg o= =e-e s Olgegg " e gy the dynamics of the western
-500 =500t 1 . .
1500 -1500] | anomalies are sensitive to mode
o 500 {500 | 500 | - - - I ' 2 3+ s o mixed layer dynamics, since
z L. Ji L Il The heat content in the eastern equatorial warm anomaly at peak ENSO is " y yf 410 b
| Hel/E o ey HUOM L o o ] A — e . . . . . . . . . . . . . . . .
3 nm o 0 0 =1 shown, for these four model runs, in the figure above left. The white dots indicate o] nomercoo aamay 1500] e coo anematy | upwelling was Tound to be So
Z | _ | | | | . . . . _ oo 1000} oo 10000 4o a0 | important in this region. The
i -500 - 500 -500 the spatial points used to compute trajectories. The dynamics were similar in all 50| | s00| | heat content anomalies are
000 10T 20 000 | qo00k | q000r "0 | cases. The anomaly arises from the three pathways entering the upper 150m, de- /™ — 7 1 L sl T T shown above for the 4 runs
238 456 1238 456 12 3 4 5 6 gcribed in the review section above: the NIP (1), SIP (2), and WBP (3), shown in 75| | T | The positions of the anomalies
10001 10001 1000 the figure above right. Immediately below that is a bar graph showing the number T2 s 4 5 6 2 s + s ¢ gre slightly different, so differ-
© 500 “00 500 of trajectories and the contribution to the anomaly from the 9 cases for the ENSO ~ — ————— ent locations were used for the
— I 1 I 1 I 1 . . . . . . . | southern cool anomal ] [ southern cool anomal ] . . . .
D : o IIHI and NULL trajectories, as described in the previous section. Dark blue is for the 000 ’ e ’ | trajectories, as indicated by the
| mee_ g WS- Ee(E L o]  goo= §00n mol_ mmlM ____ 0 O)|-——- J— S . ] ] ] . . .
g 0 0 01— aps control run, and light blue, yellow, and red are for the c_=0.6, c_=2.5, and 50m e white dots. The diagnostic terms
T 500 1 - 500 1 - 500¢ 1 mixed layer runs. o : o |I|] | accounting for th_ese anomalies,
1000l .r1,0=0:74, r2:0=0.9‘7, r3,0.=0.83. [ 1000l .r1,0=0‘.98, r2:0=o.9?, r3,0‘=0'69. [ 1000l ‘r1,0=0..99, r2:0=0.9§, r3’o‘=0.98. _ sl L though, are consistent between
. . . . 6 1 2 3 4 6 I
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 In the figure at left, the relative importance of the 6 diagnostic terms (de- LT 5 gr'gpr#:‘:’)'nTthheesf’e?{efz?01"‘(’)%'n'?] bar
1000 1000 10— Scribed above) for these 9 cases is shown in bar graphs. The colors represent the sl unencoo anomay | 1590 ouem coolanomay | thick deoth bins in each |
diff t bef 1000 o0 oo 1000 o0 oo IC ep INS IN €acn anomaly.
2 500l | 500l | 500l | different runs, as berore. ewda o ®ew_, | The colors are the same as for
S R BN IR IR U T | B | | | | || . | the warm anomaly.
9 ) =0 The pathways and diagnostic terms responsible for the eastern equatorial warm 7% I— |
& - 500 |- 500] | -500] | anomaly do not appear to sensitively depend on the particular mixed layer dynam- T I T
q000 . P qo00l 1 qppol o™ Re? ™0 | jcs of the numerical model.
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
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Gaussian Clump of Trajectories Daily vs. Monthly Model Output Fields

We are in the process of completing an additional

Another concern was that our method for computing trajectories backwards in time might be sensitive to the start check on the results of this study. All of the trajecto-

position of the trajectory. To check this, we computed trajectories for a test set of 1000 start positions. These ries computed so far, discussed in the previous sections b cumonth 1), Nt=T month),  <u(month2)>,  hikt=2months)

positions were chosen to be in a Gaussian distribution in x, y, and z about the point 119°W, the equator, and z=50m. of this poster, were computed from monthly output of =0 ayimonth 1>, TETTEN) o EmanE A, Tz months
Cip - : : : : : : - - <Q(month 1)> T

These are all within the ENSO warm anomaly region of the eastern equatorial Pacific. The distributions of these the model. The actual model time step is one hour. It

starting positions are shown in the figure below and to the left. The top, middle, and bottom panels show the ﬁﬂﬁgﬁggﬂf r?]cc’)"(‘j’gl"fl:;]t‘%ﬁé‘mg;;ﬁ%:miﬁ‘z&%‘;a |

distribution in X, y, and z, respectively. Trajectories were then computed from these locations backwards 16 months h, and the temperatures, T, are Outpufas snapshots

from the month of the peak warm anomaly in our composite ENSO event. These trajectories are shown in the figure be- every month. The velocities, u and v, and the vertical

low and to the right. The top panels show the start positions again for reference, and the bottom panels show the 16 heat flux, Q, are averaged over one month periods and

month trajectories. On the left, the positions and trajectories are plotted versus latitude on the x-axis and depth on output. The trajectories are then computed, generat- uldey 2

the y-axis. On the right, they are plotted in horizontal map view. There is some spread to be seen as these trajectories ngj'l%'e'fgss't'ons for watter parcels from these monthly ' B <Qlday 2 e

go back in time. However, as the figure below (right) shows, these trajectories are consistent in character. These all | 4 \T T

follow the same basic pathway, the Northern Interior Pathway which is described in the sections above. Further, they all To determine the reliability of the above method, |

come from the same part of the water column, within 20m of one another in the vertical by the time they have trav- we are completing an additional model run, with h and

elled back 16 months. T output as daily snapshots and u, v, and Q as daily av-

erages. This is illustrated in the figure at right. This run
will be just over one model year in length. We will then
Gaussian clump of trajectories compute new trajectories using daily output fields of h,
. . . T, u, v, and Q, and compare these to the trajectories

i 58 previously computed from the monthly fields.
10N:
— . a0 Y s
| 8N !
60 0
| t }=2.05 | o.(t)=0.24 S
s | S, {1y)=2.05m Nt Ol u||||||ary
= o (t)=0.09° . . .
. —_— o 4N Vy'o We have completed several checks of our results, shown at previous SWT meetings. There is
120.0W 119.5W 119.0W 118.5W 118.0W on| still some to be done, specifically the daily vs. monthly model output check described above. The
| | | 120 results so far, however, indicate that our results are not sensitive to the particular mixed layer
60+ . 1 _— | _ | 51 | _ ' dynamics of the numerical model, that our composite is a reasonable approximation of at least the
Y, I 190 180 150W  120W 150E 180  150W 120W 1997 warm event, and that random variations do not dominate the trajectory computation (based
401 l on the Gaussian trajectory clump described in the section at left).
o0l ] 20 We therefore have increased confidence in our results as previously stated. Among these are
L that the eastern equatorial warm anomaly is due primarily to variations in three major pathways
. 8N into the region, and that the western Pacific off-equatorial cool anomalies are due to ENSO-related
0.50S 0.25S 0.00 0.25N 0.50N i anomalous Ekman pumping.
60| | | | : aN;
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