
(Figure 2-2). The F-diagram shows how diseases are transmitted and how engineering 

activities and personal hygiene act as barriers to the routes of transmission. Without 

sanitation and hygiene, human waste can directly enter surface water and wash onto 

fields, flies can land on uncovered feces, and fecal pathogens can be transmitted directly 

by human contact. In some cultures, fields may be considered the appropriate place for 

defecating. Humans can then ingest fecal pathogens through direct ingestion of 

contaminated water, eating contaminated foods, through contact with other infected 

people, or when people, especially children, put fingers in their mouths. Contamination of 

food results from washing or preparing it with fecally infected water; harvesting food 

from fields irrigated with contaminated water, polluted by runoff, or used for defecation; 

or through preparation of food with unwashed hands. 

 

Figure 2-2.  The F-diagram.  Note:  Fecal–oral transmission results from 
contamination of fluids (water), fields, flies, food, and fingers. A combination of 
engineering activities and hygiene education, such as the interventions depicted on 
this diagram, can effectively act as barriers to all routes of transmission. There are a 
greater number of hygiene interventions than engineered barriers (e.g., latrines) to 
ensure 100% prevention. Source: Drawing by Linda Phillips, with permission, 
Adapted from Wagner and Lanoix (Wagner and Lanoix 1958). 

A combination of engineering activities and personal hygiene can act as barriers to 

every route of fecal–oral transmission. For example, traditional latrines prevent feces 

from contaminating surface water and fields. If properly sited, they also prevent feces 
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0 - 55547

55548 - 176928

176929 - 610000

610001 - 1320480

1320481 - 12233128

(a) (b) 

Figure 3-2.  (a) Populations under moderate and severe water stress in 2000, 
overlaid with the Environmental Sustainability Index's Water Quality Indicator 
(Esty and Cornelius 2002).  (b) Number of fishers (World Resources Institute et al. 
2005) overlaid on the Water Quality Indicator (Esty and Cornelius 2002).  Visually, 
the 2015 and 2025 scenarios do not change significantly from this 2000 map, so 
maps are not shown for 2015 and 2025. 
 

For the six scenarios, the global population living under moderate water stress is 

predicted to range from 380 to 510 million, and the global population living under severe 

stress will range from 2 to 2.8 billion (detail in Appendix B).   

Providing global sanitation coverage does not greatly increase the future population 

projected to live under moderate or severe water stress.  For example, as shown in Table 

3-6, achieving the Millennium Development Goals through sewer coverage in urban 

settings and septic coverage in rural settings (Scenario 3) (compared to using dry 

sanitation technology of Scenario 1) results in 17 million more people living under 

moderate water stress and 8.7 million more people living under severe water stress.  

Likewise, assuming 100% coverage by 2025, 20 million additional people are estimated 

to live under moderate water stress and up to 46 million people are estimated to live 
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under severe water stress if similar sanitation technology is implemented.  For these 

populations, water availability will be an important challenge to sanitation development. 

Table 3-6.  Number of urban and rural inhabitants increasing their water stress 
after sanitation provision to move into the moderate or severe water stress 
categories based on Table 5 scenarios.  Note that when moving from Scenario 1 to 
Scenario 2, the negative number of additional people under moderate stress results 
from those people moving into the severe stress category. 

 Additional people under 
moderate stress 

Additional people under 
severe stress 

Scenario 1 to 2 -3.90x106 3.90x106 

Scenario 2 to 3 2.09x107 4.80x106 

Scenario 1 to 3 1.70x107 8.70x106 

Scenario 4 to 5 5.98x106 4.81x106 

Scenario 5 to 6 1.39x107 4.14x107 

Scenario 4 to 6 1.99x107 4.62x107 

 

Affected populations are more urban than rural.  For example, up to 32 million urban 

dwellers (compared to 14 million rural people) move into the severe water stress category 

progressing from Scenario 4 to Scenario 6.  Rapid urbanization presents particular 

challenges for sanitation coverage.  In Buenos Aires, lack of sewer coverage in informal 

urban settlements was partially blamed on the irregular urban layout of the settlements 

and the fact that many low-income settlements are in low-lying areas (United Nations 

Human Settlement Programme 2003).  Urban settings are different from rural areas 

because sewers transport waste with water, which is effective in preventing fecal-oral 

diseases.  Before sewers were constructed in industrialized countries in the 19th and early 

20th centuries, infant mortality rates of 100 to 200 per 1,000 live births were common 

(United Nations Human Settlement Programme 2003).  Public latrines are not included in 

the definition of improved sanitation and urban space constraints can prevent household 

latrine coverage.   

Populations identified in this analysis living under water stress were based solely on 

water withdrawals and water availability.  If water quality is considered, the picture may 

change drastically, considering that many sewers in developing countries discharge 
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Table 4-2.  Scenarios of water and sanitation service expansion and associated water 
use. Water use values are from (Fry et al. 2008) and Chapter 4 of this dissertation. 
Scenario Type of water 

access 
Water use 

(L/capita/day) 
Type of sanitation 

access 
Sanitation use 
(L/capita/day) 

1 Household 
access 

50 Sewer or septic 
system 

44.4 

2 Basic access 
(within 1 km) 

20 
 

Sewer or septic 
system 

44.4 

3 Household 
access 

50 Pour-flush latrine 17.5 

4 Basic access 
(within 1 km) 

20 Pour-flush latrine 17.5 
 

5 Household 
access 

50 Waterless 
sanitation 

0 
 

6 Basic access 
(within 1 km) 

20 Waterless 
sanitation 

0 

 

4.8 Results 

4.8.1 Calibration of CMORPH and TRMM-3B42 Precipitation Data 

Biases for the CMORPH and TRMM-3B42 data are similar, despite the fact that 

TRMM-3B42 has been corrected using gauge data.  These biases appear to vary 

seasonally (Figure 4-5), with a very high positive bias during the rainy months of 

November to April and small positive or negative bias during the dry seasons.  One 

possible explanation for the large positive bias during rainy months may be that the 

Sapecho gauge is located at a low elevation, so it may not be representative of 

precipitation that occurs at higher elevations.   
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Figure 4-5.  Biases (differences) between satellite-derived monthly total precipitation 
and monthly precipitation observed at the Sapecho meteorological station. 
 

Gauge data exist for 2008 and 2009 for the months of February to June, so the bias 

correction factor for each of these months is calculated by combining data from both 

years.  For the months of July to January, however, only one monthly gauge based 

estimate is available, so the bias correction factor is calculated from that single value.  

The monthly bias correction factors are shown in Figure 4-6.  These bias correction factor 

estimates could be improved with more years of gauge-based data.  ACDI/VOCA is 

currently embarking on a partnership that will result in the installation of several new 

gauges in the region.  Future work will likely incorporate data from these stations for bias 

adjusting satellite-derived data.  Figure 4-7 shows the bias between the bias-corrected 

CMORPH and TRMM-3B42 data (summed over each month) and the gauge-based 

monthly precipitation.  On a monthly basis, the adjusted TRMM-3B42 precipitation tends 

to have a larger absolute bias than the adjusted CMORPH precipitation, except during the 

month of April 2008.  April 2008 is not included in the calibration of the water balance 
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model, which occurs between June 2009 and November 2009.  Therefore, the bias-

adjusted CMORPH data are deemed preferable for modeling in our case. 
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Figure 4-6.  Monthly bias correction factors for the CMORPH and TRMM-3B42 
satellite-derived precipitation data.  The bias correction factor is calculated as the 
ratio of the monthly gauge-based precipitation to the monthly satellite-derived 
precipitation.  
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Figure 4-7.  Differences between adjusted satellite-derived monthly precipitation 
and gauge-based monthly precipitation. 
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by the fact that much of the cacao and citrus farming is accomplished without the use of 

heavy machinery that could compact soils. 

4.8.3 Application of the Water Balance Model 

To investigate the potential effects of climate change on water availability in the 

region, the water balance model was run under scenarios of temperature and precipitation 

responses from the 21 multi-model data sets for the A1B scenario for the Amazon region, 

summarized in Table 4-1.  The model was applied to all eleven watersheds in Figure 4-1.  

The model was then run again for all watersheds under the projected land use changes 

from forest to agriculture (described in Figure 4-2). 

In the next 75 years, runoff over all eleven watersheds is predicted to change by -17% 

to +14%, whereas recharge is predicted to decrease by 14% to 27% over all eleven 

watersheds, as a result of the combined impact of land use change and climate change 

(Figure 4-8).  As an example, Figure 4-9 and Figure 4-10 show modeled runoff and 

recharge rates under changes in climate (precipitation and temperature) and agricultural 

expansion for the Mapuruchuqui and IBTA watersheds.   

Although runoff changes ranged from positive to negative, all scenarios resulted in 

decreased recharge.  This decrease is primarily due to changes in climate, as the model 

predicts increases in potential evapotranspiration under all scenarios of climate change 

due to increased temperature.  Runoff changes range from positive to negative, depending 

on what climate scenario is used, however, because precipitation increases under some 

climate scenarios and decreases under others.  Despite perceptions that agricultural land 

use has resulted in reduced discharge from natural springs, the decrease in groundwater 

recharge was amplified only very slightly by effects of agricultural expansion because the 

calibrated curve numbers for orchards and forests were similar.  Although better 

estimates of runoff may allow for more accurate calculation of the curve numbers, there 

is reason to believe these curve numbers are reasonable, because the cacao and citrus 

orchards in the region have a large amount of ground cover and are not tended by tractors 

or other heavy machinery.  Due to the sensitivity of the results with climate inputs, a 

more significant improvement to the water balance model may come from better 



estimates of evapotranspiration from cacao and citrus orchards and from the tropical 

forest of the Alto Beni region. 
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Figure 4-8.  Modeled average annual runoff and recharge over all eleven 
watersheds.  Runoff and recharge were estimated at 30 years and 75 years from 
present, using the median, 25th and 75th quartile estimates from the regional 
averages of precipitation responses from 21 multi-model data sets reported by the 
IPCC.  All are modeled using the median temperature response (Solomon et al. 
2007). 
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Figure 4-9.  Modeled runoff and recharge for the Mapuruchuqui watershed.  Runoff 
and recharge were estimated at 30 years and 75 years from present, using the 
median, 25th and 75th quartile estimates from the regional averages of precipitation 
responses from 21 multi-model data sets reported by the IPCC.  All are modeled 
using the median temperature response (Solomon et al. 2007). 
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Figure 4-10.  Modeled runoff and recharge for the IBTA watershed.  Runoff and 
recharge were estimated at 30 years and 75 years from present, using the median, 
25th and 75th quartile estimates from the regional averages of precipitation 
responses from 21 multi-model data sets reported by the IPCC.  All are modeled 
using the median temperature response (Solomon et al. 2007). 
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4.8.4 Water Use and Sustainability 

The projected water use under the 6 scenarios of water and sanitation service 

expansion (provided in Table 4-2) and the projected 3.64% annual population growth rate 

is shown in Figure 4-11.  As Figure 4-11 shows, water and sanitation expansion will most 

likely follow that described in Scenario 1 (household water supply and sewer).  This will 

result in the largest increase in water use. 
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Figure 4-11.  Projected water use for the communities in the eleven watersheds of 
the Alto Beni Region under the 6 access-level scenarios described in Table 4-2.  The 
growth in water and sanitation coverage rates were based on planned expansion 
cited by ACDI/VOCA (2007).   

Water stress, the ratio of water use to water availability, is often used as an indicator 

of water resource sustainability.  Moderate water stress occurs when use accounts for 

more than 20% of available water resources, and severe stress occurs when use accounts 

for more than 40% of the resource.  Because springs are the primary source of water and 

domestic use is the primary water use, in our study water stress is expressed as the ratio 

of domestic water use to recharge (equation 4-6).  For example, at present time, if water 

and sanitation systems are consistent with Scenario 1, then water use is estimated to be 

about 183,000 m3/year.  At present, the recharge is estimated by the water balance model 

under the 25th percentile precipitation estimate to be 1.58 × 108 m3/year.  This means that 
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the current water stress under water and sanitation service scenario 1 would be about 

0.12%. 

( )
( )

3

3

Domestic Water Use /
Water Stress

Recharge /

m year

m year
= (4-6)

 

As shown in Table 4-4, if this indicator is used, then the suggested development plan 

is sustainable if all recharge is made available for the water systems.  This estimate does 

not take into account the actual recharge areas of the springs however, which are likely a 

small portion of the total watershed area and would result in a much smaller water 

availability for gravity-fed distribution systems. 

Table 4-4.  Water sustainability index under each climate and water/sanitation 
development scenario calculated as the ratio of domestic water use to groundwater 
recharge. 

Water and Sanitation Service Expansion Scenario 
Time from 

present 
Climate 
Scenario 1 2 3 4 5 6 

0 years 25% 0.12% 0.07% 0.09% 0.05% 0.08% 0.04% 
50% 0.12% 0.07% 0.09% 0.05% 0.08% 0.04% 
75% 0.12% 0.07% 0.09% 0.05% 0.08% 0.04% 

30 years 25% 0.23% 0.15% 0.17% 0.09% 0.13% 0.05% 
50% 0.21% 0.14% 0.16% 0.08% 0.12% 0.05% 
75% 0.20% 0.13% 0.15% 0.08% 0.12% 0.05% 

75 years 25% 0.35% 0.24% 0.25% 0.14% 0.19% 0.07% 
50% 0.30% 0.20% 0.21% 0.12% 0.16% 0.06% 
75% 0.27% 0.18% 0.19% 0.11% 0.14% 0.06% 

 

Without specific information on spring discharge, a quantification of the water stress 

index is not possible.  However, it is clear that recharge is expected to decrease because 

of climate change, while water use is expected to increase as a result of population 

growth and water and sanitation service expansion.  Considering these predictions and 

the perceived reduction in springs’ output, the sole use of natural springs for the 

provision of water supply may not be sustainable in the long term, but use of groundwater 
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