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Abstract

Tropical convective margins are hypothesized to be seadii low-level inflow conditions. The
present study evaluates where and to what extent convectivgin variability is sensitive to low-
level inflow variability using observed precipitation aneanalysis wind and total precipitable
water data over the tropical South America/Atlantic sett@ustral summer. Composite analysis
based on an inflow measure defined by projecting low-levelthigimean atmospheric boundary
layer (ABL) or lower free troposphere (LFT) winds onto eitimeean horizontal precipitation or
precipitable water gradients shows widespread contractithe edges of convection zones in the
direction of stronger convection for anomalously strong-level inflow: such behavior is con-
sistent with enhanced import of relatively dry air along #akges of convection zones. However,
the distinction between ABL and LFT winds may be significagionally, for example, along
the Atlantic ITCZ northern margin. Back trajectory anatys employed to estimate source re-
gions of low-level air masses arriving at margin points auaescales (2-4 days) during which
low-level air masses are expected to retain some memorytial imoisture conditions while also
undergoing diabatic modification. Probability distrilmstifunctions of mean precipitation values
encountered along trajectories facilitate objective difiaation of the frequency with which tra-
jectories approach the margin from drier areas outsidedheection zone. While margin points
in the ABL are strongly dominated by inflow (i.e., trajecemioriginating outside of the con-
vection zone), points in the LFT may show inflow, outflow, oxed inflow/outflow conditions.
LFT locations dominated by inflow trajectories generallyrespond to regions with composites

exhibiting the clearest signatures of LFT wind variabibity precipitation.
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1. Introduction

Interactions between inflow air mass characteristicsiquaatrly moisture, and convection are crit-
ical to understanding the observed multiscale organiratiw variability of tropical precipitation.
Observational data from field campaigns identify imporedfects from synoptic intrusions of dry
air on the climatology and variability of tropical precigiton (Numaguti et al., 1995; Yoneyama
and Parsons 1999; Parsons et al., 2000; Sobel et al.,, 200gh-résolution cloud resolving
models demonstrate the impacts of lower free troposphesistare moisture on simulations of
convection and cloud statistics (Tompkins 2001; Redetgpeet al., 2002; Derbyshire et al.,
2004). Process studies of various large-scale tropicatgrena, including El Nifio/Southern
Oscillation tropical teleconnections (Neelin et al., 2)Q&onsoons subject to modern or past
boundary conditions (Chou and Neelin 2001; Su and Neelid@&hd the South Pacific Conver-
gence Zone climatology and synoptic scale variability @fgshi and Battisti 2007; Lintner and
Neelin 2008), point to the substantial role of moisture atiea, particularly dry air originating
outside of the convecting region (ventilation), in detering the precipitation characteristics of
these phenomena.

In this study, we address the relationship between lowtliedw wind and tropical pre-
cipitation, especially in the spatial transitions betweématologically strongly-convecting and
nonconvecting regions. These transition regimes, or adiwemargins, exhibit considerable
variability across a range of timescales, with many trdderad margins particularly susceptible
to severe droughts. Furthermore, global warming projestiadicate that some of the most sub-
stantial impacts of anthropogenic climate change areyikeloccur along convective margins;
although the detailed spatial patterns differ considgrabhong current generation models, the
ensemble of models suggests a tendency for reduced raatdall) tropical convective margins
(Soden and Held 2006; Neelin et al., 2006; IPCC 2007).

In examining the inflow-related variability in precipitati along tropical convective margins,
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we draw on insights from a simple analytic prototype devetbfor understanding the behav-
ior of convective margins under conditions of mean low-lemétow from a dry region into the
convection zone (Lintner and Neelin 2007, 2008, see Se@timn details). Briefly, the convec-
tive margins prototype illustrates the dynamic and therynadhic factors, i.e., low-level inflow
windspeed, top-of the atmosphere radiative heating, inftamsture, and a moisture threshold
condition at which deep convection occurs, that set wherectimvective margin occurs. While
guantitative application of the prototype is feasible unsieme circumstances, e.g., where the
inflow into the convection zone is relatively steady, it ma@y be under more general conditions.
Nevertheless, some qualitative utility is expected forcpating how a convection zone responds
to perturbations, and it is of interest to assess the degmghith the convective margins prototype
is applicable in more realistic settings.

A straightforward means of quantifying the relationshipween inflow air mass and precip-
itation is to composite precipitation variability onto a aseire of low-level inflow, based here on
the component of horizontal winds projected in the direttoid mean precipitation or moisture
gradients. This inflow diagnostic yields a straightforwardasure of observed convective margin
“shifts” in response to low-level inflow fluctuations. Sinités anticipated that the details of the
vertical structure of low-level winds may affect inflow-a@ttion sensitivity, we consider results
based on both 1000 mb, atmospheric boundary layer (ABL),8&@dmb, or lower free tropo-
sphere (LFT), winds. Although we find widespread geograpgieement for composites based
on the two pressure levels, there are locally large diffeeen

To complement the composite analysis, we present a survéydafy back trajectories ter-
minating at points along the convective margin. The priacigbjective here is to identify and
characterize the ABL and LFT source regions of air massdsetontargin. The back trajectories
also provide an indication of how representative the mgrihilerian wind field is of the synoptic
conditions that are directly responsible for moisture $@ort. For example, there is some corre-

spondence between the relatively complex trajectory clbamatics along the northern margin of
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the Atlantic ITCZ and the locally weak LFT inflow-precipitan relationship seen there.

This study focuses on the tropical South America/Atlanéctsr (90W-20°E, 40°S-20°'N)
during the austral summer season (i.e., January-FebMargh, hereafter JFM). Much research
has been devoted to understanding the climate variabilitijie region, especially over the con-
tinent, in large part because of the substantial drougbtafEntly experienced there (Hastenrath
and Greischar 1993; Nobre and Shukla 1996; Zeng et al., 208&)example, on interannual
timescales, anomalously dry conditions over NordesteiBfr@guently occur with El Nifio con-
ditions in the Pacific or anomalous meridional SST gradiémtthe Atlantic (Giannini et al.,
2001). South American rainfall has also been shown to beendied regionally by low-level
wind regimes, e.g., anomalous easterlies and/or sougkéalvor below-normal precipitation (e.g.,
Chaves and Cavalcanti 2001; Moscati and Gan 2007). Of coevea though specific regional
and seasonal foci are adopted, we expect that insightsdiegarelationships of convective mar-
gin variability to low-level inflow gained here should appiyother regions and seasons, as we

intend to explore in future work.

2. Data

The precipitation data analyzed here are the Climate Rredi€enter (CPC) Merged Analysis of
Precipitation (CMAP; Xie and Arkin 1997). The CMAP data cmi®f monthly mean merged
satellite and rain gauge observations on & X3.5 horizontal grid. The horizontal wind data
are from the NCEP/NCAR Reanalysis (Kalnay et al., 1996). Wfswer winds at 25x 2.5
resolution on two pressure levels, one in the boundary IEy@00 mb) and one in the lower free
troposphere (850 mb). Total precipitable water, also fromNCEP/NCAR Reanalysis, is used

as proxy for column integrated moisture. The period of asialgpans 1979-2006.
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3. Convective margins prototype perspective on low-levehflow variability

JFM climatologies of precipitation (shaded contours; in aey!) and 1000 mb winds (arrows;
in m s~!) appear in Figure 1a. Additionally, a proxy delineating to@vective margin, the mean
CMAP 4 mm day! contour, is included (line contour). While the choice of giamproxy is arbi-
trary, the 4 mm day' contour is found to be frequently colocated with where bbthgimulated
and reanalysis mean mid-tropospheric vertical velocity aertically-integrated mean vertical
moisture transport fields change sign (Chou et al., 2009¢ drfentation of the 1000 mb wind
vectors indicates low-level inflow into much of the stronglynvecting region over the Atlantic
Intertropical Convergence Zone (ITCZ), the Amazon Basig the South Atlantic Convergence
Zone (SAC2Z).

We now examine precipitation variability along a mean l@wdl inflow trajectory. For sim-
plicity, we consider a longitudinal transect along $0since the JFM-mean 1000 mb flow is seen
to be almost purely zonal at this location. Compositing doesofuy, averaged over £535°W
demonstrates the effect of anomalous inflow on the CMAP pitation profile (Figure 1b). In
particular, weak easterlies (blue curve) are characetgehigher values of precipitation along

the eastern edge of the continental convection zone.

a. Convective margins prototype configuration and asswnpti

The vertically-integrated moisturg)(equation, in steady-state and wittdenoting the distance

along an inflow trajectory, may be approximated as
—=F—-P+Mw (2)
X

whereu, is the wind projected onto aapriori prescribed vertical structure gf(see Neelin and
Zeng 2000, for further details)y is evaporationp is precipitation, taken a& = ¢.(q — ¢.) for
q > ¢., With ¢, inversely proportional to a timescale for convective atent,7.; M, = M,,q IS

the moisture stratification; andis related to the windfield divergence.can be eliminated from
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(1) by invoking the steady state, vertically-averagedaspheric temperaturg equation:
My = Fp+P (2)

where M, is the dry static stability and’r = Fygr — E, whereFygr is the sum of top-of-the-
atmosphere radiative fluxes and surface radiative andlembiluxes. It is also useful to consider
the moist static energy (MSE) equation, which can be obthme adding (1) and (2), which

eliminatesP (in the absence of feedbacks of{gx):

d
MWZFNET_uqﬁ (3)

with M = M, — M,. Whereg-gradients are small, (3) yields proportional to the net energy

input into the atmospheric column.

b. Step function forcing

For the purpose of directly comparing the prototype sofutmthe 10S transect in Figure 1b,
values of the forcing parameters have been chosen to besegpative of JFM-mean conditions
in the tropical South America/Atlantic sector (Figure 2a)particular,F g1 is modeled as a two-
sided step function which is positive over land and negaixar the ocean; the sign change can
be understood by noting that over land, the steady stateurfece flux is zero while top-of-the-
atmosphere radiative heating is positive, and over oceargrdical oceanic heat flux divergence
maintains nonzero (and in the present tropical case, nvegatet surface heat flux. A spatially
constant inflow wind is imposed producing both inflow and @wfmargins.

Over the inflow oceanic area (Region | in Figure 2a), the fofnthe moisture solution is
q(z) = (qo—q.)e @™ 4q.. Here,q. = —E/(M,,w) is the value of; determined by the balance
of evaporation and (large-scale) moisture divergence. |&hgth-scale\! = u, M [M,,(E —
Fypr)]™! determines the spatial rate at whigfw) asymptotes t@.. For a zonal inflow path

through the tropical Atlantic descent region, a typigalmay in fact be less thag. because
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southerly dry air advection (i.e., advection across th@mfbath) offsets moistening b¥. For
simplicity, we setjy = ¢. so thaty(z) = ¢.. Thus, at the inflow land-ocean interface, the moisture
value isq. regardless of windspeed.

Becausey. < ¢. some portion of the continent (Region II) will be nonconwegtfor «, > 0.
The strong spatial rate of change gfi) in Region Il is generated by the increase iR g,
and the decrease ifi, both of which reduce divergence. With < Fygr the flow would in fact
become convergent, although the evaporative effect orergance is weaker than the direct effect
of moistening byE (Lintner and Neelin 2009). Afteg(x) reaches;. (Region lIl), convection
switches on and the rate gfincrease decreases. The length-seafe~ u,7.M,M ' determines
the rate of convergence gfz) toward its asymptotic limit—(2a) ' [b — (b* — 4ac)®5], where
a= MyuM; e, b= MyuM; ' (Fr — e.q.) —e.andc = E + e.q..

Referring again to the regional JFM climatologies of préaipn and 1000 mb winds in
Figure 1a, it is also worth noting that some regions have atanbial component of the low-level
circulation directed along, or even locally out of, the cectvon zone. A main motivation of the
simple set-up here is comparison of the inflow and outflow margrhe asymmetry in Figure 2a
arises from reduced sensitivity of outflow margin precipata to low-level wind differences, as
the precipitation in Region IV decays quickly aftek s changes sign. At the outflow margin,
A lis the relevant length-scale, as the peak moisture valuiekvigiclose to the asymptotic limit
for the wide Fiygr > 0 region shown) on this margin decays towatd In fact, in the limit
of 7. = 0, the precipitation curves would decay to zero at the larehodnterface’ygr. The
reduced slope of the moisture curves affebecomes zero (Region V) is determined by as
the moisture relaxes toward from above.

For the parameters shown in the idealized configuratioryimgwindspeed does not signif-
icantly alter the maximun® in the interior of the convection zone, although Figure ldmadly
reflects a non-negligible amplitude change. The maxiniuimthe idealized configuration would

be impacted by changes to continentalz; or the width of the forcing region (see next sub-
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section). Also, observed wind speed changes occur in conwter changes to other quantities,
such as vertically-integrated tropospheric temperdtur@l’ perturbations can directly alter peak
precipitation values through tHE-dependence of..) Moreover, effects not incorporated into
the simplest prototype, such as feedbacks between coomemtid low-level circulation, likely

contribute.

c. Smoothed forcing

The prototype solution for a smoothly-varying but relatyugarrow region ofF'yzr > 0is shown

in Figure 2b. The set-up depicted can be thought of as a stigpliepresentation of a portion
of the ITCZ where the low-level flow crosses from one-sideh® other. It also has analogy to
simple models of Walker-like circulations and precipatifronts (Bretherton and Sobel 2002;
Frierson et al., 2004). Changing the windspeed is obsewedfé¢ct the inflow margin of the
convecting region. Moreover, in this case, the amplitudéhefpeak precipitation is reduced as
the strength of the low-level wind increases. The decreesere as the width of the region above
¢.(T) with conditions favoring convergence feedback, ifeyxr > 0, decreases, owing to the
shift (here to the right) of the location at whigh(T") is achieved on the inflow side. Again, the
simple set-up here illustrates the asymmetry between ffl@vrand outflow margins, with the

latter less sensitive than the former.

4. Precipitation variability associated with low-level irflow
a. Overview of precipitation variability

To provide a regional perspective of the CMAP precipitatv@aniability, a pointwise difference
map estimated from compositing on high and low precipitatialues, i.e., values greater than
or less than-10, at each gridpoint is shown in Figure 3. Here, compositeethffices (shaded

contours) have been normalized by the JFM CMAP climatoldgaah gridpoint, with a cut-off
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imposed for mean values below 1 mm day to avoid spurious effects of dividing by small
values. Locations of the 4 mm daycontours for positive and negative phases are also indicate
(green and brown lines, respectively), as are compositerdifices of 1000 mb winds.

Although the absolute precipitation variability increases mean precipitation increases (not
shown), normalization by the JFM precipitation climatotag Figure 3 emphasizes where the
relative variability is largest, i.e., for low meaf. The locations of the 4 mm day contours
provide an indication of the geographic variability of theoagly convecting region. Notably,
over the southwest tropical Atlantic/southeast tropicalitS America, the spatial separation of
positive and negative phase contours is of roughly 20 degredongitude. Of course, since
these contours are estimated from pointwise variatiorey, finould be interpreted as providing
estimates of the spatial domains over which strong conweds likely to occur rather than as
realizations of the distribution of convection that woule dbserved for forcing conditions in

different years.

b. Isolating the effect of low-level inflow variability

The typical orientation of theuyy,v1000) COmposite difference vectors in Figure 3, directed from
the negative phase 4 mm daycontour to the positive phase contour, indicates strongesip-
itation occurs when at least some component of the anomé&laukevel flow is directed out of
the mean convecting region. We now demonstrate the influefite low level inflow variability

on precipitation. To do so, we define the monthly-mean pretipn gradient,?P = (0,P,0,P)

at each gridpoint, and then projecandv along it. The resulting scalarg ., is signed negative
(positive) for inflow (outflow) regions. For comparison, Wecadefineu%w, the wind field pro-
jected onto the total precipitable water gradieﬁtpw, which should resembl& P but is likely
smoother.

JFM-mean composite differences for CMAP precipitationdfiebnditionally-averaged on

anomalies obg , show, that over much of the Tropical South America/Atlasgctor, the point-
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wise anomalous outflow minus inflow differences are posifisigure 4a). Such behavior can
again be qualitatively interpreted in the context of the ZN®@ototype: for other parameters fixed
(like the vertical moisture convergence or evaporation)npvise strengthening of the low-level
inflow increases the local analogue of!. The coincidence of the largest differences with (or
below) the 4 mm day' contour is consistent with the presence of strong moisttadignts near
the margins. The characteristic displacements of the 4 nyn'dzontour are of order 2.525
Dividing the composite differences in Figure 4b by the nanmalized differences in Figure 3
yields a simple measure of the contribution of precipitatrariability associated with low-level
inflow to total precipitation variability at each gridpoi(figure 5). Locally, up to 80 - 90% of
the precipitation variability may be associated with flattons in 2000 mb inflow. An important
caveat is that the association between inflow and predipitas revealed by the compositing does
not imply causality, especially given the use of monthlyamé&elds. That is, it is possible that the

low-level winds are responding to changes in convectioregrd through other mechanisms.

c. Sensitivity to lower tropospheric wind vertical struetu

Compositing on the projection of the LFT (850 mb) wind fieldmeither theP or pw gradients
yields broadly similar results to the ABL (Figure 6). Howevdespite the general agreement,
there are some differences between the ABL and LFT comsodita example, rainfall along the
northern Atlantic ITCZ margin appears relatively insensito anomalous inflow at the 850 mb
level. On the other hand, precipitation over the interioSoith America appears to vary more
strongly with the winds in the LFT.

Comparison of the JFM climatologies of the horizontal wirelds at 1000 mb and 850 mb
provides some insights into the composite characterisges at the two levels (Figure 7). Over
the northern portion of South America, where the precitafield is more sensitive to the 850
mb inflow variability, the JFM-mean winds in the lower freeggpsphere are much stronger than at

the surface. Along the northern Atlantic ITCZ, the 850 mb ftewds to be effectively aligned with
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the axis of the ITCZ, i.e., not strongly inflowing. Furthemapwhile correlation of the monthly-
mean inflow-projected ABL and LFT wind components suggetstisssically strong coupling at
the two levels over most of the tropical South America/Atilasector in JFM, the eastern tropical
Atlantic in this season is notable for its lack of verticallinv variability coherence through the

lower troposphere.

d. Other sources of variability

We posit that the composite relationships between meamitfianges and precipitation are con-
sistent with the interpretation suggested by the convecteargins prototype, namely the anoma-
lous advection of mean moisture gradientsi(’ - ?q) yields P’ > 0 for weaker inflow. Of
course, mean advection of anomalous gradientg(- Vq’) may also be significant, particularly
since the shift of margin, which tends to located where lomial moisture gradients are large,
may be associated with largé Whereq’ and v’ are both large, the second-order anomalous
advection term £ 77" - Vq’) may become non-negligible. As previously noted, covemmabf
low-level winds with other margin control factors (e.@.(7")), may further contribute to the pre-
cipitation variability, though such effects are likely te ncalized and suppressed by composite
averaging.

Furthermore, pointwise compositing of precipitation oa¢inadient-normal (or along-contour)
component of the low-level wind reveals non-negligiblegypéation changes, especially along
the eastern flank of the SACZ and over the subtropical ancehighitudes of South America (not
shown). A prominent feature is the anomalous cyclone arthumtlp of the SACZ, with increased
(decreased) precipitation to the north/east (south/west)iting in an overall northeastward dis-
placement of the SACZ axis. The features of this composgera@aminiscent of the stationary
eddy described by Robertson and Mechoso (2000). Theircityrbudget analysis demonstrates
an equivalent barotopic structure and Rossby wave chaistate, with sizable contributions to

the vertical motion field from vortex stretching and advescfiwhich complicate relationships be-
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tween circulation and convection. Moreover, the alongdgmat and gradient-normal components
of the low-level flow are not generally independent, e.gnsaf the inflow variability into lower
latitudes over eastern South America is connected to thealowis low-level cyclonic circulation
pattern centered to the south. Quantification of the redatifluences of vorticity-related mecha-
nisms and low-level advective moisture effects emphateee is beyond the scope of the present
study.

Additionally, some studies have found positive relatiopshoetween near-surface windspeed
and oceanic precipitation rate (e.g., Raymond et al., 2808gl et al., 2004), with the former
assumed to be a proxy for latent heat flux. For the region aadoseconsidered here, how-
ever, pointwise compositing on windspeed (not shown) shtbe®pposite relationship is rather
widespread, i.e., stronger low-level windspeeds are &sgolcwith reduced (oceanic) precipita-
tion. At many locations, stronger windspeeds occur withegigled low-level inflow into the con-
vection zone. In fact, Sobel et al., (2004) suggest that thakwess of their inferred windspeed-
precipitation relationship at Kwajalein in the westerniRacompared to that of the Raymond et
al., (2003) analysis of the eastern Pacific ITCZ may refleettthde-off between enhanced dry
air advection and latent heat flux with increased surfacelsviiviore strongly convecting oceanic
regions, such as over the western Pacific warm pool, may katifierently from Atlantic ocean
convection in that enhanced windspeeds might favor strosggporation in the absence of strong

dry air advection from outside of the convection zone.

5. Characterizing convective inflow air mass source regions

In this section, we briefly examine the source regions of mifleto the convective margin. In
particular, we use a trajectory model, the NOAA Air Resosarcaboratory (ARL) Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT; Dexand Hess 1998), to estimate back

trajectories of air masses reaching selected points al@gadnvective margin.
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a. HYSPLIT overview

HYSPLIT has been widely used to simulate long-range tra@arsport, parcel dispersion, and
pollution deposition. For the single particle trajectsrmonsidered here, HYSPLIT employs a
predictor-corrector advection algorithm with a velocitgpendent timestep. The input meteorol-
ogy data (here taken from 4 Daily NCEP/NCAR Reanalysis) are linearly interpolated hie t
horizontal from their 2.5 x 2.5° native resolution and interpolated to a terrain-followsigma
coordinate in the vertical. Although different verticalo€ity formulations are possible, here the
reanalysis-derived omega field is used. Back trajectoresdialized at noon local time for each
day in March at selected convective margin target pointtisi@des of 0.5 and 2.0 km.

In using the HYSPLIT back trajectories, we do not assumeietlgtiagrangian interpreta-
tion. Rather we expect that lower tropospheric air massesrexdified by diabatic processes,
including evaporation and shallow convection. A typicaléiscale to modify a cloudy boundary
layer depends on the coefficient of the surface fluxes vermudépth of the layer, for instance,
H/(Cpuvs), whereH is the layer depth(, is a drag coefficient, and, is the surface windspeed.
For typical valuesH ~2-3 km,Cp ~ 0.001, and), ~7 ms™!, this timescale is of order 3-5 days.
We thus follow the trajectories for five days, considering #ir mass properties to be determined
by appropriately weighted averages along the trajectories

The properties set in the non-precipitating descent retiiositend to be carried into the region
where conditions become favorable to convection over awlcgt that depends on how quickly
diabatic processes alter the air mass properties towaedsrbet of convection (i.e., a moisture
value analogous tq.(T) in the simple prototype). The trajectories facilitate deti@ation of the
region where the air mass properties tend to be set as theyaaied towards the convection
zone. In future work, we plan to combine trajectory inforimatwith understanding of the moist
diabatic and mixing processes acting to change moisturgjdtajectories to provide a trajectory-

based view of convective margins and their variability,exsglly at higher frequencies where the
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details of the time-evolution along trajectories is mornéaal.

b. Survey of March source regions and back trajectory chiamastics

5-day back trajectories are displayed in Figures 8 (0.5 knd)®(2.0 km); for visual clarity, only
5 years of trajectories (2001-2005) are shown. The 0.5 kjadi@ies, which are primarily in
the ABL, effectively show inflow at all locations displayeor the target points on the northern
margin of the Atlantic ITCZ, the trajectories originate irettrade wind flow of the North Atlantic;
to the south of the ITCZ, the very low-level trajectoriesgimate in the dry descent zone of the
south tropical and subtropical Atlantic. Comparison of hyears illustrated suggests relatively
constant source regions for most of the target points, athsome systematic interannual dif-
ferences are apparent. For example, the 2005 trajectqueplé) for the target points at 2,
11.25S and 33.75S, 7.5S tend to be shorter than for the other years shown. The toajes
along the northern Atlantic ITCZ margin, as well as along 8&CZ at 35W, 20°S, are char-
acterized by slightly larger day-to-day variability, umsieoring more significant contributions of
synoptic scale, midlatitude-originating weather systémitese trajectories.

Relative to the very low-level target points, the 2.0 km petwhich typically lie above the

ABL-manifest greater spatial dispersion. The more chamigearance of these trajectories re
flects increased high-frequency variance of the higheudki flow to these target points. While
some systematic interannual differences are presenttleed?002 trajectories terminating &/,
2.5°S are typically longer than for the other years shown, thes¢aagely masked by the greater
synoptic variability. Nevertheless, the distributiondm@jectories are sufficiently coherent to al-
low identification of typical source regions of inflow to ptsralong the convective margin.
Unlike the 0.5 km trajectories, those for 2.0 km are not asygmvely dominated by inflow
conditions. To illustrate this, we have computed probsabdistribution functions (pdfs) of the
CMAP rainfall conditions encountered at 48, 72, and 96 hatervals along the 2.0 km back

trajectories (Figure 10). The 48 hour interval is choserhainterest of isolating mean air mass
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properties before they experience significant modificatimaugh potential feedbacks with local

convective activity in the neighborhood of the target poifihe 96 hour interval, by contrast,

represents a plausible interval for which air mass progeiti this portion of the troposphere may
be expected to retain sufficient memory of “initial” condits.

For most of the pdfs, the upstream flow typically originatesagions of lower mean precip-
itation (bins to the left of the target point precipitatidmosvn by the dashed lines); that is, these
target points reflect inflow conditions. (The highest petaga of inflow conditions at 72 hours is
around 90%.) On the other hand, for the two points’®¥,2.5°'S and 6.25E, 6.25S, the pdfs are
weighted to the right side of the mean precipitation at tihgetiapoint: these points are dominated
by upstream outflow conditions, with trajectories over £38urs tending to originate in regions
of more intense convection (specially, over equatorialosfrsee Figure 9). The behavior of the
pdf for the northern ITCZ margin target point in the middlettoé Atlantic ITCZ is interesting in
that it suggests outflow conditions at 48 and inflow cond&iah96 hours. Indeed, as suggested
by Figure 9, these trajectories originate to the northefstatarget point before entering the

mean convection zone.

c. Trajectory relationships to precipitation variability

We briefly consider how the characteristics HYSPLIT trapeiets relate to precipitation variations
by compositing the former on the interannual variations @réh precipitation at 40, 11.25S
(Figure 11). For 5-day March back trajectories arriving & &n, there is an indication that low
precipitation years are characterized by a longer 5-dagat@y path (red solid line). Addition-
ally, there is a meridional separation of approximatélyp8tween the positive and negative phase
trajectories. In the presence of a north-south SST gradikatpositive phase trajectories are
likely somewhat moister.

It is also of interest to consider the evolutionfofward trajectories initialized from a point

within the inflow footprint. The point selected (30, 10°S, 1.6 km) lies near the median altitude
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of back trajectories approximately 2 days upstream 6WMQL1.25S. For the results discussed
here, variations in the initialization point made littleaditative difference.

The principal spatial features of the forward trajectorggpitation composites include the
penetration of the negative phase trajectory (red dashefl into the South America to a day 5
position well past the target point. By contrast, the pesiphase trajectory (blue dashed line) is
seen to curve strongly to the south before reaching thettpayet: by day 5, the positive precipi-
tation mean trajectory is located well to the south of itststg location in the main climatological
axis of the SACZ.

The greater length of the negative-precipitation trajgct{oe., measured in terms of the lon-
gitudinal displacement relative to the initialization piis consistent with the back trajectory
behavior as well as the Eulerian interpretation of the éftéstronger mean low-level inflow at
this location. Faster low-level flow—here, enhanced elgstersoutheasterly winds—means that
for a given rate of diabatic air mass modification acting wease moisture along the trajectory,
e.g., vertical moisture convergence or ocean surface expo, the distance traveled before the
initialized air mass reaches a specified moisture levelasessed. For a fixed moisture threshold
condition, this implies a westward shift of the convectivargin.

On the other hand, the relative angular displacement of#ijectory phases implies additional
processes than suggested by interpretation only in tersiserfgthened mean inflow. To see this,
it is instructive to consider the distribution of mean Maveinds shown in Figure 7 in the vicinity
of the trajectories: in particular, the 850 mb winds are geepe more northeasterly compared
to the 1000 mb winds. The relative shift between the trajgesanitialized at 1.0 (solid) and 0.5
(dashed) km is consistent with the angular displacememtdeat the mean winds on the two lev-
els. Moreover, examination of the composited vertical do@tes of the trajectories (not shown)
suggests that the positive phase trajectories tend to iexygermore convergent conditions earlier
along the trajectory relative to the negative phase trajeg. The more pronounced vertical dis-

placement would lead to earlier influence by the more nostieely flow at high levels, thereby
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resulting in the greater curvature evident in the positivage case.

6. Summary and conclusions

In this study, we consider the relationship between lovell@vflow and the variability along the
margins of tropical convection zones in the tropical Southefica/Atlantic sector using observed
and reanalysis data. Using a definition of inflow into the @mtion zone comprising the low-level
NCEP reanalysis wind field projected onto the horizontadigmat field of CMAP precipitation (or
NCEP precipitable water), we demonstrated the relatignststronger inflow into the convection
zone and decreases in precipitation, particularly alomgdbnvective margins. Inflow-related
precipitation variations may account for up to 80-90% of piecipitation variability in margin
regions. The wind-precipitation relationship is consisteith the import of low-level air into
the convection zone that tends to be dry relative to what ésleé to convect. Conditioning the
precipitation onto the inflow diagnostic defined using eittenospheric boundary layer or lower
free troposphere winds yields broadly similar resultd)algh the distinction between ABL and
LFT may be important locally given vertical differencesheflow climatology and its variability.
Examination of 5-day back trajectories from the NOAA HYSPLthodel identifies the geo-
graphic source regions of low-level inflow into the conveetnargin. For trajectories terminating
within the ABL, the flow toward the margin overwhelmingly gimates outside of the climatolog-
ical convection zone in compact regions with relativelgidisynoptic scatter but some systematic
interannual variations. Trajectories terminating in tH€llalso reflect widespread inflow condi-
tions, and while the spread in these trajectories tends targer than in the ABL, they are suf-
ficiently coherent to permit identification of upstream sx@uregions. However, the LFT source
region footprints are often observed to be displaced vedt the ABL. Moreover, as the pdfs of
LFT trajectories binned according to climatological ppatztion values “sampled” at upstream
points indicate, some areas of the margin are charactdsizedtflow conditions, with air masses

arriving from higher mean precipitation values, or a migtwf inflow and outflow conditions.
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The expectation based on simple theoretical considesatban asymmetry in sensitivity of in-
flow and outflow margins appears to be substantiated, as mpogats characterized by outflow

or mixed inflow/outflow appear to be relatively insensitigertflow variability.
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Figure Captions

FIGURE 1: (a) JFM climatologies of CMAP precipitation (shaded camty in mm day!) and
NCEP/NCAR Reanalysis 1000 mb winds (arrows; referencenaimainits of m s''). Also shown

is the 4 mm day' precipitation contour used as a proxy for the edge of the ection zone.
(b) Precipitation along 1% composited on 1000 mb zonal wind averaged oveYW435°W. The
gray line denotes the zonal wind difference (x 10; inTh)©f anomalous westerly minus easterly
conditions. JFM-mean precipitation associated with arloosawesterly (easterly) conditions is
in blue (red), with the JFM climatology over all years in lHacThe purple line represents the
precipitation difference normalized by its JFM climatoydgn percent).

FIGURE 2: (a) Idealized margin prototype solution for a land-oceaterface. The gray line
denotes the total column flux forcing’( z7); the solid blue, green, and red lines are precipitation
values for inflow windspeeds of 1, 3, and 5Thsrespectively. The black line is the precipitation
in the limit of zero windspeed. Dashed lines are verticallggrated moisture profiles for the 3
nonzero windspeeds. Note that 1 degree is 110 km. Regiofslab¢he top of the figure are
referred to in the text. (b) As in (a), but for a smoothly-viagyand relatively narrow region with
Fyxgr > 0.

FIGURE 3: JFM CMAP composite differences conditioned on anomajohgjh and low pre-
cipitation, normalized by the JFM CMAP climatology (shademhtours). Also shown are the 4
mm day ! contours for anomalously high and low precipitation val(gggen and brown lines,
respectively) and composite differences of theqlVio)-

FIGURE 4: Composite differences of CMAP precipitation conditiorad projection of 1000
mb wind along the mean (a) CMAP precipitation gradient orNQEP/NCAR total precipitable
water gradient. Composite differences (in mm dgyare signed positive for anomalous outflow
conditions relative to inflow conditions (arrows). Regianisere the JFM precipitation climatol-
ogy is less than 1 mm day have been masked. The green (brown) line denotes the 4 mm day

precipitation contour for anomalous outflow (inflow) comaiiis.
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FIGURE 5: Ratio of JFM CMAP composite differences in Figure 4a andiFag3.

FIGURE 6: As in Figure 4, but using 850 mb winds.

FIGURE 7: Comparison JFM climatologies of NCEP/NCAR Reanalysiszumtal winds at
1000 mb (blue) and 850 mb (red). Shaded areas denote griddomwhich correlations be-
tween the inflow-projected components of JFM-mean windeénABL and LFT are effectively
decoupled, i.e., correlated at less than the 95% level doapto a 2-tailed Student t-test.
FIGURE 8: March 5-day back trajectories for selected target poilasgathe convective margin,
2001-2005. Target points are located between mean praogpitvalues of approximately 3 and
5 mm day! at an altitude of 0.5 km. Back trajectories are initialized®-daily at each target
point; each color represents a different year of 31 Mardedtaries: 2001 (red), 2002 (yellow),
2003 (green), 2004 (blue), and 2005 (purple). Filled corga@enote the March climatology of
CMAP precipitation (units of mm day).

FIGURE 9: Asin Figure 8, but for target points at 2.0 km.

FIGURE 10: Probability distribution functions of CMAP precipitatiovalues sampled along
HYSPLIT back trajectories for the nine 2.0 km target poimt&igure 9. The results shown here
are for March for all years spanning 1979-2006. PDFs are sHowtime intervals of 48, 72,
and 96 hours upstream of the target points. The black (graty) use the climatological (yearly)
March precipitation values. The vertical dashed lines teetize climatological March value of
precipitation at each target point.

FIGURE 11: 5-Day March backward (solid) and forward (dashed) traees and composited
on CMAP March precipitation values at 4, 11.25S (denoted by X). Positive (negative) phase
trajectories are shown in blue (red). The backward trajeztare initialized at 4W, 11.25S,
and 2.0 km, while the forward trajectories are initializeé&'W, 10°S, and 1.6 km. Numerical

labels denote 24 hour increments along the trajectories.
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FIGURE 1: (a) JFM climatologies of CMAP precipitation (shaded comspuin mm day!) and
NCEP/NCAR Reanalysis 1000 mb winds (arrows; referencenamounits of m s!). Also shown is
the 4 mm day! precipitation contour used as a proxy for the edge of theection zone. (b) Precipitation
along 10S composited on 1000 mb zonal wind averaged oveyWA35°W. The gray line denotes the zonal
wind difference (x 10; in ms!) of anomalous westerly minus easterly conditions. JFMmpeeacipitation
associated with anomalous westerly (easterly) condit®isblue (red), with the JFM climatology over all
years in black. The purple line represents the precipitatiifference normalized by its JFM climatology

(in percent).
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FIGURE 2: (a) Idealized margin prototype solution for a land-oceasriace. The gray line denotes the
total column flux forcing £ g7); the solid blue, green, and red lines are precipitatiomeslifor inflow
windspeeds of 1, 3, and 5 ms respectively. The black line is the precipitation in theaiti of zero
windspeed. Dashed lines are vertically-integrated mugsguofiles for the 3 nonzero windspeeds. Note
that 1 degree is 110 km. Region labels at the top of the figweederred to in the text. (b) As in (a), but

for a smoothly-varying and relatively narrow region wity 1 > 0.
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FIGURE 3: JFM CMAP composite differences conditioned on anomalobgih and low precipitation,
normalized by the JFM CMAP climatology (shaded contourdsofshown are the 4 mm day contours
for anomalously high and low precipitation values (greed brown lines, respectively) and composite

differences of the (1400,V1000)-
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FIGURE 4: Composite differences of CMAP precipitation conditioned projection of 1000 mb wind
along the mean (a) CMAP precipitation gradient or (b) NCEPAR total precipitable water gradient.
Composite differences (in mm da}) are signed positive for anomalous outflow conditions ietato
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(inflow) conditions.
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FIGURE 6. As in Figure 4, but using 850 mb winds.
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FIGURE 8. March 5-day back trajectories for selected target poirdeglthe convective margin, 2001-
2005. Target points are located between mean precipitatitues of approximately 3 and 5 mm ddyat

an altitude of 0.5 km. Back trajectories are initialized erdlaily at each target point; each color represents
a different year of 31 March trajectories: 2001 (red), 20021ow), 2003 (green), 2004 (blue), and 2005

(purple). Filled contours denote the March climatology ®MA&P precipitation (units of mm day').
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FIGURE 10: Probability distribution functions of CMAP precipitatioralues sampled along HYSPLIT

back trajectories for the nine 2.0 km target points in FiglwreThe results shown here are for March for
all years spanning 1979-2006. PDFs are shown for time iateiof 48, 72, and 96 hours upstream of the
target points. The black (gray) data use the climatolodigahrly) March precipitation values. The vertical

dashed lines denote the climatological March value of pittion at each target point.
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FIGURE 11: 5-Day March backward (solid) and forward (dashed) trajgesoand composited on CMAP
March precipitation values at 4@/, 11.25S (denoted by X). Positive (negative) phase trajectories ar
shown in blue (red). The backward trajectories are in#eédi at 40W, 11.25S, and 2.0 km, while the
forward trajectories are initialized at 3%, 10°S, and 1.6 km. Numerical labels denote 24 hour increments

along the trajectories.



