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Abstract

This report focuses on the hydrologic modeling of the Rio Conchos basin, a main
Mexican tributaryof theBinational Rio Grande basin. LocatedheMexican State of
Chihuahuathe Rio Conchos basin providalsout 55% othe water deliveries tthe US
underthe 1944 water sharintyeaty between Mexico anleUS. However, during

drought periods, for instanoe 1990s, water deficit under the 1944 treaty can occur. In
order to answer several pressing questions related to water availability under future
climatic conditions, &ydrologic simulatiormodel has been developed for the Rio
Conchos basin using tWéater Evaluation and Planning (WEAP) madel software.

This report provides a description of the hydrological modeling of the Rio Conchos basin
using the sil moisturemethodincorporated in WEAP. The Rio Conchos hydrologic
model reported here is an extemsof the model previously reported in Amagtioal

(2006). In this research, the calibration period for the model has been extended from a
oneyear period (1980) to a teyear period (1980.989) with appropriate adjustments to
the model parameters. &dldition, a teryear validation period (1990999) has also

been added.
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1. Introduction
Changes in temperature and precipitation patteraxassequence of the increase in
concentrations of greenhouse gases may affettyit@logc processs water resources
availability, and wateavailablefor agriculture, population, miningndustry, aquatic life
in rivers and lakes, and hydropower. Climate changes will accelerate the global
hydrological cycle, witranincrease in theurface temperature, changes in precipitation
patterns, and evapotranspiration safehe spatial change in amount, intensity and
frequency of precipitation will affect the magnitude and frequency of stream flows;
consequently, will increase the intertyiof floods and droughts, with substantial
impacts on the water resources at local and regional |&lelsal climate simulations
indicate that precipitation will decrease in lower and mid latitudes and increase in high
latitudes (IPCC, 2008Jor instaige, precipitation will decrease in part of North America
(Mexico), central America and South America, Caribbean regions, sub tropical western
coasts, and over the Mediterranelakewise, &aporation, soiimoisture contenand
groundwater recharge will ald affected Consequently, drought conditioase
projected in summer for sttbopical regions low and mid latitudesThesefacts arouse
the interest of many researchers to anatlgeseeffectsat thebasin(local) scale.
Additionally, at the local scale, evaluate and quantify these impadtschnical
procedureseed be performedhich includehydrological modeling, downscaling
climate datamnodelingwater resources, and evalingtclimate change scenarios to

predictfuture wateravailability inthe water systemanderstudy.

Several hydrologi@and climate changgtudies have been carried out in diffenagions

of the world such as in the Nile basin (Yates and Kenneth, 1888)he Sacramert
basinin California (Joye et al, 2006);however there are few studies about the effect of
climate changen transbounday water resourceisch as th&®io Conchos basiihis
paper focusson the hydrologic modelingf the Rio Conchos basirg mainMexican
tributaryof the Bnational Rio Grande/Bravoasin. locatedn theMexican State of
ChihuahugFigure 1) the Rio Conchos basin hasurface area d7,808 km?. It
providesabout 55%of the water deliveries tthhe USA underthewater sharingreaty



signed between Mexico dithe USA in 1944 This represents the higheshount of all

the Mexicantributariesconsidered on th&944treaty However, during drought periods,
for instance in 199 therecan ariseconflict and competition for the water resources in
this basin, asonsequence Mexiaman accumulatawater deficitunder the 1944 treaty

In addition, the hydrological behavior of the basin indicates recurrent periods of water
stress, problems with long drought periods, allocation and release, and water pollution.
Thus the following questionarise:What will happerto the availability ofvater

resources ithis basin ovethe next 5@o 100 years taking accouot climate change
impacsin the basinHow will this water availability affecthe wateragreements signed
between Mexico and USA? Howill organizations involved in water resources
management face this problem? What water policiesne@éld tdbe implemented in

order to face drought periods?

To figure out the answers to these questiorsnticessary to resort to models of planning
and hydrologic simulatiothatcan help us find answerstitese questiond o this end,

the Water Evaluation and Planning (WEAP) maugkoftwares used(SEI, 2006)

WEAP has a hydrological module which is gy continuous with areas configured as
a setof subcatchments that covanentire river basin under study, considering them to
be a complete network of rivers, reservoirs, channels, aquifers, demand points, etc.
Likewise, this module includesmethal to simulate catchment processash as
evapotranspiration, runofindinfiltration, as a dynamic integrated rainfalinoff model

including various components of hydrologic cycle.

Thisreportprovides a description of thaydrological modelingn the Rio Conchos basin

to assess climate change impacts usingtiieMoisture Methodncorporated iINWVEAP.

The Rio Conchos hydrologic model reported here is an extension of the model previously
reported in Amattet al (2006). In this research, the catibon period for the model has
been extended from a oiyear period (1980) to a tegrear period (198A989) with

appropriate adjustments to the model parameters. In additionyademalidation

period (19961999) has also been added.



Figure 1. Location of the Rio ConchosBasin

1.1 Objectives

To answer the questions formulated above, the present reseathb fakwingmain

objectives:

¢ Model the hydrological behavior of the Rio Conchos basin (rainfalhoff); to
this end, the soil moisture tt@d incorporated in WEAP modslused
(described in this report)

e Downscale the climate data from 5 General Circulation Models (GCMs). Data
from GCMs have coarse resolution; therefore, for increasidgwnscaling
methodswill be applied(in progres

e Simulate climé& change emission scenarios A2 @t on the water resources
system in studyin progres}

e Assess climate change impacts on water resources in basin and thesoeffect
1944 Treaty between the United States and Mefiicprogresy, and



e Simulate and evaluate water management scenarios that help to mitigate the

climate change effects in the next 100 ydarprogress

Climate and Land Use Data
This sections discuss the monthly climate data used for 20 sub catchments located
in the stuly basin Figure 2); likewise, characterization and soil groups considered

in the study are pointed..
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Figure 2. Location of Catchments in the Study Basin



21 Climate Data

2.1.1 Precipitation
Precipitation is one of the most important parameters in the hydrological simulation of a
basin.In theRio Conchos basiwe canindentify three maimareas (1) A small region
locatedabout2500 m above sea level composedimuntairswith massive plateaus
(Chihuahuan Sierjan whichthe precipitation is around 1,000 npar year on average;
(2) A transition region, with an annual precipitation of about 450pemyear, formed by
valleys surroundelly mountainousireasand(3) A desert zone at an altitudéabout
1200 m with an annual precipitation of around 300 panyearKim andValdes 2002).

For this study, dily precipitationfrom 1980 to 199920 year¥wasused tocalibrateand
validatea hydrologic model of the basin WEAP andto analyzets temporalbehavior
Thesedatawere provided by the Mexican Institute of Water Technoldy @ ) for
control stations irrach sub catchme@@omez, Mejia, and Gutierrez, 200&hd monthly
cumulativevalues werealculatedn order to carry out the hydralacal modelingThe
observed range of amthly maximum valuewas betwee200 to 310 mn{Figure 3).
Likewise, the annuaverage igbout425 mm/yearwith seasonal variation indicating
that thewet period is fran June to Septembéfigure4). On the other handainfall
showsspatial variation with altitudeyith higher values in thelanitossub basin740
mm/year on averag&cated in the upper basifihe lowest values are recorded in the
Luis Leon and Pegusub basins located in the lomleasin, with annual averagef
about325 mm.In the middle basin, annual precipitation varies from 350 to 400vmtm,

monthlyaverags rangingfrom 42.6 mm to 101.831min June and Augustespectively.
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Figure 3. Monthly Precipitation in the Rio Conctos basin for the period, 198a.999.

200 Peguis
=== Sacramento
180 e | 25 BUITAS
e |_UiS L. Leor
160 e FCO Madero
g \/illalba
140
e CONChOS
= —_—i
Jimenez
£ 120
c Chuviscar
c
2 100 Rejon
i1 === Chihuahua
o
o 80 Llanitos
a8
et Pico del Aguile
60 === San Antonio
w0 San Gabriel
40
s Puente FC
- s Parral
20 +4--
. Colina
- —_—
— Colina
0 - T T T T T T T T T
Boquilla
Ene Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Ojinaga

Month

Figure 4. Monthly mean precipitation in the Rio Conchos basin19992000

6



2.1.2 Tenmperature

Similar to precipitationtemperaturés anotheimportant parameten assessg the

climatic change impacts on water resource systems. Accordatigiaie model

predictions, using several scenamdgreenhouse gas emissipgkbalmean
temperatur@robablywill increase from 1.1 to 6.4C inthe next 100 yearfdPCC, 2001),
whichmeans an increase of extreme weather events as well as important changes in the
precipitationand atmospheric circulatigratternsFor thisstudycase surface

temperature was obtain&é@m the North American Regional Reanalysis (NARR
http://nomads.ncdc.noaa.gov/thredds/catalog/narr/199107/19910731/catalpiphthd
period1980-1999.First, tresedatawereprocessed usinGIS tools to estimatanonthly

average temperature for each sub catchinahtie Rio Conchos basin

Maximum temperaturesccurin the period from June to Augustd minimum from
November to FebruarfFigure5, monthly average of 20 year$-or the first period
(JuneAugust) the spatial variation indicates thagh valuesoccurin the lower basin
(desert region)with values around 3C for theOjinaga and PeguisLb basins and 21

°C for the Llanitos and Puenf&=CCsub basins For the second periqiNovemberto
Felruary), the temperature varies froni 7.1 °C and 12- 16°C for the lower and upper
basin respectivelyOn the other hand, temperature and precipitation show a negative
correlation during the period of analysighich means that the temperatueadsto rise
andrainfall to decreasendicatingvery interesting climate change impaictshe basin
during the last 20 year&igure6) and whosannualanalysis indicates that the
temperature is increased by one degree Celsius and the precipitation was reduced by 5%

in average.
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Figure 6. Annual variations of temperature andprecipitation in the Rio Conchos

basin.

2.1.3 Relative Humidity

Relative humidity dta for 1980 to 1999 wabtainedirom NARR

(http://nomads.ncdc.noaa.gov/thredds/catalog/narr/catalog. @i tools were used to
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compute monthly averagéor each sub catchmer@patialvariation indicées that lowest
values of relative humiditgccurin Fco Leon, Pegui, and Ojinaga catchments located in
the lower basin, and the highest valoesurin the upper basiihe averagedr the

whole basin is around 42andthetemporalvariation indicateshat maximum values
occurfrom July to SeptembeOn the other hand, the minimum values of relative

humidity are observed from March to June.

2.1.4 Wind Velocity

In theRio Conchos basin, the dominant winds come from Southwest to Northeast. Two
components of velocity were obtained frame NARR

(http://nomads.ncdc.noaa.gov/thredds/catalog/narr/cakeinl) for different sub

catchments of the basi¥elocity vectorsfor EastWest (U) and NorttSouth (V) were
processed in to get the wind velocitye wind speed durintipe year indicates a seasonal
variation with high values from November to Aprilith anaverage of 12 km/h for the
whole basinin general, in the upper basin (La Boquilla, Llanitos, Parral sub basins) the
wind speed is greater thanthe lower basin (Luis Leon, Peguis, Ojinaga sub basins),
with 18 km/h and 6 km/hrespectively for theamne period of time. On the other hand, the
minimum wind speed is observed from May to Octdbet kmh averaggaperiod in

which themaximumtemperatur@ccurs

2.2 Land Use Data

The twenty sukbasins were subivided again by soil groups and land gsg¢egories
(Amatoet al, 2006) The land use and soil coveradga fromIMTA (Gomezet al,
2005 were applied for the Soil Moisture Method in tWEAP model Table 1 shows the
soil groups coridered in WEAP model. Also, iniffure 7 can be seen the sph

distribution of the land use in the study area.


http://nomads.ncdc.noaa.gov/thredds/catalog/narr/catalog.html

Table 1. Land UseGroups Used in theHydrologic Model

Land Use Code Land Use Category

10 Forest

20 Forrest Grasses

30 Water Bodies

40 Irrigated Areas

50 Naturally Irrigated Areas

60 SmallPasture Grasses

70 High Grasses and Small Brus
75 Other Vegetation

80 Grazing Pastures

85 Urban Areas

90 Wetland Vegetation

95 Without Apparent Vegetation

10
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Figure 7. Soil Coverage inthe Conchos Basin

3. Methodology

In this part, the methods and procedures are described in order to achieve the objectives
of this investigation. First, to assess climate change impacts on water resources, a
hydrological modeling of the study basin musideselopedFor thispurpose climate

data and historical flows in control statiomsereused. Thisection discusseéle model
calibration for naturalized flows as well as historical flows in which the hydraulic

infrastructure is considered in thasin.

3.1 Model Calibration

The calibration process is carried out using historical observed data inputs such as
precipitation,temperaturerelative humidity, anavind velocity and stream flow outputs.
Naturalzedflows for a period of 10 years (198@989)from the Texas Commissn on
Environmental QualityBrandes, 2003)ereused to calibrate theio Conchos

11



hydrologic model The model was then run fovalidatedperiodof the ten year§1990
1999 to test the calibratioThe calibration involved both quantitative and quéira
evaluation of the hydrologic response of each tributary in each sub 8aisiparameters
were adjusteth order to reproduce the naturald monthly and annual stream flewl'he
soil moisture method iIWEAP softwarewas use@nd thismethodology andequired

parameters are described below.

3.11 Soil Moisture Method

For hydrological modeling purposes in WEAP, the soil moisture method aasede
which is basedn empirical functions that describe the behavior of evapotranspiration
surface runoff, interflowpaseflow, and deep percolation for a watershed or group of
interconnectetbasing(SEI, 2007) The model considethie movement of water through
thetwo soil layergFigure8). The fird layer represents the water retained riear
surface which is availabldo plant roots the secondhyeris deegrand water from this
layercan betransmitted as base flow or groundwathargeThe parameters of this
model include the water holdiragpacity otthelayers as well as the waterovement
between thentor a basin subdivided into a number of sub basins with different
fractional land use or soil type aredse tnathematical expression used in this model is
following (Yates et al.2006)

12
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relativesoil waterstorageafractionof the total effectivevater
storagan the root zondayerin areg [dimensionless]

soil water holding capacity area] [mm];

effective precipitatiofgmm|;

reference potential evapotranspiratjorm/day}

crop coefficient folareaj;

Runoff Resistance Factor areg thatdepend®f the land cover.
Higher values of this factor resutt higher evaporatiorand less
runoff fromthe basin

is the surface runoff

interflow from the firstsoil layerfor area j
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j partitioning coefficientelated to the land cover typsoil, and
topographyfor aregj, that dividesflow into horizontal f; and
vertical (1- f;) flows; and

Ks,j saturatechydraulic conductivity otheroot zondayerof areg

[mm/timg.

The change of storage in the second layer is computed by the following expression:
d N ~~
S 2 {Z (- f gs'jzfj}kszzi (@)

whereSyaxis the deep percolation from the upper layer storagdaislthe saturated

hydraulic conductivity of the lower storage (mm/time)

3.1.2 Root zone water capacity

An initial value of900 mmfor root zondayerwater capacityvas usedor irrigated
area, small pastures grasses, and cultivated grassland, anarizb@6r forestareas
However, these valueid notgive goodmodelperformanceAdjustmentof this
parameter wermadetakinginto account the dah of soils in the basin which ran@@m
20cmto 50cm, on averagé€Pro Fauna, 2003 able2 shows the calibrated values for
each sub basin, with 300 mm for La Boqu(llgpper basinand400- 600 mm for Luis
Leon, Peguis and Ojinadgwer basin). This pattelis due basically tthetype and
formation of soilsn each zone; for instance, lia Boquillathe soil type if2odzols
whoseformation issitu andcoluvial, except inhe Zaragosa valley close to La Boquilla
reservoir where the soigeof alluvial origin andarea little deeger. On the other hand,
in Luis Leon, Peguis, and Ojinaga sulsiba,the soils are of alluviadrigin and deeer,

more of 50 cm on average

14



3.1.3 Root zonéhydraulicconductivityk;

The 0ot zonehydraulicconductivity, ks, is a very importanparametem the calibration
processwhich controls the flovof water fom the upper layeo the lower soil layeas

well as thenterflow. The inteflow depends of the preferred flow direction; the Rio
Conchos basin this values frahD5 to 0.20 wereased for some sub catchmeintshe
upper and middléasin such as LBoquilla, Villaba, and Las Burras. On the other hand,
for Luis Leon,Peguisand Ojinagalocatedin the lower basinthe flow direction was

assumed to be equal to zgralicatingvertical flowin those areas

To estimatek, , first, the average interflow contribution was estimdtecd the

differencebetween the 30% and 90% exdamceflows for each statiomsing the

following expression:

kl = 2 (3)

where |, is the interflow for instane, in the la Boquilla sub basin, the 3®and 906

exceedance flosvare89 million n* and6 million m®, respectively. The difference
between them iassumed to bine interflow; which isabout83 million nv. Forthesub
basin area of 20761.89 Kifincluding Llanitos sub basin), assumirg= 30% and flow
directionf = 0.3 k; = 148 mm/month. However, improvetheresultsk; was adjusted to
120 mm/month, and t@mporal variatiorof flow direction was assumed with 0.&5the
averageralue A similar procedure wassed forthe other sub basins whose calibrated
resultsare shownn Table2.

In each catchmenthéflow from the upper layer to the lower lay@ercolation)s

estimated with a simple expression of its relative storage

15



N
Vp(t) = 'ZlAi ky* (1- pref_ flowdir) * zf (4)
=

Usingthe values found for the Villalba sub basin ($ablel) in the expression above,
theaverage volume of percolatii®1906 million m*¥month If this parameter is

reduced, the stream flow is increasediflow to the lowerlayer is also reduced.

3.1.4 |Initial root zone water capacity

Thelnitial root zone water capacity, valueat the beginning ahe simulationwas
estimatedor each sub basiValuesranged from 5 to 3 in some sub basinsower
calibrated valuewere found for the sub catchments Luis L. Leon, Peguis, and Ojinaga in
the lower basinvhere less relative storage of wagerstsin thetop layer(desert area)
Surface runoff is directly correlated with the initial storaggif z; is increased, the

runoff is also increased he values for this parameter are showhable?2.
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Table 2. Upper Layer Soil Parameters for the Rio Conchos Basin

Drainage Layer 1 (upper)
Sub Basin Area Root Zone Root Zone Initial
km? Capacity Conductivity z
mm mm/month %
Peguis 7999.2972 400 120 5
Sacramento 1042.6059 280 60 10
Las Burras 11309.4666 350 180 20
Luis L. Leon 5085.5131 400 60 5
FCO. | Madero 1211.3488 280 60 20
Villalba 9556.8624 250 100 30
Conchos 1114.3944 250 45 25
Jimenez 4422.9591 350 60 20
Chuviscar 106.0884 280 70 10
El Rejon 146.8494 280 70 10
Chihuahua 399.9897 280 70 10
Llanitos 1829.9295 400 100 30
Pico de Aguila 647.6067 350 60 20
San Antonio 821.1609 350 60 20
San Gabriel 305.8525 350 60 20
Puente FFCC 1270.6609 250 60 20
Parral 363.7890 275 60 20
Colina 259.0569 280 60 25
La Boquilla 18931.9788 300 120 30
Ojinaga 983.4705 600 80 5

3.1.5 Lowerzonewater capacity

Calibrated aluesof lowerzonewater capacityre shown infable3. It is likely thatthe
high values found in some sub basshow the existence of deep aquifers. Initially,
values betweeB000 mm to 30@ mm wereassumed; however, thigsultedn high
values ofaccumulated base flow in the rivers. Therefore, theydidepresent the
hydrogeology response of the badihis behavior was observém thesecond yeaof
simulation,with extraordinarily large base flow volumestire last year; in some cases
abovethe normal flowFor this reasorpwer zone capacityaues highethan 12000

mm were evaluated.

17



3.1.6 Lowerzonedeep conductivitk,

The deep conductivity controls the transmission of base flow in each subTdasin.
parametertogether witHowerzonedeep water capacitis essential to obtaing an
acceptable accuracy base flowin the river It can be estimated with the following

expression:

N
B (1) = X A (ko2d) (5)
i=1

where A is the area of the land use cover fractiokz is the conductivity of the lower
layer atfull saturation &, =1.00) in mm/month, and, is the relative storage given as a
percentage of the effective storage of the lower soil layer. From the expression above,

initial hydraulic conductivity was estimated

B: /A
k2=( f2A1) ©)
)

The base flow B; ) can be estimated with different methods depending of hydrologic

behavior of basin in studyConsidering the lim&dinformation, it is possible to make
rough calculationsf base flow using the straight limeethod(Chowet al, 1988); as
well as assuming that most base flow in the basin is produtieith the range of 9%
exceedanc#ow. Forinstancefor the Villalba sub basiwith adrainage areaf 9,557
km?, theassumedbase flow wag.3million m*month(90% exeedancealus), andan
assunedaverage initiastorage value ofz, = 20% for all fractiongj, the hydraulic
conductivityis k; = 6 mm/month This value was adjusted 5omm/monthto improve the

calibration Thecalibratedk, for eachsub basiris shownin Table3.

3.1.7Initial lower layer storagez
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Different values of initial storage the lower soil layer were assumed in the hydrologic
simulation. At the beginning of the simulation, percentages around@®o wereused.

In many cases, thresultingbase flonwas more than 38 of the stream flow. For
example, in the Villalbaub basin, the base flow was more than 70%; for this retds®n,
initial storage in the dedpyer was reduced in most casesio more than 50%. The
calibrated values, for each sub basican be seen ifiable3 and theyrangefrom 5% to
20%. The lower values were found thePeguis and Ojinagsub basingocated in the

lower basin.

Table 3. Calibrated Lower Layer Soil Parametersfor Rio Conchos basinHydrologic

Model
Drainage Bucket 2
Sub Basin Area Deep Water Deep Water Initial
km? Capacity Conductivity 2
mm mm/month %
Peguis 7999.30 150000 25 5
Sacramento 1042.61 64000 6 20
Las Burras 11309.47 185000 45 20
Luis L. Leon 5085.51] 120000 6 20
FCO. | Madero 1211.35 20000 45 20
Villalba 9556.86 200000 5 20
Conchos 1114.39 18000 45 20
Jimenez 4422.96 150000 5 10
Chuviscar 106.09 36000 10 20
El Rejon 146.85 36000 10 20
Chihuahua 399.99 60000 12 15
Llanitos 1829.93 250000 7 20
Pico de Aguila 647.61 13500 3 10
San Antonio 821.16 12000 3 10
San Gabriel 305.85 12000 3 10
Puente FFCC 1270.66 15000 3 10
Parral 363.79 40000 45 20
Colina 259.06 24000 45 20
La Boquilla 18931.98 300000 10 15
Ojinaga 983.47 150000 25 5
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3.2 Stream flows

Naturalized and historical stream flows frdimenez, La Boquilla, Villalba, Las Burras,
el Granero, and Ojinagantrol stationgTable 4)are used to calibrate and validate the
model.Figure 9 shows thephysicallocationof the stations mentioned aboas well as

the main rivers in the Conchos river basin.

Table 4.Rio Conchos Gage Stationand Drainage Area

Drainage
Name CRWR_ID X_COORD Y_COORD | Area (Km2)
Rio San Pedro at Villalba | FM4000PCP400 -105.77663 27.98457  9556.219
Rio Florido at Cd. Jimenez | FM5000PCP410 -104.9178¢ 27.14191 7468.240
Rio Conchos at Las Burras | FM3000PCP390 -105.4210¢ 28.53880 52045.066
Rio Conchos at El Granero| FM2000PCP380 -105.2708¢ 29.00908 58679.263
Rio Conchos at Presa La
Boquilla FM6000PCP420 -105.41261 27.54562  20761.908
Rio Conchos at Ojinaga FM1000PCP370 -104.4404¢ 29.57854  67808.88(
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Figure 9. Location of control Stations(red circles) in the Rio Conchos basin.
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