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ABSTRACT

A sanpling programwas conducted to assess the quality of runof f
associated wth a variety of land uses inthe Tijuana Rver wat ershed,
abinational river basin onthe US Mxican border. Greraly, nat &
concentrations in sanples cdlected during the first tw to four hours
d rudf (early storm were higher than those in sanples collected
24 36 hours into the rain evert (late storm. A nat abl e exception to
ths pattern vas observed for the site on Tecate Geek, where level s
of cadmum chromum copper, axd nickd were higher in the lae
stormsanple. This is possibly due to the point source d scharge of
vast evat er ef fluent fromthe Tecate Mini ci pal Wastewater Treat nent
Hat just one nle upstream A the industrid site, cocetraios of
lead and zinc in sanples of early-stormruncf f fdl in the 8&h pe -
certile range (8xth percetile for copper) of a US indwstria rundf f
Cet aset (Lineet d. 1997). Qher urban land-use sites (including resi -
dential and conmercial) were generally conparable to the 9Q0th per -
centile values for vet-weather runof f in an urban watershed of Los
Angel es unty. The resul ting dat a suggest that nonpoi nt source pol -
[uion arising froma variety of lad uses inthe Tijuana Rver vater -
shed Wil cotinue to enter the Tijuana Estuary and near-shore ocean
during wet weather, arguing for basin-wde vastewater and storna-
ter managenent in this urban wat ershed.
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INTRODUCTI ON

For decades, rawsewage fromthe city of Tijuana, Mxico, has fl oned
irnothe Tijuana Rver and across the internationa border into the
Tijuana BEstuary. This probl emhas worsened in recent years wth the
subst atid gonh of Tijuaa s popd ation, along wth the intensive
industrial devel opnent associated wth the naguil adora program(in
bond nanufacturing and assenbly plants) in Mxico. Athough dis-
charges fromthe Tijuana Rver watershed account for only a snall
percent age of ta al gauged runof f to the Southern Glifornia coest &
ocean, it cotans the highest concentrations of suspended sdlids,
@, G, N, Pb, Zn, and R®Bs anong the eight largest creeks and
rivers in Southern Gilifornia (SCOMP 1992).

Ny of the water quality prodens in the Tijuana R ver watershed
aedetodffuse, nonpoint sources of pallution and, as such, nay be
addressed nore ef fectively a ong vat ershed lines. Mnaging natural
resources on a watershed basis of fers a geographic context wthin
wichtheinteractions of land, vater, and hunan activity can be non-
itored, assessed, and understood. Nonpoint pollution processes,
such as stormnater runof f, aeineeatly dfficdt tonodd duetothe
tenporal and spatid copledty o pdlu ant |oading and hydro ogi cal
processes. Such nodeling generally requires organizing and pro-
cessing large amount s o spatialy referenced dat a To acconpl i sh
this, a geographic infornation system (GS nay be linked wth a
hydro ogica urban runof f nodel and |and-use-specific vater quality
dtato estinate the nass emssion of sel ected ant hropogeni ¢ pol | u-
tat sinothe Tijuana Bstuary. Wfortunatdy, no cat a curetly exdst
on the vater quality cheracteristics of rundf f inthe Tijuana River
vatershed. The objective of this study was to generate such | and-
use-spedfic vaer qeity dat a for the Mxican portion of the Tijuama
Rver vatershed, includng industrid, residentiad, comercia, and
opentland sites, as vell as Tecate Qeek. In addition, we conpare the
vater quality a thesesitestothat inthenainriver dringranevet s
and to stomater quality of simlar landuse sites in the Lhited
States.

METHODOL OGY

Seven sites were sanpled in the Tijuana Rver vatershed: two in the
Lhited States (Ganpo and ottonwood G eeks), and the remai ni ng
sitesin Mxico (Fguwe 1). The specific geographical coordinates for
these sites were deternmined with a gl obal positioning system(GS
receiver, and vere then incorporated into a GSfar further analysis.
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Fgure 1. Witer Quality Sanpling Stes
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Determnation of Land-Use Types wthin Each
Qntri buti ng Subbasi n

To del i neat e whi ch | and-use types were present wthin the subbasins
upstreamfromthe sanpling points, we used nodeling al gorithng in
owr GSsoftvere, adgta eevation node (OB, and the | ocati onal
cet a of the sanpling sites to generate boundaries of the subbasins.
Spdficdly, the GRRDnodul e of the Arc/Info G S was used to exam
ine a (BMfor the Tijuana Rver basin to nodel the direction ad
accunul ation of surface vater floms for each grid cell. The resuting
flow direction and accunul ation dat a forned the basis for a stream
netvwork nap for the ertire basin. Then, each sanpling point s |loca-
tion was placed exactly on the streamnetwork and a further series of
algorithns was run that incorporated the accunul ation dat a in arder
to generate the specific boundaries of the contributing subbasins
above each of the sanpling point s These subbasi n boundaries were
then overlaid wth land-use dat a for the larger vatershed to deternine
the conposition of the land use wthin each subbasin. The | ocations
of these sites in the watershed are shown in Fguwe 1 and are
descri bed bel ow

Open- Space Stes

Two sites, which drained nostly rural and undevel oped subbasins,
vere sanpled to characterize this land use. The first site, Ginpo
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Qeek inthe Lhited States, isjust wpstreamd the city of Tecate, Mx-
ico, and is 88%undevel oped. This reach of the river runs through a
sparsely popul ated, predomnantly agricutura rura area and flons
ino Tecate Geek, a nain tribut ay d the Tijuana Rver. The ot her
site, on ttomood Geek, is located directly under the State H gh-
vay A bridge and drains a region that is nostly undevel oped (92%,
wthlimted agicdtud adivities.

Residertia Jtes

Two sites were sanpled to characterize this type of land use. The
first, GonaBena Vida liesinan aropo thet dams afarly lage
residetid aea o Tijuana near Qay Msa. This site is nearly 100%
resicetid lad usee The olonia Buena Vida extends along the
length of the channelized Tijuana Rver and is conprised of two set -
tlenent s of lowincone famlies. The second site, located in Gisen
Od Zaines, isanaroyothat drains alarge residentid area of south-
vestern Tijuana, and then enpties into the Ro de | as Pal nas branch
d theriver. Residential and use conprises about 30%of the devel -
oped | and-use area of this urbani zi ng subbasi n.

Indstrid Ste

Thssiteliesa thefoodt o Qay Msa, and drains a rather snall sub-
basin (Qay Msa) that is anost entirely developed (98.5% wth
naqui | adoras industrial facilities conprised nostly of assenbly and
nanufacturing plant s. Mquiladora plant s are foreigromed facilities
that had initialy used | ower-priced Mxi can | abor to assentl e goods
frominported conponents, however, cureatly, NAFTA has al | oned
nany of these plants to be ful-scde prodution fadlities. Industries
located & this site include Njpro, Mt sushit g Hit adi, Tabuchi H ec-
tr ica Tocabi, Sanyo, Santom, and Energy Labs.

mmercial Ste

This site is on a large stormater channel that drains a nain com
nercia center close to the Tijuana Rver. The site is located on
Aveni da 20 de Novientre in the col onia (nei ghborhood) of the sane
nang, a the intersection of severa inportat trasit rades: Bwd
Daz Odaz, Bvd Bentez, Bvd Agua Gliente, Paseo de los
Hdoes, and Glle F. C Sonora. G the devel oped | and-use area at
this site, conmercial use account s for about 40%0f the tat &

Tecate Geek Jte

Tecate QGeek lies just belowthe urban area of Tecate, Mxico, (acity
of 90,000 inhebitats) adis anga tribuway o the Tijuana Rver.
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Tecate has narginal sewage treatnent and disposal infrastructure.
This site is located approxinately one nile downstream from the
Tecate Minicipal Wastewater Treatnent Hant. It drains a very large
subbasi n of 39, 660 hect ares, which is 81. 5%nondevel oped. The two
naj or |and-use categories are agriculture and residential, conprising
9.5%and 3.8% respectively, d treta a land-use area of this sub-
besi n

CGhemcal and B ol ogica Anal yses

Atda of seven stormevent s were sanpled at Lindbergh Held, San
Dego, wth the dates of each stormand the tatd anout of precip -
tation given below. Three events were sanpled during the
1996 1997 rainy season: 21 23 Novenber 1996 (4.3 cm), 15 17
January 1997 (0.53 cm), and 10 12 Mrch 1997 (< 0.25 cm. During
the 1997 1998 rai ny season, four stormevent s were sanpl ed: 24 25
Septenber 1997 (2.0 cm), 26 27 Novenber 1997 (1.0 cm, 9 10
January 1998 (2.9 cn), and 14 15 February 1998 (2.9 cn).

Qrface water grab sanples were taken twce during each storm
event once wthin the first tw to four hours of the storm's inception
(early-stormsanpl es), and once again a an interval of 24 36 hours
dter thefirst sanple vas t aken (I ate-stormsanpl es). An exception to
this regine was the coomercial site (Septener 1997 and Noventoer
1997 events) ad light industrial site (January 1998 and February
1998 event s), which were sanpled on four occasions during the
above rain event s

Al sanples were hand ed, preserved, and anal yzed according to
the Standard Methods for the Exanmination of Water and st evat er
(APHA AW WA WPCF 1989). Stormmater sanples vere filtered (for
dissolved netd adysis), ad the filter vas then dgested for tat &
netd amdysis. Bih particuate and dissoved net a concentrations
vere anal yzed by graphite furnace atonic absorption (G-A4 using a
Perkin-H ner S MPA G000 AAwth Zeenan corrector . The exception
vas for the analysis of Zn, where flane atomic absorption spec-
trophotonetry (Perkin-Hner Mdel 2380) was used because of the
rdaivdy highlelds o thsneta. Qality assurance/qua ity contrd
(QYQ for netas analysis included duplicate ana yses, bl anks, and
¢ andard additions to stormater sanples consisting of both dis-
sol ved net al spikes, and particdate net d spkes (inthe famd asal
¢ andard addition). Statistica analyses conparing netd leds
anong | and-use sites and for early- versus |ate-stormsanpl es vere
done using the Studet s T-ted.
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Figure 2: Cd Concentrations for Early- and Late-Storm Events
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Figure 3: Cr Concentrations for Early- and Late-Storm Events
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REsuLTS AND D1 scussi oN

This study was conducted to characterize the metd leds in
stormnater runof f fromavariety of latuse sitesinthe Tijuana Rver
vatershed. During the 1996 1997 rai ny season, precipitationwves rd -
aivdy ligt, wth only 17.5 cmrecorded a Lindbergh Held San
Dego, from1l Getober 1996 through 31 My 1997. Fom1 Crtober
1997 through 31 My 1998, precipitation vas rdaivdy high wth
42.7 cmrecorded. The precipit ation for each stormevent sanpled is
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Figure 4: Cu Concentrations for Early- and Late-Storm Events
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Figure 5: Pb Concentrations for Early- and Late-Storm Events
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given in the nethodd ogy section. Due to logistica constraint s asso-
ciated wth sanpling in Mxico, there were no neasurenent s nade
of streamflow vol une when sanpl es were t aken.

Man concentrations (n =7 for industriad and residentia sites, ad
n=>5fo residentia and open-space sites) o taa netds fa ealy-
and late-stormevents are shown in Fgures 2 7. Mta concentra-
tions in stomaters of the Mxican portion of the Tijuana Rver
vatershed vary considerably anong the followng circunst ances:
during the course of a stormevent, fromevent to event at a gven
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Figure 6: Ni Concentrations for Early- and Late-Storm Events
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Figure 7: Zn Concentrations for Early- and Late-Storm Events
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site, and fromsite to site depend ng on land use. Suich dif ferences in
cocatraios aearesut o vaiaiosinranfdl cheracteristics, df -
fering vatershed features that of fect rudf f quatity ad qaity, ad
vaidility in uben ativities. Grerdly, the early-stomnet d con-
catraios far the sites inthe Tijuana Rver watershed were higher
than the late-staomva ues, this pattern reflecting vat is generdly
terned the first-flush phenonenon. Levels of QJ, G, axd N foud in
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theresidetid sites vere signficantly higher (p<0.05 inealy-stom
sanples as opposed to late-storm sanples. Addtiodly, fa the
industrid site leveds o Qinthe early-stomsanples vere sigifi -
catly higher (p <0.05 thaninthe |late-stormsanpl es. Hwever, due
tothe reativdy snall nunber of sanples (and the high variation of
netd levds wthin a gven staomevert), oher tenpora dif ferences
vere not found to be st aigicdly sgificat.

The term firg flueh was coined to describe the phenonenon
vhereby high pol | ut ant concentrati ons are ooserved during the initial
$ages of arunof f event, decreasing as the event progresses. The
variaioninqaity dring an evert can be exdained by rdaingit to
the transport cepacity of the rundf f flon The potentia capadty to
tramsport pdlu at s is significantly reduced once the hydrograph peak
isreached Theresut istha asigificat fraction of the nass | cad of
aninsdudepdluant canbe renoved by arelatively snall fraction of
tretad rud f vdue (Giffing d. 198). Amtade exceptiontothis

Tdde 1 Toxic Heavy Metal Qoncentrations (ng/L) for Nationwide
U ban Runof f Programand Tijuana Rver Wt ershed
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* NURP val ues are 90th percentil e event nean concentrations (US BPA
1983).

firg-flish pattern was observed for Tecate Qeek, where totd leds
of @, G, G, and N inour late-stormsanpl es vere higher than for
the early-stoomsanples. For N, the late-storm sanple on Tecate
Qeek shoved the highest value (226 ppb) anong all of the sites
(FHgre 6). The presence of continuously el evated levels of these
toxic heavy net dsin Tecate Geek, a najor tribut ay of the Tijuana
Rver, issurprising due tothe rather undevel oped nature of the vater -
shed, but is probably due to the point source discharge fromthe
Tecate Minicipa Wastevater Treatnent Hant just upstreamof our
sanpling point. This fact, couled wth our findng of raher continu-
ous loading of net ds a thissite (wWth no dsservad e first-flush ef fet)
suggest sthet Tecate Geek is a significat contributor to net d |ced-
inginthe Loner Tijuana Rver watershed and estuary. Inadition the
Ste n Tecate Qeek consistently shoned the highest level of tot &
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dissoved sdids (T anong a |l of the sites tested, wth a nean TDS
concentration of 1300 ng/ L as conpared to 782 ny/L, 752 ny/L, and
297 ny/L for open-space, residetia, ad indstriad sites, respec-
tidy. Ufortunately, najor anions and cations were not neasured in
this study.

To the best of our know edge, the present study represent sthefirg
tine that dat a have been published on the quality of stormmaters in
the Mxican portion of the Tijuana Rver watershed The EPASs
Nati onw de Wban Runof f Frogram(NURP) identified toxic net ds as
the nost prevdent priority pdlutats found in urban runof f in the
Lhited States (US HBHPA 1983). The toxic netals |ead, copper, ad
Zincvereidetifiedin 91%of the sanples. Qher inorganic palut at s
detected were arsenic, chromum cadmum and nickel (US BPA
1983). For the toxic heavy netals Fb, Zn, and Q), the 90th per -
centile concentrations of the NNRP det a for specific land-use cate-
gories are shown in Tdde 1

The nean levels of each netd fo each lad use in the Tijua-
naR ver watershed, obtained by averaging the early- and late-storm
vdues for dl o theranewets, ae asoshownin Tabe 1 Wile
stoomevent sanpling is not entirely equivalent to the evert nean
concentrations (BMD given by the NRPdet a, it does provide a use-
ful benchnark for conparison purposes. Vien nean val ues for our
early-stormand | ate-stormevent s (Tabl e 1) are conpared to the 90th
percentile NLRP values, there was a general agreenent (wthin a
factor of 2.5) anong all |and uses except open space

Conparing neta levels between land-use types, the industria
land-use site shoned the highest level for Zn only, wth a nean | evel

Table 2 Rercentage of Tda MtdsinStormater Runof f
Associated wth Hiterable Particu ate Mtter

el Tndrrlql Commerdd | Neidentdl | Cpes Spoete
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d 1150 ppb. Zn levds a the indstria site vere sigificatly higher
(p<0.05 than a any of the other sites tested. Hwever, fa C, @
and Fb, the residentia |and use shoned the highest level s, wth nean
levels of 73 ppb, 101 ppb, and 231 ppb, respectively. This is sone-
what surprising since there are a nuniber of eectronics firns a the
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industria site that night be expected to be significant sources of net -
als such as copper. Wen netd levds vere staisticdly conpared
anong the | and-use sites, only open space vas signficatly df feret
(p<00 fromd! oher laduwse sites, for dl netds tested For the
open-space sites, theleveds o Fhad Zninthe Tijuana Rver water -
shed were less than 5 %(< 10%for Qi) of the 90th percentile NRP
va ues. The reason for this signficat dscrepancy is unknown, but it
does suggest that the relative cotribution to the loading of net ds
fromthe nonurbani zed area of Tijuanais probably even | ess than one
mght surmse fromNRP ¢t a d oe

Inorder tolend addtiona perspective tothe data inan atenut to
assess the degree to which the lack of anindustria pretreatnent pro-
gramin Mxico influences the quality of stormmaters, we can comt
pare these dat a to that of Line et a. (1997), which neasured the
vae qeity o first-flush rundf f from20 industrid sites inthe Uited
States. These authors found nean levels of Fb, Zn, and Qi were 82
ppb, 593 ppb, and 116 ppb, respectively. QGxresponding levels of
these sane net dsinou early-stomrundf f sanples far the industriad
land-use site in Mxico were 199 ppb, 1412 ppb, and 129 ppb, and
adl vereinthe 8xh percertile (or above) of the US industria runof f
dat aset.

Tabl e 2 shows the percent of heavy net ds associated wth the fil -
terdde paticdae fraction o the stomae rudff fa indsrid,
urban, and open-space |and uses. It can be seen that the val ues for
the particu ate-associated fraction are rather highfor al the nat dsa
nost of the sites. Qly a the open-space site does the percent age of
particul ate-associated net als fall bel ow50%for Fb and Zn. For @,
the early-stormval ue for the coomercia land use is a so bel ow 50%
The high percent age of particu ate-associated net ds inplies that
nanagenent strategies that involve ercsion contrad in the upper
vatershed may al so function to reduce netd oot amnation of the
downst r eam est uary.

Hacchi (1998) neasured net a levels under base flow conditions
during dry weather from30 April 1997 through 25 June 1997 in the
Upper Tijuana Rver vatershed. The open-space and industrid sites
inestigated in Racch s study were identical to the wet-veather
sanpling sites of the present study. Racchi found concentrati ons of
Q, P, and Zn were 0.015 ny/L, 0.009 ny/L, and 0.082 ny/ L,
respectively, at the open-space sites during base flowconditions. In
contrast, our wet-weather val ues (Table 1) were narked y | over, pa -
ticdarly foo Qi (0.004 ng/L) and Zn (0.016 ng/L). This pattern was
attribued to rather cost at, lowlevd sources of these pdlut at sin
these subbasins, which were then diluted by runoff drxing ran
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event s Asimlar pattern was shomn by Qu at theindustria site, were
the concentration during dry weather flowwas 50%hi gher than dur -
ing aranevent. Hwever, a the sane site, both Fb and Zn leve s
vere significatly elevated for wet-weather as opposed to dry-
veather flovs (30-fdd for Fb and 7-fdd for Zn).

Figure 8: Storm Event, 7 8 December 1997

Figure 9: Storm Event, 24 27 March 1998
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Figure 10: Storm Event, 11 15 April 1998
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In order to estinate net a |oadings to the downstreamestuary, a
land-use runof f nodel was devel oped using a G S dat abase for the
Tijuana Rver watershed, coupled wth an enpirical runof f nodd .
Several assunptions were nade for this nodel i ng ef fat. Hrst, se
vater quality dat avere oy availabl e for four |and-use cl assifications
inthe Mxican portion of the watershed, the | and-use dat abase was
reclassified wth al landuse types (and areas) being assigned to
either openspace, residertia, comercid, o industria designa-
tions. Second, since annual precipitation vas not available for the
Mxi can portion of the watershed, we used the annual precipit aion
values for Lindbergh Feld in San Dego for our regional estinate.
Third, since nuch of the runof f inthe Tijuana Rver watershed is
i npounded by reservoirs, only four subbasins were considered as
contributing to the downstreamfl ow of the estuary. These subbasi ns
arethe Ro Tijuana (24,708 ha, enconpassi ng nuch of the urban city
d Tijuana), Lower ttonwood Geek (35, 147 ha), CGanpo G eek
(43,159 ha), and H Horido (28,343 ha). Wsing land-use specific
ruck f ooef fidets (Discdl e d. 1990), ve codd then cacuae the
vol une of runof f fromeach | and-use area of each of these four sub-
basi ns, which, wen nultiplied by our nean | and-use-specific net &
concentration, yielded an estinate of the neta loading fromthe
wat er shed on an annual basi s.

The resuts of this analysis for the two years from @tober 199
through My 1998 (nean annual precipitation of 30.1 cm vyiel ds nod-
eled val ues for annual net d load ng of 6,660 kg/yr for Fb, 3,140 kg yr

43



The US Mxican Border Environnent

for Qi and 22,740 kg/yr for Zn. Fom Septenber 1986 through
August 1988 (nean annual precipitation of 39.6 cm the Southern
QGlifornia Qest al Water Research Project neasured the net d |oed-
ing fromthe Tijuana R ver (SCONRP 1992). They found that annual
loads of Fb, Qi and Zn were 24,867 kg/yr, 10,468 kg/yr, and 28, 964
kgyr, respectivdy. Conparison of our nodel ed estinates wth their
neasured dat a shons that while both estinates of annual |oading for
narerdaivey sinlar (wthinabout 20%, inthe case of Fb and Qi
our nodel underpredicts SCCWRP s neasured |oading val ues by
nearly 70% For Fb, this discrepancy nay be rather easily expl ai ned
by the phase-out of |eaded gasdline that occurred inthe Uited States
inthe early 1980s and was subsequently initiated in Mxico in 1991
Appaetly, cocentrations of Fb in runof f have declined narkedy
since the late 1980s when SOOARP dd ther study. Indeed the
nean b levels for all of the urban land uses that we investigated
vere in the range of 0.98 0.231 ny/L, while SCOMP s flow
vei ghted nean |ead concentration was 0.988 ng/L fa the Tijuama
Rver .

In order to assess the nature of the tenporal variations in vater
qaity, sanpling was conducted at Dairy Mrt Road during three
stormevents: 7 8 Decenber 1997, 24 27 Mwrch 1998, and 11 15
Axil 1998 This process deternmined how the levels of tota netds
varied as a function of flow throughout the stormevents. Hgures
8 10 show the pattern of change throughout the three stormevent s
foo Fb, Zn, and QL For al the net ds tested, there is a pronounced
first-flush phenonenon (paralleing what we observed at nost of the
indvida laduse sites), wth metd lews typcdly incressing
narkedly (conpared to bese flowlevel) af ter the oset of the ran
event to sone peak | evel, and then decreasing thereaf ter to neer the
aigrd besdire led.

Snce the Tijuana Rver vatershed is a semarid environnent, it is
useful to conpare o resuts to those of sinilar coest al chapard
basins of Southern Gil ifaria A study on vater quality under wet-
veather conditions at three sites in Balloma Geek (wich drains into
Sant a Mni ca Bay) showed that the 90th percentil e val ues for Fo, Zn,
and Qi were 1,329 ppb, 2,055 ppb, and 247 ppb, respectively (Sten-
stromand Strecker 1993). Wth a nminor exception (Gi during storm
tw), these vaues for Balloma Geek vere higher than levels we
neasured for the Tijuana Rver. The fact that these vaues for an
urban environnent in coasta Los Angeles (ounty generally
exceeded those for our sites inthe Tijuana R ver watershed suggest s
that stormmater contamnation is ubiquitous in urban environnent s
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even where industrial pretreatnent and stormmater permatting regu-
laios aeinpace

CONCLUSI ONS

This study represents the first pidished data on the qaity o
stormater in the Mxican portion of the Tijuana Rver watershed.
Results showthat levels of @, Fo, and Zn a both industria and
urban land-use sites in the Tijuana watershed were generally com
parable to the 90th percentile NLRP values. Levels in the nain
Tijuana Rver vere not significantly el evated above those in urban
vet-weather flows in Ballona Geek in Los Angel es Gounty. The dat a
docurent the effect of the discharge fromthe Tecate Minicipa
Wastenster Treatnent Hant on netd leds in Tecate Geek, and
suggest that this najor tribut ary to the Tijuama Rver is a sigificat
source o pdluatsinthe watershed Nonpoint source pollution aris-
ing froma variety of land uses in the vatershed wil continue to con-
tamnate the Tijuana Estuary and near-shore coast al ocean during
vet weather and, therefore, hignlights the need for conprehensi ve
vast evat er and st ornmat er nanagenent in the urbani zed portions of
the wat er shed.
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