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FOREWORD

The Iner-American Development Bank3B) provides financial and technical support for infrastructure
projects in water and sanitation, irrigation, flood control, transpoid energyMany of these projects
depend on water resources andy be affected negatively by climate change and other developments that
alter water availability, such as populatiorogth and shifts in land use associated with urbanization,
industrial growth and agricultureAssessing the potential for future changes in water ahisity is an
important step towardnsuring that infrastructure projects meet their operational, filaaod economic
goals. It is also important to examine the implications of such projects for the future allocation of
available water among competinigers and uses to mitigate potential congiiotito ensurethat such
projects are consistent with loigrm regional development plans and preservation of essential ecosystem
services.

As part of its commitment to help member counteadapt to climate change, tHeB is sponsoring work

to develop and apply an integrated suite of watershed modelingktunis) as HydreBID. The Hydro-

BID modeling system includebydrology and climate analysis modules dstimate the availability
(volumes and fluxes) of frestater at the regional, basiand sukbasin scaleslt will also include
economic analysis and decision support toolsstimate the costs and benefits of adaptive measures and
help decision makers make informed choices among alternative designs for infrastructure projects and
alternative policies for wategesources management.

Phase | of this effort pduceda working version of Hydr®ID. As of this writing,Hydro-BID includes
the followingcomponents

A an Analytical Hydrography Dataset (AHE)r the Latin America and Caribbean region,
representingnorethan229,000 catchmenend their corresponding river and stream segments;

A ageographic informa&n systemsbased navigation tool to browse AHD catchments and streams
with the capability of navigating upstream and downstream;

A a user interface for specifig the area and time period to be modeled and the location at which
water availability will be modeled;

A a climate data interface teneratend applyrainfall and temperature inputs for the area and
period of interest;

é a rainfallrunoff model based otihe Generalizé Watershed Loading Factorodel; and

a routing scheme for quantifying time of travel and accumulating flow estimates across
downstream catchments.

Hydro-BID generates output in the form déily time series of flow estimates for thelected location
and periodThe output can be summarized as a monthly time series at tiediseretion

The details of HydrdBID can be foundn three Technical Note&ourcecontact:Dr. Femando Miralles
at InterAmerican Development Bank

This dowment describes the application of HydBlD in generating flow time series of tf&o Piura in
northern Peru for the period 2012060 under two climate projections.
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1 Overview

The RioPiurabasin in rorthern Peru has a drainage area,00@ knf and is identified as highly
vulnerable to climate chang€&he Rio Piurabasin is one of three watershedibeaddressed as

pilot basins for analysis and planning under the Water Resources Management Modernization
Project funded by the Inté&kmerican Development Bank (IDBRAs part of the project, Pesl
National Water Authority (ANA) has prepared a Water Eaabn and Planning (WEAP) model

for the Rio Piurabasin(Figure 1) as a means of examining the current and future allocation of
available water among competing users and usE# would like to enhance th&io Piura

basin WEAP model by explicitly accounting for potential changes in the future availability of
water that may result from changes in temperature and rainfall under various climate change
scenarios.

Figure 1. The Chira-Piura basin pilot WEAP model setup

IDB has agreed to sponsor development of a H®I® model of theRio Piurabasin as
technical support to ANA and to complement and enhance its work under the Water Resources
Management Modernization Projeddydro-BID is a modeling platform developed by RTI
International under contract to the IBB Infrastructure and Environment sector office,
specifically for the purpose of evaluating the potential impacts of climate change on water
resourcesFigure 2 presents a schematic representation of the integrated HBlrsystem for
guantitative simulation of hydrology and climate change. The system is built on an Analytical
Hydrographic Dataset (AHD) for the Latin America and Caribl{&&cC) region.

Hydro-BID usesthe data structure anithe catchment and stream network topologiesthod

AHD. It incorporates data on land uses, solil types, rainfall and tempenatiirethe study area,
andobserved stream flows for use in calibration. HyBiD includes a prgrocessor interface

to disaggregate monthly climate data into a daily time series of temperature and rainfall, which is
the required form of climate data input. The systgmpliesa standardGeneralized Watershed
Loading Function (GWLF) model, coupled with aovellagrouting methodology developed by

RTI. Model ouput is generated as time serief projected water flows, at either a daily or
monthly scaleThe time series outputs of the model will be used in the other specific water
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resource application té® In this case, the time series are used assnpuhe existing WEAP
model for the Chir&iuraBasin
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Figure 2. Hydro-BID flow chart.

2 Objectives of the Study

RTI will use the HydreBID system to prepare a hydrologic moaélthe Rio Piura lasin and
project stream flows in the basin for the period R@D60, under a limited set of climate change
scenariosRTI will deliver the projected stream flow data to ANA in a format that can be directly
incorporated as input data for iRio Piura lasin WEAP model. ANA will use the data on
projected stream flows as ingub its WEAP model and will assess the poteniiapact of
climate change on the allocation of available water resources among users and usésoin the
Piura basin. This work will serve as a case study to demonstrate the use of -Biidr¢o
enhance planning for integrated water resource managemergpddiéc tasks are as follows:

1. Request and obtain data from ANRequest (i) historical precipitation, temperatuzad
flow data for theRio Piura lasin; and (ii) projected precipitation and temperature for the
20111 2060 period, derived from climate clggnmodels relevant to the region.

2. Prepare, parameterizend calibrate a Hydr8ID model for theRio Piura lasin (i) usethe
Hydro-BID AHD to define catchment boundarj€s) useinternational data sources for land
use and soil cover(iii) generate catomentlevel climate data by applying interpolation
methods to historical observatigonand (iv) calibrate the Rio Piura Basin model using
observed flow data for two or three stations in the basin.
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3. Incorporate climate projections into tfi&o Piura fasin malel (i) reachagreement with
ANA on the climate scenarios to be analyzadd (i) processand reformat downscaled
climate projection data provided by ANA, or derive projections from Climate Wizard.

4. Simulate water flow time series under selected climeg@arios (i) generatanonthly flow
time seriesand(ii) formatfiles for input to theRio Piura lasin WEAP model and deliver to
ANA.

5. Preparesummary rport. Prepare a brief report documenting the work performed and the
results delivered to ANA.

3 Model Set-up and Calibration

3.1 Delineation of the Rio Piura Basin

TheRio Piurabasin is delineatkusing the AHD navigation tool as shownHigure 3. Further,
the basin is delineated based on the three WEAP model input locatfmstatSanchez, Tdim
Grande andPunte Nacara as shownhigure 4. The total numbers of catchments delineated in
the basin are 84, 64nd 47 for thdocations aboveéPunte Sanchez, Tomo Grarmhd Pute
Nacara, respectivelfrhe characteristgof each of the subwatersheds are givenahle 1

.....

Figure 3. The Rio Piura basin.
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Figure 4. Three subwatershed delineationwithin the Rio Pirua basin.

Table1l. Characteristics of the three subwatersheslin Rio Piura basin

Rio Piura Basin Punte Sanchez Tombo Grande Punte Nacara
COMID 305596100 305464800 305553500
Catchmenarea(km?2) 7,538 6,181 4,478
Number of catchments 84 64 47
Averagesize(km?2) 89.7 96.6 95.3
Average stream length (km) 10.4 11.2 10.7

3.2 Model Parameterization

Hydro-BID is basedon thewell-known GWLF (Haith, 1985; Haith et al., 199p6andenhanced by

the RTIlagrouting methodology GWLF has been tested and usedwmatersheds around the

world (Schneiderman et al., 2008ha et al 2013. The rainfall runoff model component of
GWLF is appliedon small catchment unitby taking into account the land usasd soll
conditionswithin the catchmentThe response of each land use in a given catchment is treated
separatelyto generat an estimate ofunoff volume The flow generated from each catchment
including shallow groundwater contributions base flowis routed through stream networks
defined bythe AHD. The distributed model architecture provides a high level of scalability.
Impacts of clinate change on water resources can be simulated at scales as small as an individual
Modeling the Impact of Climate Change on Flows Page #
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AHD catchment or across all of the catchments within an entire watershed. This architecture also
makes the system very portableross the LAC region

Figure 5 is aconceptial representation of a catchment with unsaturated and saturated soil layers
as used in GWLFThe model computesinoff andbase flowsby catchmentrunoff is generated

in the form of excess infiltration arnxhseflow is a gradual release from the satuddteyer.After
accounting for runoff from precipitation events any water in excess of a calcalapdration
volumeis infiltrated tothe unsaturated laye©ver time the infiltrated watepercolates fronthe
unsaturated layedtownwardto replenishthe saturated storag@/ater withinthe saturated layer
enters the stream channel as base flow where it combines with runoff from the catchment and
any inflows from the upstream catchments to provide the stream flow volume for the day. Note
that the satutad layer, or water available as base flow, candldy@eted by seepage aadeer
groundwaer aquifer.

Precipitation
Unsaturated
Zone

Infiltration

%

Sha

Percolation
Groundwater
Shallow Saturated Zone Flow

Figure 5. Schematic epresentation of the GWLF modelmodified from Haith et al., 1996}

Parameters of GWLF

Most of GWLF& required parameterare assembled in a database for eachhefAHD
catchmerg, including catchmentareaand stream lengthThe mainparametersof GWLF are
described inrable 2.

! Request for use submitted to author.
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Table2. Major GWLF parameters that are related to flow generation

Parameters Description Estimation Method

Available soil water apacity(U*) Triggers the start of percolatic Can be estimated from so
characteristics

Curvenumber (CN) Controls the initial amount Choserusingland useand
of abstractionused to soil type classification
computedetention

Evaporatiorcurve coefficient(CV)  Represerdseasonal Estimatedmonthly

vanation of evaporation
resulting fromvegetation

growth
Groundwater recessiaoefficient(r) Controls the rate ofrgund For gaugedcatchment, can
water flow from the be estimated using
saturated storage hydrograph separation
techniques
Seepage parameter (s) Controls the rate of seepag Depending on the
to the deemgroundwater geological formation
aquifer seepage values can be
highly variable

Curve Number

Table 3 is the curve number loeltp table. vo ses of data are required to establish a curve
number lookup table land use data and soil daf@ determine the curve number for a

catchment from the tik-up table, the land use and dominant hydrologic soil group are identified,
as shown irFigure 5.
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Table 3.  Curve number look-up table (adapted from US. Department of Agriculture [USDA], 1989

Soil Hydrologic Group

Land Use Type A B C D

Urban and BuikUp Land 82 88 92 93
Dryland Cropland and Pasture 64 75 82 85
Irrigated Cropland and Pasture 64 75 82 85
Mixed Dryland/Irrigated Cropland and 40 64 75 81
Pasture

Cropland/Grassland Mosaic 40 64 75 81
Cropland/Woodland Mosaic 40 64 75 81
Grassland 49 70 80 87
Shrubland 45 57 68 74
Mixed Shrubland/Grassland 45 57 68 74
Savanna 49 70 80 87
Deciduous Broadleaf Forest 36 60 73 79
Deciduous Needleleaf Forest 36 60 73 79
Evergreen Broadleaf Forest 36 60 73 79
EvergreerNeedleleaf Forest 36 60 73 79
Mixed Forest 36 60 73 79
Water Bodies 100 100 100 100
Herbaceous Wetland 49 70 80 87
Wooded Wetland 49 70 80 87
Barren or Sparsely Vegetated 77 86 91 94
Herbaceous Tundra 45 57 68 74
Wooded Tundra 45 57 68 74
Mixed Tundra 45 57 68 74
Bare Ground Tundra 77 86 91 94
Snow or Ice 100 100 100 100

Land Cover Data

Thelandcover datalivide the landsurface into different land cover types, including croplands,
wetlandsand forestsartificial surfaceswater bodis; and permanent snow and igégure 6).
Thegridded coveragis indexed to the AHD catchments to provide the area of each @fithe
land cover typewvithin each catchmenthe land cover grid cells within each catchmesmat
indexed to the soil types theyerlay The land cover data uséar this studywereobtained

from UnitedStates GeologicalSurveygloballand characterization
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http://edc2.usgs.qgov/glcc/glcc versionl.php#SAaibrica The land use classificatios
described imttp://landcover.usgs.gov/pdf/anderson.pdf

Figure 6. Land cover indexed to catchments

SoilsData

The Harmonizedorld Soil Database (HWSD)
(http://www.iiasa.ac.at/Research/LUC/Exterdbrid-soil-database/HTM). can be used to
parameterize curve numisdor the LAC region The HWSD hasthe necessargoil parameters
for the GWLF model for each land use within each AHD catchmentHWE&D combines vast
volumes of regional and national updates of soil information withltB@®00,006scale FAG
UNESCO Digital Soil Map of the World. Ashown inFigure 7, thesoil data layeis overlain on
the AHD catchments to determitige dominant soiltype in the catchmentThen, thedominant
soil type isclassifiedwith a hydrological soil group based on tbeS. Department of Agriculture
classification. The hydrologic soil group determines the drainage property of the Twal
hydrologic soil group has four types: A, B, &d D (Figure 8.). Type A corresponds to sail
with high infiltration, and Type D corresponds to soils with poor dege and thus low
infiltration rates. Types B and C are intermediate classes.

The required soiparameters for the corresponding soil type iadexed to the catchment and
land use.

We computed the GWLF parameters for the basin based on the above mehokdite 4
showsanexample of data populated for a single COMID inRie Piurabasin. As shown in the
table the AHD catchment is characterizedilog land use typg mainly dominated bgrassland

A total of 12.76 percent of this catchment is covered with Piura city and appropriately assigned
higher valuecurvenumber.The variability of landuse and corresponding impact in the rainfall
runoff generation is maintained by applying these parameters assovidtdoe landuse
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http://www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML

Further model calibration dheseparameteswill be performedas needed by adjusting the

parameteratthe basin level but keeping the variability.
X\ﬁt\& Legend
. Chile Soil Texture

Country Boundary

e

Figure 7. Overlay of soil data over AHD catchments

COMID Land Use %Area |Soil Type D USDA TEX CLASS

315678 |Mixed Forest] 90 Clay %| Soil Type CODE | VALUE
315678

Urban 10 Sand 1 clay(heavy)
2 silty clay
Soil Classification 3 clay (light)

4 silty clay

5 clay loam
6 silt

7 silt loam
Hydrologic Soil Group (HSG)
A: Low runoff potential
B: Moderate infiltration
C: Low infiltration
D: Highest runoff potential

8 sandy clay
9 loam
10 sandy clay
11 sand

12 loamy sand

J/ 13 Sandy loam
COoMID Land Use HSG CN
315678 |Mixed Forest D 79
315678 Urban A 82

Figure 8. Schematic representation of curve number estimation. The example given here is for a
hypothetical single AHD Catchment(COMID=315678), which has two types of land usesiixed
forest and urban); each land use has single dominanbs type.
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Table4. Example of model parametersfor COMID 305596100 located at Piura Gty

Area
COMID NLCDID Land Cover Type (km2) Percent HydGrp Curve Number

305596100 1 Urban and Built Up 13.16 12.76 B 88

6 Cropland/Woodand 29.99 29.08 B 64

Mosaic

7 Grassland 48.20 46.74 A 49

11 Deciduous Forest 6.78 6.57 B 60

21 Wood Tundra 5.00 4.85 B 57
Total Area 103.13

3.3 Hydrometeorological Data

Precipitation and Temperature Data

Daily precipitation totad and mean daily temperatures are the main input of the FBiido
model.We collected daily precipitation and mean temperature data ofrstatiside and around
the Rio Piura asin fromthe National Meearology Institute.There isa relativelyhigh densityof
stations in theRio Piura basinwhich has good representation of spatial variation of climate.
Although some of the records start fraime early 1900s, we decided to consider only the period
1980 1990 for the calibration period because of the avditalmf continuous datéor most of

the stations. The locatieof the statiors areprovided inFigure 9.

Tas Lomes

Repsan Lorenzo
Chiaco '
]

© Tejedores
San Isidro

Esperanza
o

Pacaipampa
o

Palo Banco  Talaneo
o L]

L Palatashco)

11079008 Teodulo Pe@a)

Barrios,

Figure 9. Location of precipitation gages within and aroundRio Piura basin
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Interpolating the Climate Data Into Catchments

The station precipitation and temperature data are interpolated to AHD catchments Riothe
Piura lasin.We used the Climate Interpolatifigol (CIT) developed by RTI to create catchment
indexed precipitation and temperat(Fegure 10).

B dimate Data Interpolating Tool 101 x|
. . i
Climate Data Interpolating Tool A
C3V with COMIDs: C:lcsv_dmtesﬂcatchment_centroids.csx{ Browse...
C3V with Stations: Cicsv_dbvtestistation_coords.csv Browse...
Folder with precipitation C3Vs: Chcsv_dbitestiprecip Browse...
Folder with temperature C3Vs: Chcsv_dbitesttemp Browse...
S(0Lite database path: CAProjects\LAC-LatinAmericatlwrm_verliperu.sglite Browse. .
Mew database table name: interpolated_climate
Mumber of stations to use for averaging: 2 B
Log file: piura_hasin_csv_to_db.log Browse. .
Go! 0%
v
-l 7 s

Figure 10. The climate data interpolation tool
The interpolation procedure is described below

Pre-processing

The original datdrom ANA aresaved in multiple annual tables in a sinleerosoft Excelfile.
We transformed this file into timgeiesdata of two columns (date and value) and formatted
acsvfile. These files are then ready to bedibg CIT.

Station List

We generated a file that contains the listpoécipitation and temperaturstations and the
location in the form ofatitude and longitde (Tables 5 and6). The location description is used
in computing the distance between the station and the center of each of the catchments.
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Table 5.  List of precipitation stations

Number |Station |Latitude |Longitude Number Station Latitude |Longitude
1|Altamiza| -5.833 -81.017 24Huancabamba -5.25Q0  -79.717%
2|Chilaco -4.694 -80.504 25(HaurHaur -5.083 -79.461
3[Chulucar]  -5.103 -80.166 26|Jacocha -5.1971  -79.542
4|Huarmaca -5.569 -79.523 27|LagunaRamon -5.550 -80.6671
5|Miraflore -5.167 -80.614 28|LasLomas -4.650 -80.25(
6|Pacaipan  -5.000 -79.66 29(Malingas -4.950 -80.25(
7|SanMigu -5.240 -80.70( 30|Mallares -4.850  -80.733
8|Tejedore|  -4.752 -80.242 31}Paita -5.083 -81.10(
9|Virrey -5.533 -79.984 32|PaloBlanco -5.050 -79.644

10|Arrendan  -4.833 -79.90( 33|Partidor -4.733  -80.297
11/Bayovar -5.833 -81.017 34{Pasapampa -5.114  -79.60(
12|Bernal -5.839 -80.75( 35/Pirga -5.654 -79.60(
13/Bigote -5.333 -79.783 36/RamosdeCong -5.681] -79.554
14iChanhaq| -5.367 -79.60( 37|RepSanLorenzo -4.679 -80.22]
15/Chigina -5.600 -79.70( 38|Salala -5.094 -79.476
16/Chalaco -5.033 -79.861 39|Sanlsidro -4.783 -80.2671
17|Chusis -5.517 -80.817 40/SanJoaquin -5.133 -80.35(
18|Corraldel]  -5.183 -79.883 41{SantoDomingdg -5.033 -79.861
19/Cruceta -4.833 -80.261 42|Sapillica -4.774  -79.99(
20|Curban -4.95( -80.30( 43SausaldeCulu -4.750  -79.7671
21|Esperanz -4.91§ -81.061 441Somate -4.750  -80.683
22|Frias -4.933 -79.95( 45/Tablazo -4.8671  -80.55(
23|Hualtaco -4.85( -80.317 46(Talaneo -5.050  -79.55(

Table 6.  List of temperature stations

Number | Station Latitude | Longitude| Number| Station Latitude | Longitude
1| Arenales -4.955| -79.851 6 | Chulucanas -5.103| -80.166
2 | Chukucanas -5.103| -80.166 7 | Huarmaca -5.569| -79.523
3 | Montegrande -5.167| -80.731 8 | Miraflores -5.167| -80.614
4 | Morropon -5.180| -79.978 9 | SanMiguel -5.240| -80.700
5 | Chilaco -4.696| -80.504 10 | Tejedores -4.752| -80.242

List of Catchments

After navigating the AHD upstream of the Punte Sanchezreated dist of catchments within
the basin. These catchments will be associated to interpolated precipitation and temperature data

Method of Interpolation

We used the inverse distance method of interpolation thighconstraint of usinga user
specified number of stations that are closer to a given catchment. This will allow restricting the
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interpolation from far distances. thefuture, this restriction can be implementeddoysidering
the topography of the watershed. For this cligdy,we limited the number of stations three

Additional Considerations

On a dailybasis the availability ofstationprecipitation data is checked. Stations with missing
data for the day are removed.

Flow Data

We collected daily mean flow time series fronmeil stationslong theRio Piura The two time
series have complettata while one station has a number of missing days. The flow time series
are used to calibrate and evaluate the accuracy of the model.

Projected Climate Data

Climate change modeling isnainexact science, and the various methods are evolving
continuously. Therefore, the estimation of future temperature and precipitation is usually
addressed by considering a variety of approaches, including (1) different emission scenarios, (2)
different Qobal Circulation Models (GCMs), (3) the use of global models with grid resolution of
100 200 km, and (4) regional/downscaled models with grid resolution of 50 km. In addition,
most climate modeling is currently done using Intergovernmental Panel on €lZhange 4
methodologies.

However, in this study we started with SENAMWdata.ANA provideda set of projected climate
data for PeruThe daily precipitation and temperature datare downscaled fromthe NCAR
CSM 1.3 (USA) global climate model. Tvemission scenarios were considefed.

Dynamic downscaling or regionalization was used by the regional climate model RAMS v4.4
The formatof the data iSSrADS gridded data.

We extracted these data and generated daily precipitation and temperature dotlsvitata
description provided in the database. We evaluated the data by comparing the model
precipitation values to observed precipitation in the area and concluded that the data in the files
are not in the same order of magnitude. Therefore, we requdsie ANA provide more
explanation on the units or format of the data. Further communication with ANA and IDB
resultedin looking for other alternative data to complete the project. HeRd@é used the
Climate Wizard data to generate future precipitafind temperature deviations.

A summary of evaluation of the SENAM data is provided in Appendix A.

Projected Climate Data from Climate Wizard

Our next step was to use the online climate projection tool known as Climate Wizard
(www.climatewizard.or)y to project changes in temperature and rainfall out to the year 2060.
This tool, developed bythree US. universities and two international nongovernmental

2 http://lwww.grida.no/publications/other/ipcc_tar/?src=/climatefipcc_tar/wg1/347.htm
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organizatios (with endorsement frorthe World Bank, has many useful features that allow the
user to

1 select a time period for analysis, whether historical (using the Climate Research Unit
database from the University of East Anglia in the UK) or future, for any given range of
years to 2100;

1 select a singl&CM or an ensemble of GCMs and one or more emission scenarios;

1 upload geographic shajiées and receive results in a gridded map for(Ragure 11) and

1 obtain graphical information on annual values of output data over a multiyear scale.

We used Climate VW¥ard to generate future climate data for Rie Piura lasin, for initially
identified GCM and scenario by SENAM: NCAR CSM 1.3 (USA) global climate model with

two emission scenarios of A2 and B2. A2 is considered high emiasmB2 is considered low
emission. For each decade we obtained monthly deviation of precipitation in percent and
deviation of temperature in degree centigrade from the reference periad 2961

Figure 11. Resolution of the GSM models in relation to tk Rio Piura basin.

The next step was to develop climate scale factors to be used in the hydrologic modeling.
Table 7 shows scale factors fomprecipitation and temperature ftne CSIROAZ2 scenario.

Table 8 scale factors for precipitation and temperature for the CBRGcenarioPrecipitation

scale factors are used as multipliers on 21880 1990 data, but temperature scale factors are
presented as actual temperature change.
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Table 7. Scale factors for CSIROA2

Precipitation Multiplier by 1981-1990 Temperature deviation from 1980-1990
Month A2-Scenario -High A2-Scenario -High

2011-202(R021-203(R031-204(R041-205(P051-206 2011-202(P021-203(P031-204(P041-205(P051-206!
Jan 0.79 0.85 1.06 0.83 0.75 Jan 0.96 1.05 1.31 1.61 2.0d
Feb 1.18 0.80 1.16 0.84 0.98 Feb 0.89 0.94 1.15 1.51 1.85
March 1.19 0.85 1.18 1.30 1.59 March 0.77 0.80 1.09 1.39 1.97
April 1.04 0.95 0.94 0.86 1.11] April 0.50 0.74 0.83 1.17 1.81
May 0.74 0.63 1.07] 0.56 0.74 May 0.24 1.17 1.26 1.39 1.40
Jun 1.17 0.84 0.80 0.71] 0.60 Jun 0.59 0.69 1.06 0.65 1.22
Jul 0.82 0.55 0.79 0.37 0.3 Jul 0.72 1.14 1.07] 1.50 1.75
Aug 0.57 0.60 0.47 0.42 0.37 Aug 0.46 0.75 1.18 1.37 1.86
Sep 0.52 0.42 0.50 0.41] 0.33 Sep 0.93 1.11 1.42 1.83 2.14
Oct 0.5 0.59 0.51] 0.48 0.26 Oct 1.05 1.39 1.56 1.95 2.14
Nov 0.65 0.44 0.50 0.55 0.26 Nov 0.94 1.29 1.49 1.79 1.97
Dec 1.02 0.87 1.27 0.81] 0.61 Dec 0.94 1.23 1.44 1.61 1.79

Table8. Scale factors for CSIROB1

Precipitation Multiplier by 1981-1990 Temperature deviation from 1980-1990

Month B1-Scenario -LOW Month B1-Scenario _Low

2011-202(P021-203(P031-204(P041-205(P051-206! 2011-202(P021-203(P031-204(P041-205(P051-206!
Jan 0.79 0.75 0.83 0.81] 0.84 Jan 0.61] 0.91 0.99 1.31 1.33
Feb 0.81] 0.73 1.22 1.10 0.86 Feb 0.76 0.77 0.94 1.29 1.03
March 1.05 0.92 1.17 1.29 0.89 March 0.72 0.54 0.85 1.30 1.13
April 0.93 0.77 0.77 1.19 1.03 April 0.51] 0.42 0.55 0.84 0.90
May 1.05 0.79 0.64 0.99 0.77 May 0.64 0.51 0.45 1.02 1.12
Jun 0.84 0.84 0.71 0.80 0.74 Jun 0.66 0.14 0.63 0.89 0.97
Jul 0.65 0.69 0.60 0.64 0.55 Jul 0.82 0.54 0.44 1.06 1.43
Aug 0.68 0.50 0.61 0.47 0.72 Aug 0.85 0.47 0.54 0.90 1.06
Sep 0.78 0.51] 0.48 0.34 0.54 Sep 0.9 0.76 0.96 1.21 1.31
Oct 0.53 0.4 0.44 0.56 0.55 Oct 1.05 1.00 1.11 1.33 1.48
Nov 0.49 0.63 0.59 0.64 0.57 Nov 0.96 0.9 1.00 1.47 1.20
Dec 0.70 1.03 0.97 0.82 0.72 Dec 0.90 0.89 0.69 1.21 1.24

4 Model Calibration

4.1 Model Calibration

Three parametedscurve number multiplier, runoff coefficignand seepage parameterare
calibrated toobtain areasonable ovall error. The flow time series of Punte Sanchez is used to
calibrate the model and the station Punte Nacara is used to verify the model simulation.

Overall, the model simulates the water balance well but overestimates high summer flows. The
difference in overall streamflow over the decd®80 1990was4.4 percentfor calibration site

and 7.5percentfor verification site(Table 9). The overall correlation between observed and
simulated wasery high 0.87 for daily flows and 0.96 for monghflows. Figures 12 and 13

show model results in the form of a comparison of observed and simulated monthly hydrographs
for model calibration and verification, respectively.
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Table9. Performance of the model on daily time step

Piura Nacara
Calibration| Verification
Daily
Correlation 0.87 0.84
Overall Error (%) 4.40 7.50
Nash-Sutcliffe 0.65 0.33
Monthly
Correlation 0.96 0.92
Overall Error (%) 4.40 7.50
Nash-Sutcliffe 0.89 0.75
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Figure 12. Calibration results: comparison of observed and simulated flovat Punte Sanchez
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Figure 13. Verification results: comparison of observed and simulated flow at Nacara

4.2 Simulation

The period 19811990 is considered a reference decade. Computations for future decades are
based on future temperature and precipitation from several climate projections, discussed in
Section 3. This is accomplished by scalingargdown the monthly temperature and monthly
precipitation datasets by linear escalators derived from the Climate Wizard results. All of the

climate model results are input to the Hyd® model to compute new streaftow values for
theRio Piura lasin

4.3 Monthly Time Series

For each of the WEAP inpulocations, we calculated the mean areal temperature and

precipitation. The daily flows at each location axeraged to create monthly time series for the
period 2011206Q

5 Summary of the Project

A working HydroBID modelwasprepared, calibrate@ndusedto generate flow time series at
multiple locations in the watershed. The generated time series can now be used in conjunction

with the WEAP model to study the impact of climate change in the water resource Rfathe
Piura basin.

5.1 Assumptions
Thefollowing assumptions were made for the Rio Piura simulation:

1 Landuseandvegetativecover inthe watershedre assumed t@main the samfor the
period 201312060.

1 Climate conditions during the reference perl®1-1990are assumed to represéms
climate conditios of 19631990.
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1 Themodel parameters are adequate to repreésemtainfaltrunoff generation for the period
of simulation

Note that he simulatedlows are not intended to kzecontnuous prediction for the 2012060
period Rather, the simulatiorepresents one realization of the reference period in the coming
decades witla decadal adjustmeat temperature and precipitation data.

5.2 Concluding Remarks

From the hydrologial simulation for the period 2042060, average analflows for the Rio
Piura tendo increase under the CSIR@2 scenariccompared to theeference annual average
flows, while for the CSIRGB1 scenarig average annual flows have a tendency to decrease
(Figure 14).

The impact oprojectedclimate chang on theRio Piura can beeemmost clearly in seasonal
flows (Figure 15.) The CSIRGAZ2 scenario produces more hifows during wet seasons, in
sharp contrast to fewer high w&tason flows fothe C3RO-B2 scenariolnversely, for dry
seasons, fiCSIROA2 scenario producdewer flows than the reference stario and the
CSIROB2 scenario

ANA will use these results to modify its WEAP model of the Rio Piura basimaawotify the
impact of projectedhangs in Rio Piurdlows on the wateresourcesn the basinin terms of
seasonal and annual water demands for irrigation, domestic water supply and other uses.

Rio Piura at Punte Sanchez
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Figure 14. Annual average flows ofRio Piura at Punte Sanchez under reference, CSIR@2 and CSIRO-B1
climate projection scenarios.
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Rio Piura at Punte Sanchez

250

200 /\
/ /\\ — Reference
150 / ™\

——=CSIROA2
100
50 / \

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

CSIRO-B1

Flow m3/s

Figure 15. Monthly average flows ofRio Piura at Punte Sanchez under reference, CSIR@2 and CSIRO-B1
climate projection scenarios

The flow time series argaved in three files in xIformatfor the three WEAPnodel inputs.
The flows are total generated flow upstream of each location.

PuenteSanchezmonthly1981 90 2011 2060.xIsx
Puente_Naga_monthly1981 90 2011 2060.xlIsx
Tombo_grandemonthly1981 90 2011 2060.xIsx

Table 10 shows example of the format of theé series data files.

CSIRO A2 scenario:

ColumnA: Month and year from 1981990 and from 20122060

Column B: Monthly mean areal temperature (0c) observed (1981) and projectec2(B8M) 1
Column C: Monthly mean areal precipitation (cm) observed (188d yrojected (2022060)
Column D: Monthly mean flow (m3/s) simulated using

Column E: Monthly mean flow (m3/s) observed for 198DB0

CSIRO BL1 scenario:

Column H: Month and year from 198B90 and from 20322060

Column I: Monthly mean areal temperat@de) observed (1981) and projected (2@D50)
Column J: Monthly mean areal precipitation (cm) observed (1981) and projectee2(28)1
Column K: Monthly mean flow (m3/s) simulated using

Column L: Monthly mean flow (m3/s) observed for 198190
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Table 10. Example of the format of time series data file

A B c | b E | F G | H [ J K L |
Month-Yeq. TemperpPrecipitatijulated Fl¢ Observed Flow Month-Yeq. TemperPrecipitatijulated FI{ Observei
Jan-81 23.664 2.169 0.109 34.01 Jan-81 23.664 2.169 0.109 34.01
Feb-81 24.643 7.487 12.694 36.287 Feb-81 24.643 7.4871 12.694 36.287
Mar-81] 24.254 30.231 372.01¢ 137.03] Mar-81f 24.254 30.231 372.01¢ 137.037
Apr-81  23.224 5.099 40.74 35.077 Apr-81 23.224 5.099 40.74 35.071
May-81  21.286 0.332 8.699 22.119 May-81  21.286 0.332 8.69q 22.119
Jun-81 20.137 0.12]] 1572 14.773 Jun-81 20.137 0.12]] 1.572 14.773
Jul-81 19.144 0.047 0.289 9.823 Jul-81 19.144 0.047 0.289 9.823
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Appendix A: Evaluation of ANA Climate Data

Introduction

This document describes the steps taken to process modeled climate data for Peru and the
complications that arosbecause ofjaps and other errors in the daBervicio Nacional de
Meteorologiae hidrologia del Peri (SENAMHI) providedimate model dta (Model NCAR

CSM 1.3, scenarios A2 and Bib researchers at RTI Internationghe data were intended for
catchmerdevel hydrologic modeling in Peru but were found to contain too many errors and
deficiencies for scientific usdhe data, coverinthe yeas 20042036 in 6hour time intervals,

contain temporal gaps, empty data files, ambiguous data structure, and seemingly erroneous
climate valuesAlthough some issues, such as gaps in the data, might have been overcome,
discrepancies in raw temperature gmecipitation values ultimately made the data unusable for
scientific research.

Data Description

Thirty-two years of climate model data covering a portion of South Amefigare A-4.) were
delivered to RTI as 1,100 pairs of files comprising 30 gigalytelssk spaceMetadata included
with the data described the climate model as NCAR CSM 1.3, Scenarios A2lawitiB
dynamic downscaling or regionalization performed using RAMS vEh. data were provided
by SENAMHI (National Service of Meteorologgnd Hydrology of Perlt The files usedthe
Grid Analysis and Display System (GrADS) format, in which each pair of files contained a file
of binary data and a control fild&ble A-1) describing the binary data filEach binary file
contained up to 11 days dfrate data in éour incrementsThe number of days per file varied
depending on the month, or portion of month, being descrb&@-day month was divided into
three 10day file pairs, while months with 31 days contained twedag file pairs and one 11
day file pair.Each data file contained 13 climate variables-lmo@r time steps covering a spatial
grid, 46x46 cells in sizéEach file referenced the same gdsample control file can be viewed
in Table A-1. Researchers planned to use the tempearatiky and precip (mm) variables to
perform catchmenrevel modeling in Perur{gure A-5).

Data Errors

Examining the names of all 2,200 files revealed probable gaps in the dataSome control files did
not have a corresponding data fileable A-2)., some dat files did not have a control file, and

in some cases both control and data files were missing for a given time peramttition to
missing files, there were 39 empty data files.

Using GrADS software to open the files that did contain data uncovediibadl data errors.
Althoughthe data were theoretically inf®ur incrementsfour per day), each file contained an
odd number of time steps, usually one additional time step per time peoiodxample, a file
containing 10 days of data inhur time steps should have contained 40 bands of data;
however these files always contained 41 barfeites of the final 11 days of each-8&ay month
contained 45 bands of data, and files containing Februa®82h norileap years contained 33
bands.In leap years, however, instead of an extra time step, it app2atags were missing
from the end of each Februarfhe third file of each leap year February, which should have
contained 36 bands of data irh6ur increments, only contained 27 bands afad or the
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equivalent of 7.25 daysThis left only 27 complete days for each February in a leap year.
Althoughno explanation was offered for the additional band of data in each file, the first band of
data was discarded wh&T | realized that all precipation values were null.

After tallying the missing data and acknowledging the data structure to be somewhat unclear,
RTI discovered that many temperature and precipitation values were so extreme as to be deemed
impossible.In the first 20 days of 2004einperatures were as high as 333 degrees Kelvin (60
deg C) for hundreds data points (grid cellsjnfall totals for a6-hour period were as high as
2,500mm (2.5m) with hundreds of values over 1,000rAreraging 2004 temperature values
resulted in more nanal values, while summing precipitation values resulted in unrealistic totals.
RTI hypothesized that the precipitation units may have been incorrectly described in the control
files, and that in fact, precipitation was recorded in tenths of a millimeigurésA-1 andA-

22). However, moving the decimal place one digit to the left still resulted in unusually high
annual precipitation total$igure A-3).

Conclusion

Countless errors and irregularities in these climate model data make them unsuitable for
sdentific researchlf the data exist in another format, it should be used to verify the GrADS files
and determinevhethermore accurate data are availalidherwise, an alternative climate model

for the region in question should be considered.

Daily Precipitation 2014
Peru Study Area
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Figure A-2: Daily Precipitation for Peru Study Area, 2014.Units adjusted by factor of 0.1 and converted to
cm.
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Annual Precipitation for
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Figure A-3: Annual precipitation

for single grid cell, 2004 2020.No unit adjustment. Note that annual total

rainfall amounts range from approximately 20,000mm (20m) to 30,000mm (30mif. units are
adjusted by a factor of 0.10, range would be 2ii8m per year.
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Table A-1. Example Control File:

dset ~201101-01.gra
undef 1.0e30
options big_endian
titte RAMS Output

xdef 46 linear85.2291489 0.5399568
ydef46 linear-22.9490604 0.5399568

zdef 11 levels 1000.000 925.000 850.000
700.000 500.000 400.000 300.000 250.0(

200.000 150.000 100.000
tdef 41 linear 00:00Z01jan2004 06hr

vars 13

u 11 99- RAMS : grid relative u [m/s]
v 11 99- RAMS : grid relative fm/s]
w 11 99- RAMS : w [m/s]

tempk 11 99 RAMS : temperature [K]

dewptk 11 99 RAMS : dewpoint temp [K]

prel_ciio 1 99 RAMS : total accum precip [mm
Iq

seapress 1 99RAMS : sea level pressure [m

relhum 11 99 RAMS : relative humidity [pct]

geo 1199- RAMS : geopotential height [m]

topo 1 99 RAMS : topo [m]

soiltemp_ps 0 99 RAMS : soil/sea temp [C]

soilmoist_ps 0 99 RAMS : soil moisture
[Mm3/m3]

tempf2m 1 99 RAMS : temp- 2m AGL [F]
endvars

Table A-2. Missing and Erroneous Data
B.1 EmptyGrADS files:

01/01/11 through 05/31/11
20 days from January 2012

Empty Files:

202312-21.gra
202401-01.gra
202401-11.gra
202401-21.gra
202402-01.gra
202402-11.gra
202402-21.gra
202403-01.gra
202403-11.gra

202708-21.gra

202709-11.gra
202709-21.gra
202710-11.gra
202710-21.gra
202711-11.gra
202711-21.gra
202712-11.gra
202712-21.gra
202801-11.gra
202801-21.gra

202802-11.gra
202802-21.gra
202803-11.gra
202803-21.gra
202804-11.gra
202804-21.gra
20280511.gra
202805-21.gra
202806-11.gra

202807-01.gra
202807-11.gra
202907-21.gra
202908-11.gra
202908-21.gra
202909-11.gra
202909-21.gra
202910-01.gra
202910-11.gra

202806-21.gra
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Figure A-4: Map of data coverage (climate data provided for area in orange grid)

Figure A-5: Map of Study Area with Catchments in Blue, Climate Grid Cells in Orange
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