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Foreword
The	Inter-American	Development	Bank	(IDB)	provides	financial	and	technical	support	for	infrastructure	
projects	 in	water	and	sanitation,	 irrigation,	flood	control,	 transport,	and	energy,	and	 for	development	
projects	in	agriculture,	urban	systems,	and	natural	resources.	Many	of	these	projects	depend	upon	water	
resources and may be affected negatively by climate change and other developments that alter water 
availability,	such	as	population	growth	and	shifts	 in	 land	use	associated	with	urbanization,	 industrial	
growth,	and	agricultural	practices.	Assessing	the	potential	for	future	changes	in	water	availability	is	an	
important	step	toward	ensuring	that	infrastructure	and	other	development	projects	meet	their	operational,	
financial,	and	economic	goals.	It	is	also	important	to	examine	the	implications	of	such	projects	for	the	
future	allocation	of	available	water	among	competing	users	and	uses	to	mitigate	potential	conflict	and	
to	ensure	such	projects	are	consistent	with	long-term	regional	development	plans	and	preservation	of	
essential ecosystem services.

As	part	of	 its	commitment	 to	help	member	countries	adapt	 to	climate	change,	 the	IDB	is	sponsoring	
work to develop and apply the Regional Water Resources Simulation Model for Latin America and 
the	Caribbean,	an	integrated	suite	of	watershed	modeling	tools	known	as	Hydro-BID.	Hydro-BID	is	a	
highly scalable modeling system that includes hydrology and climate analysis modules to estimate the 
availability	of	surface	water	 (stream	flows)	at	 the	 regional,	basin,	and	sub-basin	scales.	The	system	
includes	modules	for	incorporating	the	effects	of	groundwater	and	reservoirs	on	surface	water	flows	and	
for	estimating	sediment	 loading.	Data	produced	by	Hydro-BID	are	useful	 for	water	balance	analysis,	
water	allocation	decisions,	and	economic	analysis	and	decision	support	tools	to	help	decision-makers	
make	informed	choices	among	alternative	designs	for	infrastructure	projects	and	alternative	policies	for	
water resources management. 

IDB sponsored the development of Hydro-BID and provides the software and basic training free of 
charge	 to	 authorized	 users;	 see	 hydrobidlac.org.	 The	 system	 was	 developed	 by	 RTI	 International	
(RTI) as an adaptation of RTI’s proprietary WaterFALL®	modeling	software,	based	on	over	30	years	of	
experience developing and using the U.S. National Hydrography Dataset (NHDPlus) in support to the 
U.S. Geological Survey and the U.S. Environmental Protection Agency. 

In	Phase	I	of	this	effort,	RTI	prepared	a	working	version	of	Hydro-BID	that	includes:	(1)	the	Analytical	
Hydrography	Dataset	for	Latin	America	and	the	Caribbean	(LAC	AHD),	a	digital	representation	of	229,300	
catchments	in	Central	America,	South	America	and	the	Caribbean	with	their	corresponding	topography,	
river	and	stream	segments;	(2)	a	geographic	information	system	(GIS)-based	navigation	tool	to	browse	
AHD	catchments	and	streams	with	the	capability	of	navigating	upstream	and	downstream;	(3)	a	user	
interface for specifying the area and period to be modeled and the period and location for which water 
availability	will	be	simulated;	(4)	a	climate	data	interface	to	obtain	rainfall	and	temperature	inputs	for	the	
area	and	period	of	 interest;	(5)	a	rainfall-runoff	model	based	on	the	Generalized	Watershed	Loading	
Factor	(GWLF)	formulation;	and	(6)	a	routing	scheme	for	quantifying	time	of	travel	and	cumulative	flow	
estimates across downstream catchments. Hydro-BID generates output in the form of daily time series 
of	flow	estimates	for	the	selected	location	and	period.	The	output	can	be	summarized	as	a	monthly	time	
series at the user’s discretion. 

In	Phase	II	of	this	effort,	RTI	has	prepared	an	updated	version	of	Hydro-BID	that	includes	(7)	improvements	
to	 the	 user	 interface;	 (8)	 a	module	 to	 simulate	 the	 effect	 of	 reservoirs	 on	 downstream	 flows;	 (9)	 a	
module to link Hydro-BID and groundwater models developed with MODFLOW and incorporate water 
exchanges between groundwater and surface water compartments into the simulation of surface water 
availability;	 and	 (10)	an	application	 for	modeling	sediment	 loads	using	Modified	Universal	Soil	 Loss	 
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Equations	at	specified	locations	in	a	surface	water	network,	with	pre-computed	parameters	including	
soil	erodibility	factor	and	topographic	factor,	with	user	inputs	of	cover	management	and	support	practice	
factors based on land use. 

RTI has performed case study analyses using Hydro-BID in partnership with IDB water-sector client 
institutions	in	several	countries.	This	Technical	Note,	prepared	for	the	Empresa	Publica	Metropolitana	
de	Agua	Potable	y	Saneamiento	de	Quito	(EPMAPS,	Public	Company	of	Water	and	Sanitation	of	Quito),	
is the sixth report in a series of publications describing the Hydro-BID system and case studies. Other 
Technical	Notes	are	in	preparation	for	case	studies	completed	recently	in	Peru,	Brazil,	and	Argentina.	



ix

 
Acknowledgements 
The	authors	wish	to	express	thanks	to	individuals	and	organizations	that	made	important	contributions	
to the development of this study of the Chalpi Basin in Ecuador.

Sergio	Campos,	Chief	of	the	IDB	Water	and	Sanitation	Division,	provided	senior	leadership	and	strong	
support for developing case studies that apply Hydro-BID to a range of water supply and water resource 
management	challenges	in	the	LAC	region.	Pedro	Coli	and	Marcelo	Basani	(IDB),	provided	technical	
guidance for the study and served as IDB liaisons with EPMAPS and water resource agencies in 
Ecuador,	to	arrange	for	and	support	the	study.	

We are grateful for the excellent collaboration and constant support from the staff of the Empresa 
Publica	Metropolitana	 de	Agua	Potable	 y	 Saneamiento	 de	Quito	 (EPMAPS,	 the	Quito	Metropolitan	
Public	Water	and	Sanitation	Company),	who	were	very	engaged	with	the	study	from	its	beginning	to	its	
conclusion.	We	are	especially	thankful	to	Ms.	Ximena	Riofrio	for	her	prompt	responses	to	our	requests	
for data and information. 

This	work	 relied	upon	key	 technical	 inputs	 from	our	colleagues	at	RTI	 International,	especially	John	
Buckley and Mark Bruhn. 



ES-1

 
Executive Summary
This	 case	 study	 analyzes	 the	 potential	 effect	 of	 changes	 in	 average	 precipitation	 and	 temperature	
on	 streamflow,	 especially	 as	 it	may	 affect	 proposed	water	 investment	 infrastructure	 projects,	 in	 the	
Chalpi	River	Basin,	Ecuador.	Empresa	Publica	Metropolitana	de	Agua	Potable	y	Saneamiento	de	Quito	
(EPMAPS,	 the	Quito	Metropolitan	Public	Water	and	Sanitation	Company)	 is	planning	 the	Proyectos	
Rios	Orientales	(PRO,	Oriental	River	Projects),	a	major	infrastructure	program	to	meet	Quito’s	future	
water	 needs.	As	 part	 of	 the	PRO,	 the	Ramal	Chalpi	Grande	Papallacta	 project	will	 establish	water	
intake	points	in	the	Chalpi	Basin.	EPMAPS	began	installing	flow	gages	in	the	basin	in	1997.	EPMAPS	
requested	assistance	to	develop	a	hydrologic	model	for	the	basin	using	recent	flow	data	and	to	simulate	
future	flows	to	the	year	2050,	under	the	influence	of	projected	changes	in	climate.	EPMAPS	will	use	
results	from	this	effort	to	evaluate	whether	changes	in	climate	are	likely	to	significantly	reduce	future	
flows	at	the	proposed	intake	points.

According	to	studies	prepared	by	EPMAPS,	water	demand	for	Quito	will	increase	to	10.1 m3/s	per	day	
by 2040. The maximum water supply currently available using existing infrastructure is 8.02 m3/s	per	
day. The PRO infrastructure program is designed to increase Quito’s total water supply to 17 m3/s	per	
day	 if	 all	 of	 the	 individual	PRO	projects	were	built.	The	Ramal	Chalpi	Grande	Papallacta	Project	 is	
designed to contribute 2.2 m3/s	per	day	to	the	system	and	thus,	by	itself,	could	add	sufficient	capacity	to	
meet	the	increase	in	Quito’s	water	demand	projected	for	2040.	

The Chalpi Basin is a small basin of 101 km2 in	Napo	Province,	east	of	Quito,	at	elevations	ranging	from	
2,730	to	4,300	meters	above	sea	level.	The	basin	experiences	cool	temperatures	and	medium	to	high	
precipitation (1150 mm per year). The predominant land cover is páramo growing on sandy soils. The 
Rio	Chalpi	drains	to	the	Rio	Quijos,	a	tributary	of	the	Rio	Napo.

This	case	study	involved	the	following	activities:

• Project	start-up	included	discussions	with	local	agencies,	a	field	visit	to	the	basin,	formulating	the	
study	objectives,	and	reaching	agreement	with	EPMAPS	on	the	technical	approach.

• RTI prepared a high-resolution Analytical Hydrography Data (AHD) set for the Quito area and its 
surroundings,	delineating	catchments	with	average	drainage	areas	of	5.6	km2. 

• RTI developed model parameters for the Chalpi basin and all other basins from which EPMAPS 
obtains water for Quito now and all of the basins from which it is considering taking water in the 
future. This step will help EPMAPS extend its use of Hydro-BID to other basins. 

• RTI obtained necessary data from EPMAPS and other sources and assessed current natural 
conditions	relevant	to	the	Chalpi	basin,	focusing	on	streamflow,	current	and	future	climate,	soils,	
and	land	use.	The	most	important	data	gap	was	a	lack	of	long-term	daily	streamflow	data	within	
the	Rio	Chalpi	 basin.	The	gage	 location	with	 the	 longest	 record	 of	 daily	 flows,	 from	2005	 to	
2015,	 is	 at	 the	 basin	 outlet.	 There	 is	 only	 one	weather	 station	 in	 the	 basin	 with	 records	 for	
daily temperature. RTI used General Circulation Model (GCM) outputs from the public domain 
website,	Climate	Wizard.org,	for	climate	projections	to	evaluate	the	model’s	sensitivity	to	climate	
assumptions.

• Two climate change scenarios based on the most pessimistic emissions scenario A2 were 
modeled.	Estimates	of	projected	changes	 in	Scenario	1	come	 from	GCM	Ensemble	Average	
and for Scenario 2 are from the CNRM-CM3 GCM output which produced the lowest change in  
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precipitation. The two climate scenarios were modeled with	Hydro-BID	to	simulate	water	flows	
in 2050.

From	 the	 baseline	 period	 (2007-2014),	 the	 average	 annual	 change	 in	 precipitation	 is	 estimated	 to	
increase	by14%	for	Scenario	1	and	decrease	by	23%	for	Scenario	2.	Average	daily	streamflow	of	2.2	
m3/s,	proposed	to	be	the	contribution	of	the	Ramal	Chalpi	Grande	Papallacta	Project,	was	exceeded	
81% of the time in the Chalpi Grande at the outlet of the basin during the simulated baseline period. 
Under	Scenario	1,	the	climate	change	scenario	with	more	precipitation,	it	is	exceeded	88%.	In	contrast,	
it is exceeded only 62% of the time when a drier average climate is modeled with Scenario 2. Flow at 
the	outlet	 is	a	summation	of	 the	flows	at	 the	upstream	proposed	 intake	 locations.	Therefore,	overall	
the	target	volume	can	be	achieved	at	the	above	rates,	however,	if	withdrawals	are	taken	at	the	specific	
sites	then	the	availability	will	be	different.	Especially	under	the	drier	scenario,	effects	from	withdrawal	
of	this	volume	at	low	flows,	or	when	doing	such	would	dry	the	river(s),	should	be	seriously	evaluated.	
Withdrawals on tributaries will of course have a more drastic effect than withdrawing on the mainstream 
and may not be achievable during parts of the year. The limited availability of observed data should urge 
caution when interpreting the results of this study. Considerations such as whether the period of record 
was dry or wet and the effect of interdecadal climate patterns may render these estimates unreliable for 
environmental conditions different than those observed.
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1. Purpose of this Case Study 
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Many countries face increasing risks of water scarcity due to population growth and climate change. 
To	 ensure	 the	 availability	 of	 sufficient	 water	 for	 the	 future,	 governments	 plan	 and	 implement	 water	
infrastructure	 investments	 to	 (1)	 transfer	water	 from	 source	 basins	 to	 locations	where	 it	 is	 needed;	
(2)	store	and	regulate	water	that	will	be	supplied	for	various	uses;	(3)	increase	efficiency	and	reduce	
losses	during	water	 transport	and	distribution;	and	(4)	 treat	and	reuse	waste	water,	which	 increases	
available	water	supply	and	also	protects	the	quality	of	surface	water	and	groundwater.	Many	countries	
are developing infrastructure investment plans to close the gap between their current water availability 
and long-term expected needs. 

In	Quito,	the	capital	of	Ecuador,	the	projected	water	demand	in	2040	is	10.1	m3/s,	a	25%	increase	over	
the current supply rate of 8.02 m3/s	as	reported	by	the	Empresa	Publica	Metropolitana	de	Agua	Potable	
y	 Saneamiento	 de	Quito	 (EPMAPS,	 the	Quito	Metropolitan	 Public	Water	 and	 Sanitation	Company)	
(EPMAPS 2014). EPMAPS has developed a Master Investment Plan for Water Supply in Quito to meet 
the	 projected	 future	 need.1 The plan involves a water infrastructure program called Proyectos Rios 
Orientales	(PRO,	the	Oriental	River	Project)	which,	if	completely	built,	will	add	approximately	17 m3/s	of	
water	supply	from	rivers	located	in	basins	to	the	east	of	Quito.	PRO	has	four	stages:	(1) Ramal Chalpi 
Grande	Papallacta;	(2)	Ramal	Blanco	Grande;	(3)	Transcordillerano	Tunnel,	Ramal	Quijos	Norte,	and	
Ramal	Quijos	Sur;	and	(4)	additional	long-term	projects.	Figure 1-1 shows the locations of each stage. 

EPMAPS	requested	technical	support	to	estimate	future	flows	for	locations	at	which	intake	points	are	
proposed as part of the PRO Stage 1 investment. The PRO anticipates that the Stage 1 investment 
will generate an additional 2.2 m3/s	of	supply.	The	Hydro-BID	modeling	system	was	used	to	estimate	
available	flows	at	 these	 locations	 for	a	baseline	period	and	 for	 the	year	2050	 to	determine	whether	
EPMAPS expectation is still reasonable after taking the anticipated effects of climate change into 
account.

  1 See http://www.aguaquito.gob.ec/sites/default/files/documentos/plan_maestro_agua_potable.pdf

http://www.aguaquito.gob.ec/sites/default/files/documentos/plan_maestro_agua_potable.pdf
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Figure 1-1. Locations of the four stages for the Proyectos Rios 
Orientales. Sourced from EPMAPS presentation. Red shows Stage 
1 Ramal Chalpi Grande Papallacta. Orange is Stage 2 Ramal Blanco 
Grande. Green is Stage 3 Transcordillerano Tunnel, Ramal Quijos 
Norte, and Ramal Quijos Sur. Lastly, Yellow shows Stage 4 Long-
term projects.
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2. Profile of the Case Study Area 
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Ecuador	is	situated	in	the	northwest	corner	of	South	America.	It	borders	Colombia	to	the	north,	Peru	to	
the	east	and	south,	and	the	Pacific	Ocean	to	the	west.	Ecuador’s	area,	including	the	Galapagos	Islands,	
is	272,458	km2.	The	mainland	 is	naturally	divided	 into	 three	geographic	 regions:	 the	Costa	 (coastal	
plain),	the	Sierra	(Andes	Mountains),	and	the	Oriente	(Amazon	basin).	Chalpi	is	in	the	Sierra	region.

Quito,	the	capital	of	Ecuador,	has	a	population	of	2,671,191	(2014)	and	is	the	second	most	populous	city	
in	Ecuador.	The	city	has	an	elevation	of	2,850 meters	(9,350	feet)	above	sea	level.	Quito’s	water	supply	
is	provided	by	five	main	systems	that	bring	96%	of	the	city’s	water	from	surface	sources	(Table 2-1),	with	
groundwater contributing the remaining 4%. The current water supply is approximately 8 m3/s,	and	the	
total future supply could grow to 25 m3/s	if	the	water	infrastructure	program	is	fully	realized.	EPMAPS	
expects	to	complete	the	plan’s	first	stage	by	2030.	

This	study	focuses	on	the	Chalpi	basin,	which	is	southeast	of	Quito	within	Napo	Province	(see	Figure 
4-1),	because	the	future	intake	points	proposed	as	part	of	the	PRO	Stage	1	investment	are	located	on	
the	Rio	Chalpi	Grande	and	tributaries.	The	Chalpi	basin	drains	to	the	Rio	Quijos,	which	is	a	tributary	of	
the Rio Napo. The Chalpi basin is approximately 101 km2 in	area,	at	elevations	ranging	from	2,730	m	to	
4,300	m	above	sea	level,	and	with	an	average	slope	of	12%	(see	Figure 2-1). Catchment boundaries 
are displayed in Figure 2-2 and the boundary delineation is described in Section 4.1.1. 

The	climate	in	Chalpi	basin	is	cool,	ranging	from	7.5°C	to	14°C	with	an	average	temperature	of	9°C.	The	
dry	season,	July	through	September,	is	referred	to	as	“summer;”	the	wet season,	October	through	April,	
is	referred	to	as	“winter.”	Annual	precipitation	is	about	1,150	mm,	depending	on	location.	According	to	a	
US	Agency	for	International	Development	(USAID)	report,	no	water	from	the	basin	is	used	for	irrigation	
or	industrial	purposes	(Muñoz	and	Torres,	2013).	

Year System Flow 
(m3/s )

% of 
Current 
Supply

Distance 
(km) Reservoirs Catchments

1957 El Placer 0.62 8 24 — Páramos/	
Aquifer	

1974 Pita-Puengasí v 1.80 23 40 — Páramos/	
Glacier 

1990 Papallacta (I) 1.50 19 51 — Páramos 

1998 Mica-Quito Sur 1.50 19 45 1 Páramos/	
Glacier 

2001 Papallacta (II) 1.50 19 73 3 Páramos/		
Glacier 

— Conductions 
Orientales 0.50 6 — — —

— Well,	creeks	 0.28 4 — — Aquifer	

Future Rios Orientales 
Project	(PRO) 17.00 n/a 120 — Páramos/	

Glacier

Table 2-1. Current and proposed water supply systems for Quito presented by EPMAPS

https://en.wikipedia.org/wiki/Wet_season
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Páramo is a variety of alpine tundra ecosystem that occurs above the continuous forest line and below 
the permanent snowline. Vegetation within páramo	consists	of	giant	rosette	plants,	shrubs,	and	grasses.	
The	soil	structure	of	natural,	undisturbed	páramo is capable of storing large amounts of water. Páramo 
ecosystems feed the headwaters of the Rio Napo and Rio Coca in Ecuador.

The water supply system for Quito depends largely on surface water sources. The Papallacta I and 
Papallacta	II	projects	established	water	intake	points	in	basins	north	of	the	Chalpi	that	are	fed	by	páramo 
ecosystems;	Figure 2-2	shows	the	system’s	intake	points	and	piped	network,	which	conveys	water	from	
páramos,	streams,	and	glaciers	to	the	Papallacta	Ramal	Norte	System.	The	intake	points	are	between	
the	elevations	of	3,760	m	and	4,050	m	above	sea	level	and	in	areas	of	mixed-shrubland/grassland	and	
grassland,	using	the	USGS	land-use	categories.	EPMAPS	established	four	gage	stations	(H38,	H39,	
H40 and H41) in the Chalpi basin to gather data for planning future intakes as part of the Ramal Chalpi 
Grande-Papallacta	project	(PRO	Stage	1).	The	gage	locations	are	also	shown	in Figure 2-2.

https://en.wikipedia.org/wiki/Alpine_tundra
https://en.wikipedia.org/wiki/Ecosystem
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Figure 2-1. Elevation map of the Chalpi basin from NASA’s Shuttle 
Radar Topography Mission (SRTM) with a resolution of 90 m x 90 m

Figure 2-2. Existing intake points for Quito water supply. Land use data 
from USGS Land cover year 
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3. Hydro-bid
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As	part	of	 its	 commitment	 to	help	member	countries	 improve	water	 resource	management,	 the	 IDB	
has sponsored the development and application of a suite of watershed modeling tools known as the 
Hydro-BID modeling system. The Hydro-BID modeling system includes hydrology and climate analysis 
modules	 to	estimate	 the	availability	 of	 unimpaired	 fresh	water	at	 the	 regional,	 basin,	 and	sub-basin	
scales.	It	has	two	major	components:	the	Hydrologic	Model	and	the	Analytical	Hydrographic	Database	
(AHD). A schematic of the Hydro-BID system is presented in Figure 3-1.	The	hydrology	model,	user	
interface,	and	results	viewer	exist	in	a	packaged	Java	class	file	format.	The	AHD,	which	is	stored	in	a	
self-contained,	public	domain	SQL	database	engine	known	as	SQLite,	can	be	accessed	from	the	Hydro-
BID interface

3.1 Hydrologic Model Overview and Module Summary
The	computational	engine	of	the	hydrologic	model	is	an	enhanced	version	of	the	Generalized	Watershed	
Loading	Function	 (GWLF).	A	conceptualization	of	 the	model	 is	shown	 in	Figure 3-2. The enhanced 
GWLF is coupled with a novel lag-routing methodology developed by RTI in order to compute results on 
a	sub-monthly	time-step	and	to	model	large	watersheds.	A	preprocessor,	referred	to	as	the	Climate	Data	
Interpolation	Tool	 (CDIT),	 automates	 interpolation	 of	 daily	 temperature	 and	 precipitation	 time	 series	
between	stations.	Model	output	is	generated	as	a	time	series	of	predicted	streamflow,	at	either	a	daily	
or monthly time-step. The system has a graphical user interface to facilitate loading and processing 
of	model	 input,	 as	well	 as	 to	display	both	graphical	 and	 tabulated	model	 output.	Model	 parameters	
and river network are extracted from the AHD. The model has options to incorporate sediment and 
reservoir routing and can be coupled with an existing MODFLOW groundwater model. Details regarding 
the	theory,	assumptions	and	equations	of	the	Hydrologic	model	can	be	found	in	Technical	Note	2:	An	
Integrated System for Modeling Impacts of Climate Change on Water Resources (RTI 2013b).

Data Inputs
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Figure 3-1. Flow chart of the Hydro-BID modelling system
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3.2 Model Parameters

The	model	computes	runoff	and	base	flow	by	catchment.	Catchment	network	and	parameters	are	stored	
in the AHD. GWLF estimates runoff using the Soil Conservation Service (SCS) runoff curve number 
(CN) method. Catchment CNs are stored in the AHD and are determined by the watershed’s soil and 
land	cover	conditions,	which	are	represented	as	hydrologic	soil	group,	cover	type,	treatment,	and	hydro-
logic	condition.	After	runoff	estimates,	excess	precipitation	infiltrates	to	the	unsaturated	layer	where	it	is	
subject	to	evaporation.	Over	time,	the	infiltrated	water	percolates	from	the	unsaturated	layer	downward	
to replenish the saturated storage. Water within the 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	saturated	layer,	or	water	available	as	base	
flow,	can	be	depleted	by	seepage	to	a	deeper	groundwater	aquifer.

Figure		3-2.		Schematic	representation	of	the	GWLF	model	(modified	from	Haith	et	
al., 1996)
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Most	of	GWLF’s	required	parameters	are	stored	in	the	AHD,	including	unique	catchment	attributes	such	
as area and stream length. The main parameters of GWLF are described below.

3.3 introduction to the Analytical Hydrology Database
The AHD is a spatially explicit database of watershed characteristics for the Latin American and 
Caribbean (LAC) region. As a regional platform of spatial data it is used to integrate the disparate 
data	needed	to	support	hydrologic	modelling.	It	provides	a	framework	for	consistently	parameterizing	
models,	provides	the	necessary	river	network	connectivity	and	stores	the	data	necessary	for	displaying	
results in a Geographic Information System (GIS) format. 

Four key features of the AHD enable the development and implementation of hydrologic models in the 
LAC:

• Nested	polygon	catchment	structure	with	a	unique	catchment	identification	scheme

• Corresponding line structure for the stream segments contained within the catchments

• Descriptive attributes that create a network of upstream and downstream stream segments and 
catchments 

• Database	structure	for	populating	and	aggregating	additional	model-specific	attributes

The	AHD	contains	 the	catchment	specific	data	necessary	 to	estimate	parameters	 for	 the	Hydrologic	
Model.	Each	stream	segment	in	the	AHD	contains	data	on	its	maximum	and	minimum	elevations,	length	
and	average	slope.	Each	catchment	in	the	AHD	includes	properties	such	as	drainage	area,	land	uses,	
soil types and the climate data calculated by the CDIT. Further information on the development of the 
AHD	can	 be	 found	 in	Technical	Note	 1:	An	Analytical	Hydrology	Dataset	 for	 Latin	America	 and	 the	
Caribbean (RTI 2013a).

Parameters Description Estimation Method
Available Soil water 
capacity (AWC)

This parameter triggers the start of 
percolation

Can be estimated from soil 
characteristics

Curve Number (CN) Controls the initial amount of 
abstraction and used to compute 
detention 

Chosen using land use and soil 
type	classification	

Evapotranspiration  
Factor (ET)

Represents seasonal variation of 
evaporation due to vegetation growth 

Estimated monthly

Groundwater recession 
coefficient	(R)

Controls	the	rate	of	ground	water	flow	
from the saturated storage

For	gauged	catchment,	the	
recession parameter can be 
estimated using hydrograph 
separation	techniques

Seepage	coefficient	(s)	 Controls the rate of seepage to the 
deep	groundwater	aquifer	

Depending on the geological 
formation,	seepage	values	can	
be highly variable 

Table	3-1.	GWLF	parameters	that	are	related	to	flow	generation
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3.4 Model Diagnostics
Hydro-BID	can	simulate	stream	flows	in	unimpaired	watersheds	for	historic,	current,	and	future	conditions	
based	on	land	use,	precipitation,	and	temperature	inputs.	The	model	outputs	are	saved	in	readily	usable,	
comma-separated	value	(.csv)	format	in	the	defined	output	directory.	

The	typical	model	outputs	for	each	catchment	include	the	following	time	series:	

• Daily surface runoff 

• Daily	base	flow	

• Daily	total	flow	

• Daily soil moisture storage 

• Daily actual evaporation

Model output is post-processed then various statistical measures are computed and graphical plots 
produces so that the user can evaluate the model performance. Statistical and Graphical diagnostic 
tools	are	used	to	determine	the	adequacy	of	using	the	model	in	various	applications.	

3.4.1 Statistics

Statistical	criteria	quantitatively	reduce	the	comparison	of	the	observed	and	simulated	streamflow	time-
series	to	a	single	value.	This	permits	the	user	to	make	a	clear	assessment	of	the	fit	of	the	model	relative	
to previous runs with different parameter sets. Four statistics are automatically calculated and presented 
in the post-processing of the model results.

• Overall	Volume	Error,	OVE	(%)	–	Measures	the	average	tendency	of	the	total	simulated	volume	
to be more or less than the observed.

 

Where N	is	the	number	of	days	of	the	simulation	without	the	first	year.	As	described	earlier,	the	
t=1	starts	at	the	first	day	of	the	second	year	of	simulation.

• Correlation	Coefficient,	r	–	Describes	the	degree	of	correlation	between	simulated	and	observed	
data.	It	reflects	the	differences	in	the	shape	of	the	hydrograph	and	is	a	quantitative	descriptor	of	
the scatterplot. It is an indication of the temporal response of the model to the input data.
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• Modified	 Correlation	 Coefficient,	 rMod	 –	 Reflects	 differences	 in	 size	 of	 the	 hydrograph	 and	
communicates	the	ability	of	the	model	to	replicate	the	magnitude	of	streamflow	as	well	as	the	
timing.	It	can	be	equal	to,	but	not	greater	than,	the	estimate	of	the	Correlation	Coefficient.

Where	σobs	and	σsim	are	standard	deviations	of	 the	observed	and	simulated	flow	 time	series,	
respectively.

• Nash-Sutcliffe	Efficiency,	NSE	–	Compares	the	residual	variance	to	measured	variance,	meaning	
it is an indicator of how well the spread of the simulated data match the observed. Because of 
this	it	is	sensitive	to	large	streamflow	values.	It	is	a	common	metric	which	has	been	used	in	many	
studies and can be used for comparisons.

3.4.2 Graphics

Graphical	representations	of	the	results	are	independent	of	any	historical	streamflow.	Hydrographs	of	
the	simulated	and	observed	streamflows	visually	display	 the	variability	of	 the	flow	 regime,	seasonal	
cycles,	 temporal	 distribution	 and	 autocorrelation	 of	 streamflow.	 Flow	Duration	Curves	 represent	 the	
hydrologic information from the hydrograph in a convenient form to see the relationship between the 
magnitude	and	frequency	of	flow.	It	is	an	indication	of	the	percentage	of	time	during	which	the	flows	have	
been	equaled	or	exceeded.

),max(
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4.1 Setting up the Hydro-BID Model 
RTI used the Hydro-BID system to develop a hydrological model of the Chalpi basin. RTI adapted 
methodology from its proprietary WaterFALL®	 software	 to	 develop	 the	 Hydro-BID	 system	 for	 IDB,	
as	 described	 in	 previous	 Technical	 Notes	 (RTI	 2013a,	 RTI	 2013b).	 Hydro-BID	 applies	 a	 standard	
Generalized	Watershed	Loading	Factor	(GWLF)	model	coupled	with	a	unique	lag-routing	methodology,	
and catchment and stream network topologies from an analytical hydrography dataset prepared 
specifically	 for	 the	 IDB,	containing	data	 for	more	 than	230,000	catchments	 in	Latin	America	and	 the	
Caribbean (LAC AHD) (RTI 2013a). 

Hydro-BID works at daily time steps. The system generates daily rainfall and temperature information 
for	each	catchment	using	an	interpolation	routine;	generates	a	daily	runoff	estimate	for	each	catchment;	
and	then	routes	and	accumulates	flows	through	stream	networks	defined	in	the	AHD.	Hydro-BID	runs	
from	a	single	database	and	can	be	easily	scaled	 to	model	small	sub-basins,	 river	basins,	and	 large	
transboundary	 river	systems.	 In	 this	specific	study	case,	Hydro-BID	was	scaled	 to	model	small	sub-
basins	using	a	high-resolution	AHD	developed	specifically	for	the	area	including	and	surrounding	Quito.

The	system	requires	data	on	land	use,	soil	types,	rainfall,	and	temperature	to	parameterize	basin	models	
and	observed	flow	data	for	model	calibration	and	validation.	The	data	inputs	for	this	study	are	described	
below.

4.1.1 High resolution AHD

The Chalpi basin is a relatively small watershed with an area of 110 km2. The	average	size	of	catchments	
delineated in the original LAC AHD is 90 km2.	Therefore,to	analyze	the	Chalpi	basin,	RTI	prepared	a	
high resolution AHD and extended the AHD to the entire Quito region to provide information that will be 
useful to EPMAPS beyond the scope of this study. RTI processed information from the HydroSHEDs 
data	base	(USGS,	2011)	in	a	manner	consistent	with	the	NHDPlus	data	model	(USGS	and	EPA,	2007),	
as described previously for the LAC AHD (RTI 2013a). The resulting high-resolution AHD for Quito 
and its surroundings is illustrated in Figure 4-1,	nested	within	surrounding	catchments	delineated	 in	
the	original	LAC	AHD.	The	Quito	AHD	covers	an	area	of	38,686.7	km2 and includes 7732 catchments 
varying	in	size	from	0.01	to	56	km2.	The	Chalpi	basin	includes	19	catchments	varying	in	size	from	1 to 
18 km2,	designated	with	catchment	ID	numbers	(COMIDs)	from	303195301	to	3030195319,	as	shown	
in Figure 4-7.
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4.2 Land Use and Soil Types

4.2.1 Land use

Natural forest and páramo are the predominant land uses in the Chalpi basin  
(Figure 4-2).	 The	 USGS	 land	 use	 data	 base	 does	 not	 have	 a	 unique	 classification	 for páramo;	
it	 classifies	 páramo as grassland and shrubland (see Figure 2-2). Because the GWLF relies on 
hydrogroup	coefficients,	curve	numbers,	and	available	water	capacity	values	based	on	USGS	land	use	
classifications,	we	used	the	USGS	land	use	map	for	the	Chalpi	basin	and	the	corresponding	values	for	
grassland	and	shrubland	to	calculate	flows	through	páramo for this exercise.2	If	hydrologic	coefficients	
specific	to	páramo	had	been	available,	we	would	have	used	the	more	detailed	land	use	map	provided	
by	EPMAPS,	shown	in	Figure 4-2. 

2	See	(RTI,	2013b)	for	an	explanation	of	the	use	of	hydrogroup	coefficients,	curve	numbers	and	available	water	capacity	in	Hydro-BID.

Figure 4-1. High resolution catchment map for the Quito region (Quito AHD)
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4.2.2 Soil Types

Figure 4-3 shows information on soils in the Chalpi basin. The soils are mostly sand with some silt and 
clay.	The	level	of	infiltration	is	low	to	moderate	and	the	area	is	assumed	to	contribute	modestly	to	aquifer	
recharge.

Figure 4-2.  Land use in the Chalpi basin from EPMAPS, 1998. Resolution approximately 
1 km x 1 km
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4.3 Weather Data 

4.3.1 Precipitation

Three	daily	precipitation	records	provided	by	EPMAPS	were	utilized	to	construct	the	climate	data	input	
series used for calibration and evaluation of the Hydro-BID model. Figure 4-4 shows the period of record 
for	each	of	the	three	gages	used	in	the	analysis:	P37	representing	the	northern,	high	elevation	sector	of	
the	watershed,	P46	representing	the	southern	portion	near	the	watershed	concentration	point,	and	P44	
located in the center of the watershed. These three gages have relatively consistent and continuous 
records.	They	adequately	characterize	 the	watershed	without	 introducing	uncertainty	 inherent	 in	 the	
incomplete gage records. Figure 4-5 presents average monthly precipitation from the 3 gages and 
Figure 4-7 shows the geographical locations of the stations in relation to the Chalpi basin.

Figure	 4-3.	 Soil	 types	 and	 infiltration	 in	 the	 Chalpi	 basin	 sourced	 from	 the	 FAO	
Harmonized World Soil Database (Fischer et al., 2008) (http://www.iiasa.ac.at/
Research/LUC/External-World-soil-database/HTML), with a resolution approximately 
1 km x 1 km.
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4.3.2 Temperature

Daily	temperature	data	from	January	2004	to	March	2014	were	provided	for	one	INAMHI	(Meteorolog-
ical	Office	of	Ecuador)	weather	station.	Station	M188	is	located	northwest	of	Papallacta,	outside	and	
southwest of the Chalpi basin. Temperature data from M188 gage was used to construct the meteoro-
logical time-series. Average monthly values from that gage are displayed in Figure 4-6.

Figure 4-4. Timeline of available climate and hydrometric data.

Figure 4-5. Average monthly precipitation at three stations used to 
develop the meteorological model
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4.4 Streamflow

4.4.1 Flow data

Flow	data	obtained	from	observations	made	at	five	points	in	the	watershed	were	provided	by	EPMAPS.	
The map in Figure 4-7	shows	 the	geographical	 location	of	 the	five	gages	overlaid	onto	catchments	
delineated using the high-resolution AHD. Available period of record for each gage is shown in Figure 
4-4.	Note	that	streamflow	measurements	at	H13	and	H39	are	available	for	the	same	period	as	the	other	
flow	gages	because	they	are	currently	in	operation.	However,	the	data	available	for	inclusion	in	the	study	
are limited by the availability of the measured upstream withdrawals which were only provided up to the 
year 2013. 

Figure 4-6.  Average Monthly Temperature in °C at M188
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4.4.2 Withdrawals from existing intake points

Withdrawals from the Chalpi and tributaries are taken from twelve sites in the upper watershed within 
COMIDs	303195301,	303195302,	303195303,	303195305	and	303195306.	Sites	of	existing	withdrawals	
are shown as red x’s in Figure 4-7. Records for those withdrawals exist from 2007 – 2012. To accurately 
model	streamflow	in	the	 lower	Chalpi	basin	at	stream	gages	H39	and	H13,	on	the	main	stem	of	 the	
river,	these	withdrawals	must	be	added	back	to	the	hydrographs	at	these	two	sites	because	Hydro-BID	
models natural conditions. 

Figure 4-7. Catchment	boundaries,	existing	withdrawal	intakes,	proposed	intake	and	flow	
gage locations in the Chalpi basin.  
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Modified	observed	hydrographs	are	thus	estimated	by	adding	the	withdrawals	back	to	the	measured	
data	as	shown	in	Equation	1:

   (1)

where Q1	are	the	flows	measured	at	the	intake	points;	Q2	represents	the	flows	measured	at	the	gage	
stations	(H13	and	H39);	Q3 is	the	modified	measurements,	which	are	the	flows	intended	to	be	simulated	
by	Hydro-BID	assuming	there	is	no	water	losses;	and	t is the day of simulation. 

Figure 4-8	 shows	 the	sum	of	daily	 flows	measured	at	 the	 twelve	 intake	points	 from	March	2007	 to	
January	2013.	Observed	withdrawals	are	only	available	for	this	period.

Figure 4-8. Average monthly	flow	at	H13	and	volume	withdrawn	from	existing	intakes	
in the upper Chalpi basin (2007–2013)
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4.5 model Calibration and Validation
Parameters	of	the	model	were	estimated	using	the	streamflow	data	from	H40,	H41	and	H13.	As	shown	
in Figure 4-7,	 streamflow	 gage	 H13	measures	 the	 combined	 flow	 from	 all	 sub-basins	 upstream	 of	
COMID 303195018. The same calibrated parameters are applied for each upstream sub-basin except 
for	two,	COMID	303195013	and	303195017	because	these	two	headwater	sub-basins	have	streamflow	
gages	H40	and	H41,	respectively.	These	additional	gages	near	the	sub-basin	outlet	allowed	for	a	higher	
resolution	of	assessment,	thus	permitting	a	distributed	calibration	process.

Feasible ranges were selected for each parameter based on modeling experience. The parameter 
space	was	 then	sampled	using	an	algorithm	 for	solving	nonlinear	optimization	problems	with	simple	
bounds.	A	 limited	 memory	 Broyden–Fletcher–Goldfarb–Shanno	 (BFGS)	 gradient	 projection	 method	
was	used	to	maximize	the	Nash-Sutcliffe	efficiency.	Consistency	of	the	model	estimates	was	tested	by	
running the algorithm with a range of different sets of initial estimates to assure that a global optimum 
was	achieved.	Following	numeric	optimization,	the	parameters	were	manually	adjusted	to	best	match	
the	Flow	Duration	Curve	(FDC)	and	streamflow	hydrographs	without	significantly	diminishing	values	of	
the calibration statistics.

Calibrated parameters were evaluated using a portion of the H13 record not used during the calibration 
procedure	and	two	years	recorded	at	H38.	Streamflow	at	H38	was	adjusted,	see	Section	4.5.3 for more 
discussion. Record H39 is too short to provide results which can lead to a viable evaluation due to the 
time	necessary	for	the	model	start-up	period,	therefore	it	is	not	used	in	the	modeling	assessment.	

Using the limited data observed at H40 and H41 for calibration is more valuable than using it for model 
evaluation.	However,	application	of	the	data	to	calibration	leaves	no	opportunity	to	evaluate	the	isolatedd	
model performance of these two upper catchments.

4.5.1 Parameter Values

Table 4-1	presents	the	values	of	calibrated	parameters.	Values	are	quite	varied	between	the	upstream	
watershed (303195318) and the two southeastern watersheds (303195313 and 303195317). Much of 
the variation can be ascribed to the different characteristics of the land use coverage of the three basins. 
The	upstream	watershed	 is	dominated	by	grassland,	whereas	 the	other	 two	have	more	presence	of	
wooded	 tundra	 land	 use.	 	 In	 addition,	 model	 results	 are	much	more	 sensitive	 to	 single	 catchment	
simulations because there is no averaging of weather data input errors as there is in larger basins 
composed of multiple sub-catchments. 

Table 4-1. Calibrated parameters used for the 
three sub-basins corresponding to the COMIDs 
listed.	Prefix	for	the	COMID	numbers	are	3031953

COMID
Parameter 18 13 17

CN 1.32 0.70 0.80
AWC 1.55 1.00 1.00

Rcoeff 0.13 0.09 0.10
Seep 0.00 0.08 0.00
ET1 0.58 0.50 0.52
ET2 0.09 0.20 0.34
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Due	to	the	occasional	high	peak	flows	at	the	H13	gage	the	CN	must	be	higher.	The	two	smaller	basins	
do	not	yield	high	flows	and	it	is	clear	from	the	model	that	a	high	percentage	of	precipitation	is	infiltrated.	
Another important aspect regarding the CN value is that initial estimates of this parameter have high 
uncertainty.	Calibration	accounts	for	much	of	this	uncertainty	by	adjusting	the	parameter	to	best	fit	the	
observed	streamflow	time-series.

Regarding	the	available	water	content	(AWC),	initial	values	selected	using	soils	data	were	underestimated	
for most of the basins although they were accurate for catchments 13 and 17 or the catchments are not 
sensitive to this parameter. 

From	the	values	of	the	recession	coefficient	(Rcoeff)	it	can	be	inferred	that	soil	retention	is	high	and	that	
groundwater discharge to the river system is a very important process. Values are nearly greater than 
or	equal	to	0.1	for	the	three	calibration	points.	These	values	are	not	outside	the	feasible	range	but	are	
on	upper	end	of	the	range.	Seepage	values	close	to	or	equal	to	zero	are	expected	in	catchments	where	
infiltrated	water	does	not	percolate	to	deep	aquifer	which	 is	disconnected	from	the	stream.	Rcoeff	 is	
affected	by	the	soil	layer	compositions,	bedrock	characteristics	and	depth	of	vadose	zone,	as	well	as	
the	ambient	interaction	with	the	unsaturated	zone.	Model	results	are	most	highly	sensitive	to	the	Rcoeff	
parameter.

ET1	and	ET2	are	evaporation	coefficients	which	represent	effects	of	vegetative	cover,	shading,	wind	
and	upper	strata	soil	characteristics	on	evaporation	rates.	ET1	directly	influences	evaporation	between	
May and September whereas ET2 affects the remainder of the year. Since ET2 corresponds to the 
Winter	 season	 in	Ecuador,	 it	 is	 sensible	 that	 values	 of	ET2	are	 lower	 than	 those	 of	ET1.	Páramos 
exhibit low evaporation rates so it is acceptable and anticipated that low ET values would result.  

4.5.2 Interpretation of statistical and graphical metrics

Overall model statistics of the calibration and validation shown in Table 4-2 indicate a very good model 
fit.	Overall	Volume	Error	(OVE)	is	between	±5%	for	every	gage.	Highest	OVE	values	are	measured	at	
the	gages	in	the	smaller	basins.	That	the	statistic	alternates	around	zero	for	various	basins	and	between	
monthly and daily estimates is indicative that there is no OVE bias in the model.

Table 4-2. Streamflow	statics	estimated	using	observed	and	simulated	streamflow	
for the model calibration and model validation

Process Gage Timestep OVE R Rmod NSE

Calibration

H13
Daily -0.1 0.75 0.67 0.52

Monthly 0.25 0.84 0.73 0.61

H40
Daily 3.63 0.73 0.5 0.01

Monthly 3.32 0.82 0.59 0.34

H41
Daily -3.26 0.81 0.58 0.29

Monthly -4.04 0.94 0.57 0.34

Validation
H38

Daily 2.47 0.66 0.42 -0.41
Monthly 6.05 0.81 0.54 0.14

H13
Daily 2.5 0.68 0.4 0.45

Monthly -0.4 0.9 0.81 0.82
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Correlation	values	are	very	high,	especially	for	monthly	estimates.	The	goodness	of	fit	of	these	statistics	
indicates	high	confidence	that	the	model	is	capable	of	estimating	the	overall	shape	and	timing	of	the	
hydrographs. That the magnitudes can also be matched is demonstrated by the NSE values. Except 
for	daily	estimates	at	H40,	all	NSE	values	are	satisfactory.	Daily	flow	estimates	from	single	(i.e.	small)	
catchments	do	not	have	as	high	certainty	as	the	larger,	multi-catchment	watershed.

An	approach	to	calibration	was	adopted	which	considers	both	the	quantitative	goodness	of	fit	measured	
by	 statistics	 and	 qualitative	measures	 such	 as	 the	 streamflow	 hydrograph	 and	 flow	 duration	 curve.	
These	qualitative	measures	are	provided	in	Figure 4-9 and Figure 4-10 for the three gages used for 
calibration.	Initialization	periods,	365	days	for	H13	and	180	days	for	H40	and	H41,	are	not	plotted.
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Figure 4-9. Calibration	hydrographs	comparing	observed	and	simulated	streamflow
 

1

10

100

2009 2010 2011 2012

D
is

ch
ar

ge
 m

3/
s

Calibration Hydrograph at H13

Observed
Simulated

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

2011 2012

D
is

ch
ar

ge
 m

3/
s

Calibration Hydrograph at H40

Observed
Simulated

0

0.1

0.2

0.3

0.4

0.5

0.6

2011 2012

D
is

ch
ar

ge
 m

3/
s

Calibration Hydrograph at H41

Observed

Simulated



27

Figure	4-10.	Flow	duration	curves	of	observed	and	simulated	streamflow
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Figure 4-11. Average	 daily	 streamflow	 of	 both	 the	 calibrated	 model	 simulations	 and	
observations shown per month at each of the gages used for model calibration 
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A few key observations and inferences based on these plots are reported next. As indicated by the 
statistics,	 simulation	accuracy	 is	directly	proportional	with	drainage	basin	area.	Smaller	 catchments,	
especially	single	catchments,	may	be	subject	to	high	errors	in	precipitation	estimates	and	streamflow	
measurement	 errors	 resulting	 from	 the	 difficultly	 of	 accurately	 measuring	 low	 flows.	 Nevertheless,	
hydrographs at all 3 gages very closely match the timing and shape of the observed data. There are 
occasional	overestimates	but	rarely	is	a	peak	discharge	greatly	overestimated.	Rather,	during	the	highest	
discharges the model tends to slightly underestimate. The model also does well during prolonged wet 
periods for which both rising and falling limbs are well approximated. 

One	key	area	of	poor	fit	occurs	during	seasonal	dry	periods.	During	wet	periods	the	low	flows	are	closely	
simulated	but	during	dry	periods	there	is	a	tendency	of	the	model	to	underestimate	the	low	flow	regime.	
This	fact	 is	also	attested	to	 in	the	flow	duration	curves	where	flows	in	the	75th	quantile	are	generally	
lower than those observed.

Average	monthly	 streamflows	 are	 compared	 in	Figure 4-11.	 The	 goodness	 of	 fit	 to	 these	monthly	
statistics	is	evident	from	these	plots.	Seasonal	biases	are	made	clearer	in	these	plots.	As	seen,	flows	
are slightly underestimated during the summer at H13 and H40 while tending to match closely with the 
slightest	overestimate	during	the	winter.	Like	the	OVE	statistic	however,	the	over-	and	underestimation	
magnitudes and trends are not uniform and actually vary between the 3 stations.

4.5.3 Validation

Evaluating the performance of the model during a time period independent from the calibration allows 
us to obtain an understanding of how to use and interpret the results when evaluating climate scenarios. 
Validation was done at the H13 gage site in COMID 303195318 for the period between April 2007 
and	January	2009.	Figure 4-14 and Figure 4-15 display the graphical assessments. Overall model 
performace is very good. The model performs very well with monthly statistics which are higher than the 
calibration	period	at	the	same	site.	Positively,	during	the	validation	period,	the	model	matches	low	flows	
better,	although	the	inability	to	very	acurately	model	low	flows	during	drier	periods	is	demonstrated	in	the	
winter	of	2007.	Generally	though,	low	flow	periods	are	well	approximated	and	underpredicting	allows	for	
conservatve planning and design.

Figure 4-12. Hydrograph at station H13 comparing validation 
simulation	with	observed	streamflow
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Model	performance	was	also	evaluated	at	the	streamflow	gage	site	H38	located	in	COMID	303195312.	
The drainage area of this point was not used for calibration because of the hydrologic and climatic 
similarity	to	the	are	upstream	of	H39.	However,	being	a	proposed	intake	point	(Encantada)	it	is	important	
to	gage	the	acceptability	of	the	model	for	estimating	flow	rates	at	this	location.	

Initial	 model	 validation	 showed	 the	 model	 significantly	 underestimating	 the	 observed	 streamflow.	
Although precipitation gage P64 (shown in Figure 4-7)	was	not	incorporated	into	the	climate	model,	the	
two years of available record were compared to the three precipitation records employed in this study 
P37,	P44	and	P46.	The	comparison	showed	that	precipitation	patterns	of	the	catchment	area	measured	
by	H38	is	not	unique	nor	does	is	 it	significantly	different	than	the	surrounding	area	measured	by	the	
three	gages	mentioned.	Therefore,	it	is	presumed	that	the	method	of	estimating	streamflow	at	gage	site	
H38	may	be	flawed.	As	a	result,	the	observed	record	was	adjusted	to	match	the	average	unit	area	flow	
rate measured at the neighboring H39 gage.

Streamflow	from	gages	H38	and	H39	normalized	by	drainage	areas	59.5	and	19.2	km2 respectively 
are compared in Figure 4-14. The gray line in Figure 4-14 indicates the 1-to-1 relationship that should 
be approximated for two watersheds with such similar hydrology and climatology. The regression 
coefficient	of	the	linear	regression	fit	to	the	data	indicates	that	on	average	the	flow	ratio	of	H38	to	H39	
is	0.3876.	Thus,	observed	streamflow	at	H38	was	adjusted	using	this	coefficient	and	adjusted	observed	
hydrograph	was	used	to	estimate	statistics.	The	adjusted	observations	are	those	plotted	in	Figure 4-15 
and Figure 4-16.

Figure 4-13. Flow duration curves at station H13 comparing validation simulation with 
observed	streamflow
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Figure 4-14. Comparison	of	streamflow	adjusted	by	drainage	area	 for	gage	H39	and	
H38. The line of unity is shown in gray and the linear regression in black

Figure 4-15. Hydrograph at station H38 (proposed intake Encantada) comparing 
validation	simulation	with	observed	streamflow
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Validation of the model upstream of H38 indicates that the model considerably overestimates peak 
streamflows	which	occur	less	than	15%	of	the	time.	This	is	the	cause	for	low	daily	and	monthly	NSE.	
Estimates	 are	 very	 good	 for	 the	 remainder	 of	 the	 flow	 regime	 including	 the	 lowest	 segment	 of	 the	
observed	streamflow.	Model	performance	during	low	streamflow	is	better	at	this	site	than	at	any	other	
site in the basin.

Figure 4-16. Flow duration curves at station H38 (proposed intake Encantada) comparing 
validation	simulation	with	observed	streamflow	over	the	period	2012-2013
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5. climate Change Analysis
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5.1 Estimates of Future Temperature and Precipitation
 
The climate change analysis uses estimates of future temperature and precipitation derived from 
Global	 climate	 model	 output,	 from	 the	 World	 Climate	 Research	 Programme’s	 (WCRP’s)	 Coupled	
Model	 Intercomparison	 Project	 phase	 3	 (CMIP3)	multi-model	 dataset	 (Meehl	 et	 al.,	 2007).	 Climate	
change	model	outputs	were	downscaled	as	described	by	Maurer	et	al.	(2009)	using	the	bias-correction/
spatial	downscaling	method	(Wood	et	al.,	2004)	to	a	0.5	degree	grid,	based	on	the	1950-1999	gridded	
observations of Adam and Lettenmaier (2003). The most pessimistic emissions scenario (A2) described 
in the IPCC Assessment Report was used for this analysis.

“The	A2	storyline	and	scenario	family	describes	a	very	heterogeneous	world.	The	underlying	theme	is	
self-reliance	and	preservation	of	local	identities.	Fertility	patters	across	regions	converge	very	slowly,	
which results in high population growth. Economic development is primarily regionally oriented and 
per capita economic growth and technological changes are more fragmented and slower than in other 
storylines”	(IPCC,	2007).

Estimates	from	the	mid-century	period	(2040–2069)	were	selected	to	represent	the	year	2050.	Projected	
changes in temperature and precipitation from scenario A2 were used from the Average GCM Ensemble 
and	from	GCM	named	CNRM-CM3,	which	is	the	GCM	yielding	the	lowest	results.	The	two	scenarios	are	
referred	to	below	as	Scenario1	(S1)	and	Scenario2	(S2),	respectively.	Annual	changes	across	the	nation	
of Ecuador are shown in Figure 5-1.

Climate scenarios 1 and 2 are compared to a baseline scenario referred to as Scenario 0 (S0). Results 
from all three scenarios were simulated for the full period for which the meteorological record was 
developed. Thus for Scenario 0 the calibrated model was ran in extension mode to generate synthetic 
streamflow	data	at	every	concentration	point	in	the	watershed	from	April	01,	2007	–	January	31,	2013.	
Meteorological	 records	 for	 the	same	period	were	adjusted	 to	evaluate	potential	effects	 from	climate	
change in S1 and S2.
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Figure 5-1. Climate change estimates for emissions scenario A2 for (moving clockwise 
from top-left) Average Ensemble for precipitation in milimeters, global climate model 
CNRM-CM3 (lowest from the ensemble component models) and change in maximum 
temperature in degrees centigrade from the Average Ensemble
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The change in temperature is the same for each scenario. Seasonal precipitation and temperature for 
the two scenarios were applied to the Hydro-BID system using the climate data multipliers in which 
seasonal	 temperature	adjustments	and	seasonal	precipitation	multipliers	are	applied	to	 the	historical	
climate	data,	Table 5-1 shows the seasonal changes for each scenario applied in the Chalpi basin.

The average annual change in precipitation from the base scenario S0 is +14% for S1 and -23% for S2.

5.2 Impact on Simulated Flows
The	results	are	reported	at	the	planned	withdrawal	points.	Encantada,	Chalpi	A,	Chalpi	B	and	Chalpi	
C	which	roughly	correspond	to	the	streamflow	gaging	sites	H38,	H39,	H40	and	H41,	respectively.	The	
analysis of the impacts of climate change will refer to the names of the planned future intake locations 
shown in Figure 4-7.

Simulated	streamflow	at	Chalpi	A	(H39)	is	reduced	by	the	average	monthly	withdrawals	at	the	existing	
upstream sites. The current average monthly withdrawal rates have been assumed to be withdrawn 
under	scenarios	S0,	S1	and	S2.

Table 5-1. Seasonal changes from historical period of 
temperature and precipitation predicted for 2050

Month
Precipitation 

Average Mo. % Change
Temperature  

Average ºC Mo. Change

Jan
Scenario 1 Scenario 2 Scenario 1 & 2

1.40 0.87 2.9
Feb 1.17 0.71 2.9
Mar 1.13 0.85 2.5
Apr 1.10 0.86 2.3

May 1.10 1.00 2.4
Jun 1.17 0.91 2.6
Jul 1.16 0.96 2.5

Aug 0.96 0.85 2.8
Sep 1.05 0.71 2.7
Oct 0.98 0.36 2.8
Nov 1.25 0.69 2.8
Dec 1.23 0.52 2.9



37

Average	 	 daily	 streamflow	 simulated	 at	 each	 planned	 withdrawal	 point	 are	 shown	 in	 Figure 
5-2. Comparisons of the estimated changes in 2050 can be made against the historical 
simulations.	 Seasonal	 distribution	 of	 streamflow	 at	 each	 site	 is	 apparent	 from	 the	 plots.	 F 
low	 from	 Chalpi	 C	 exhibits	 less	 variability	 than	 the	 other	 three	 locations.	 Under	 S1,	 it	
appears	 that	 the	 wet	 period	 will	 receive	 considerable	 more	 flow.	 Months	 which	 are	 typically	
the	 wettest	 (May,	 June	 and	 July)	 show	 much	 higher	 streamflow	 during	 this	 scenario.	 
This	causes	higher	flood	flows	than	seen	in	the	observed	record.	When	compared	to	S0	the	same	wet	
season	 is	 relatively	 unaffected	under	S2.	However,	 under	S2	 low	 streamflow	 is	 exacerbated	during	
dry	months.	 In	 fact,	while	S2	predicts	 little	change	 from	S0	during	 the	wettest	period,	streamflow	 is	
considerably reduced throughout the remainder of the year.

Figure 5-2.	Estimated	average	daily	streamflow	by	month	at	each	of	the	four	withdrawal	
locations for baseline historical conditions (S0), estimated 2050 climate change with 
greater precipitation than the historical period (S1) and estimated 2050 climate change 
with	less	precipitation	than	the	historical	period	(S2).	Streamflow	in	m3/s	is	displayed	
on the vertical axis
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Being	of	interest	to	water	managers,	estimated	changes	to	the	distribution	of	daily	streamflow	under	each	
of the two climate change scenarios are presented in Figure 5-3.	Overall,	streamflow	is	not	drastically	
affected	 for	most	of	 the	simulation	period.	Generally,	under	S1	streamflow	 increases	 throughout	 the	
period. The greatest changes occurring in the lower 10% of the distribution. S1 affects maximum 
streamflows	such	that	the	frequency	and	magnitude	of	flooding	would	exceed	what	was	observed	during	
the simulation period. The increases are greatest at Chalpi A due to its much larger drainage area. 

Streamflow	is	lower	throughout	the	entire	period	under	S2	but	the	most	drastic	changes	occur	during	in	
the	low	flows.	Higher	flows	in	the	basin	are	not	as	affected	as	the	lower	flows.	It	appears	that	this	affect	
begins	at	 the	median	of	 the	flow	duration	curve.	Meaning	that	any	flow	less	than	the	median	will	be	
disproportionately	affected	when	compared	to	the	high	flows	of	S2	and	all	flows	during	S1.	Flow	rates	at	
Chalpi	A	are	affected	by	existing	upstream	withdrawals	significantly	compound	the	low	flow	rates	of	S2.

Figure 5-3.	Estimated	average	daily	streamflow	by	month	at	each	of	the	four	withdrawal	
locations for baseline historical conditions (S0), estimated 2050 climate change with 
greater precipitation than the historical period (S1) and estimated 2050 climate change 
with	less	precipitation	than	the	historical	period	(S2).	Streamflow	in	m3/s	is	displayed	
on the vertical axis.
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6. Conclusions 
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We completed hydrological modeling for the Chalpi basin using Hydro-BID and data from three 
precipitation	gage	stations	and	one	 for	 temperature.	Observed	flow	data	 from	 three	gaging	stations	
were	used	 to	calibrate	and	validate	 the	Hydro-BID	model.	Short	 records	of	observed	daily	flow	data	
were	a	limiting	factor	during	the	calibration.	Despite	the	limited	data,	the	performance	of	the	model	was	
acceptable	and	Nash-Sutcliffe	Efficiency	values	within	satisfactory	range.

Using	the	CNRM-CM3	GCM	and	Average	GCM	Ensemble	as	the	bases	for	projecting	future	precipitation	
and	temperature	in	the	basin,	results	indicate	estimated	increases	and	decreases	in	surface	water	flow	
rates at four locations EPMAPS is considering for future water intakes. 

At	H13	the	average	daily	streamflow	of	2.2	m3/s	is	exceeded	81%,	88%,	and	62%	of	the	time	for	S0,	
S1,	S2,	respectively.	Gage	H13	is	located	near	the	outlet	of	the	Chalpi	watershed.	Being	a	summation	
of	the	flows	at	the	proposed	intake	locations	means	that	overall,	 the	water	target	volume	anticipated	
from	 the	PRO	Stage	 1	 investment	 can	 be	 achieved	 at	 the	 above	 rates.	However,	 especially	 under	
S2,	 effects	 from	withdrawal	 of	 this	 volume	at	 low	flows,	 or	when	doing	 such	would	dry	 the	 river(s),	
should be seriously evaluated. Withdrawals on tributaries will of course have a more drastic effect than 
withdrawing on the main stem.

The	method	 of	 measuring	 and	 calculating	 streamflow	 discharge	 at	 the	 H38	 gaging	 site	 should	 be	
evaluated to assure accurate results are being recorded. 

Further	analysis	of	the	relationship	between	flow	rates	and	environmental	health	at	specific	locations	
in	 the	basin’s	surface	water	network	 is	 required	before	estimating	 the	consequences	of	withdrawing	
increased	volumes	from	the	Chalpi	and	tributaries.	Continued	monitoring	of	precipitation,	temperature	
and	streamflow	at	as	many	locations	as	feasible	will	allow	for	better	model	development	in	the	future.	
A better understanding of the hydrologic dynamics of the páramo system including the interactions 
between evaporation and groundwater in these regions would also go a long way to improving the 
hydrologic understanding of the watershed allow for better modeling.
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