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Abstract: As many other regions worldwide, the Bolivian Altiplano has to cope with water scarcity
during dry periods, which in turn impacts on crop production as flood irrigation is overwhelmingly
extended in the region. Since farming is the main income in the Altiplano for most families, the
availability of greenhouses with water harvesting systems may represent a solution to warrant all
year round production and food access. We study the daily satisfied water demand from a balance
between rainfall collected by a greenhouse roof and water used for indoor crop irrigation assuming
a tank is available for water storage. This balance is analyzed for 25 greenhouses spread over
Batallas Municipality, close to Titicaca Lake, Bolivia, and for two case studies: (i) using irrigation
data collected from farmers in the frame of a regional project; (ii) using theoretical daily water
requirements assuming an intense greenhouse farming. Our evaluation includes a sensitivity analysis
of relevant parameters, such as the influence of the time window of rainfall used in the simulation,
the runoff coefficient, the roof surface area, the irrigation drip system, the irrigation frequency, the
crop coefficient, the volume of water used for crop irrigation, and the capacity of the water tank.
Overall, we find that the runoff coefficient has little impact on the satisfied demand rate, while
all other parameters can play an important role depending on the greenhouse considered. Some
greenhouses are able to irrigate crops normally during the wet season, while during the dry season,
greenhouses are not able to satisfy more than 50% of the theoretical water requirements, even when
large tanks are considered. Based on these results, we recommend the construction of greenhouses
with a ground surface of <50 m2 attached to the largest available covered water tank. The information
here provided can be used by stakeholders to decide their policies of investment in infrastructures
in the Altiplano. Finally, the approach we follow can be applied to any other region where rainfall,
temperature, and greenhouse data are available.

Keywords: rainfall; rainwater collection; Andean plateau; water tank; water balance; irrigation; crop
coefficient

1. Introduction

In recent decades, global warming has exacerbated water scarcity in the Andean
Altiplano. Among other impacts, we should mention the dramatic decline in the extension
of tropical Andean glaciers, as described in, e.g., [1–5], and the rise of air temperatures [6].
It is expected that both factors will favor in the mid-term a reduction in the amount of
water available for human consumption and crop irrigation [7–9], and will increase the
water demand of crops because of the higher evapotranspiration rates [10].
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The Bolivian Altiplano is characterized by long dry periods with little rainfall that
can exceed six months per year, usually from April/May to September/October, which
corresponds to austral autumn and winter seasons, although there are some differences
between the northern and southern Altiplano in the magnitude of both rainfall and air
temperatures [6,11,12]. Throughout the dry period, water is scarce and aquifers can dry
up, especially during droughts episodes, thus compromising the agricultural production,
and hence, the main income source of entire families. In fact, the volume of groundwater
has significantly decreased in recent decades [13], which could seriously affect the amount
of water available for irrigation [14]. Moreover, another factor that severely hampers
the agricultural production in the Altiplano are night frosts during austral winter [15].
In addition to the strong seasonal cycle, inter-annual climate signals, such as El Niño
Southern Oscillation, may boost the occurrence of droughts due to changes in the regional
atmospheric flow [16–18].

Subsistence family agriculture encompasses almost 57% of the 130,000 farming units of
the Bolivian Altiplano. This type of agriculture is greatly constrained by the low proportion
of irrigated land. According to Tito and Wanderley [19], the proportion of total arable
land equipped with precise irrigation during the period of 1999 and 2015 was around 7%,
without any significant improvement during that period. On the other hand, the latest
national agricultural survey was more optimistic and highlighted that only 26% of families
dedicated to subsistence agriculture had precise irrigation. As a consequence, the remaining
families use rain-fed agriculture or flood irrigation, which restricts farm production to the
wet season [20]. Additionally, subsistence family agriculture does not have the financial
resources to invest in technology or infrastructure to improve their income. As a result, the
profit obtained from the agricultural activity is frequently insufficient for farmers in the
Altiplano region [19,21,22].

Regarding the above, important investments have been made for the construction of
greenhouses in Bolivia in the last three decades with mixed results [23–26]. More recently,
the implementation of greenhouses with optimal use of water has been considered a
key strategy within the national rural development plan for agricultural diversification,
adaptation to climate change (more frequent droughts and frosts), and food security [27],
with a especial focus on the Altiplano region [28–30]. Greenhouses help small farmers in
the Altiplano to diversify their diet, improve their income, and enhance food access [26].
However, one of the limitations faced by investment in this region is the limited access to
water, which is probably one of the most relevant factors for the adoption and sustained use
of new agricultural technologies over time, as seen in other developing countries [31–34].
Thus, given the importance of these technologies in terms of investments, climate change
adaptation, and food security policies, high-quality water usage information can help to
promote sustained use of greenhouses and to increase its efficiency. On the other hand,
information on the optimal water usage in greenhouses is essential from an environmental
standpoint, since they can affect natural patterns and the ecological flow in the water basin,
worsening the impacts of droughts [13,35].

Within the frame of a regional project, several in situ measurements were taken to get
the dimensions of greenhouses (ground and roof greenhouse surface) in a rural municipality
of the Bolivian Altiplano. Other information related to greenhouses infrastructure (material,
installed irrigation system features) and current agricultural practices (e.g., irrigation
volume, fertilization, crops cultivated, and crop rotation) were also collected. In this work,
we take advantage of that information to analyze the volume of rainwater collected by
greenhouse roofs in order to find the most suitable water tank capacity, according to the
catalog of volumes available in the market. To this end, together with the dimension
of greenhouse roofs, we consider the amount of local rainfall, the estimated irrigation
frequency, the runoff coefficient, and the estimated volume of water required to satisfy
the water demand of crops cultivated within greenhouses. In contrast to other works that
have studied the water balance of greenhouse roofs at monthly scale, e.g., [36], we analyze
the balance at daily scale, which we consider more realistic as it minimizes the water loss
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during intense rainfall episodes and better tracks the water caught, stored, and used in near
real time. The main objective of this work is to find those greenhouses that better satisfy
the water demand for agricultural purposes in greenhouses of typical rural families in the
Bolivian Altiplano from two perspectives: (i) based on the irrigation procedure currently
followed by local farmers, (ii) based on the water required by the most common crops if
greenhouses were exhaustively cultivated.

2. Data and Methods
2.1. Greenhouse Characteristics

The 25 greenhouses included in the study were mostly spread across the Batallas
municipality, within La Paz Department, in Bolivia, at about 4000 m height and relatively
close to Titicaca Lake (Figure 1). Greenhouses were randomly selected among the close
to 100 greenhouses counted in the latest available national census in the same munic-
ipality. Overall measured greenhouse roofs have three shapes, which for the selected
greenhouses are illustrated in Figure 2: even or two slopes (triangles in Figure 1), Quonset
or semi-spherical (semi circles in Figure 1), and single slope (squares in Figure 1). Roof mea-
surements were performed analogically with measuring tapes (unit of cm) by experienced
engineers; thus, systematic uncertainties are of the order of 0.1 m2 using error propagation
theory, which do not alter our results [37]. Table 1 summarizes greenhouse coordinates,
their ground surface area, their distance to the closest rain gauge, and their catchment areas.
As seen, single slope roof greenhouses are less frequent (only four), while the range of
catchment areas is wide, from about 20 m2 to around 300 m2.

Bolivia Batallas

a) b) c)

Figure 1. (a) Map of South America with Bolivia highlighted. (b) Map of Bolivia with Batallas
Municipality detailed. (c) Altitude map of Batallas Municipality and surroundings. Greenhouses
are depicted by triangles (even or two slopes roof), semi circles (semi-spherical roof), and squares
(single slope roof). The closest rain gauges with at least 20 years of daily rainfall measurements are
depicted with circles. Note that colors of greenhouses and the closest weather station are the same.
Daily temperature location is depicted by a black star. The distance of each greenhouse to the closest
rain gauge is shown in Table 1.
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a) b) c)

Figure 2. Photographs illustrating the different greenhouse roof types used by local farmers: (a) two
slopes, (b) semi spherical, (c) single slope. These images correspond to greenhouses 1, 22, and 25,
respectively (see their characteristics in Table 1).

Table 1. Position, greenhouse ground surface, catchment surface, closest rain gauge, and distance, as
well as volume of water used for irrigation for the two types of irrigation drips.

Greenhouse Position Greenhouse
Surface (m2) Closest Rain Gauge Distance (km) Catchment Surface

(m2) Ca [L]

1 (16.266◦ S, 68.475◦ W) 261.3 Chirapaca 0.4 300.0 (156.96, 77.76)
2 (16.269◦ S, 68.470◦ W) 19.3 Chirapaca 4.3 22.0 (11.88, 5.58 )
3 (16.272◦ S, 68.470◦ W) 49.5 Chirapaca 4.4 57.3 (18.30, 8.91 )
4 (16.272◦ S, 68.470◦ W) 29.3 Chirapaca 4.4 46.2 (9.90, 4.77)
5 (16.272◦ S, 68.459◦ W) 19.3 Chirapaca 4.4 22.4 (14.65, 6.88)
6 (16.260◦ S, 68.456◦ W) 18.4 Chirapaca 6.2 20.5 (23.04, 10.80)
7 (16.261◦ S, 68.459◦ W) 18.9 Chirapaca 6.3 20.5 (23.04, 10.80)
8 (16.258◦ S, 68.499◦ W) 18.4 Chirapaca 6.3 21.1 (11.52, 5.40)
9 (16.307◦ S, 68.465◦ W) 44 Chirapaca 0.9 46.1 (19.80, 9.68)

10 (16.292◦ S, 68.482◦ W) 89.3 Chirapaca 3.8 140.1 (47.52, 23.40)
11 (16.281◦ S, 68.544◦ W) 60.0 Chirapaca 2.7 72.0 (49.14, 23.94)
12 (16.338◦ S, 68.475◦ W) 80.3 Huayrocondo 5.1 126.0 (125.82, 61.83 )
13 (16.335◦ S, 68.571◦ W) 35.0 Huayrocondo 8.0 38.8 (34.63, 16.87)
14 (16.316◦ S, 68.546◦ W ) 75.0 Chirapaca 5.6 118.5 (138.24, 68.04)
15 (16.305◦ S, 68.546◦ W) 100.0 Chirapaca 5.4 158.0 (181.44, 89.64)
16 (16.323◦ S, 68.546◦ W) 75.0 Huayrocondo 5.8 118.5 (69.12, 34.02)
17 (16.308◦ S, 68.552◦ W) 75.0 Chirapaca 6.0 118.5 (23.04, 11.34)
18 (16.308◦ S, 68.552◦ W) 113.9 Chirapaca 6.0 178.0 (32.76, 16.17)
19 (16.348◦ S, 68.571◦ W) 106.2 Huayrocondo 8.0 167.4 (105.23, 51.95)
20 (16.308◦ S, 68.524◦ W) 168.0 Chirapaca 3.0 178.3 (184.70, 91.46)
21 (16.319◦ S, 68.519◦ W) 108.0 Chirapaca 3.2 169.2 (199.08, 98.28)
22 (16.258◦ S, 68.568◦ W) 250.0 Copancara 2.1 292.3 (266.18, 131.87)
23 (16.262◦ S, 68.561◦ W) 255.0 Copancara 2.6 306.0 (441.54, 218.79)
24 (16.259◦ S, 68.567◦ W) 57.5 Copancara 2.2 67.3 (100.44, 49.14)
25 (16.019◦ S, 68.517◦ W ) 39.2 Corpaputo 6.4 39.6 (51.84, 24.84)

According to the information we collected during the project, the most frequent crop is
Swiss chard (Beta vulgaris subsp. vulgaris), which is being cultivated in 12 of 25 greenhouses,
and the second one is lettuce (Lactuca sativa), cultivated in 8 of 25 greenhouses. Other crops,
cultivated in six or fewer greenhouses, are parsley, cabbage, and celery, to mention only
the most common. It is worthy to note that greenhouses usually have more than one crop,
since farmers in the Altiplano tend to cultivate several species at the same time, normally
between two and five, up to a maximum of seven. The main reason is that they mostly
cultivate for self-consumption.

2.2. Rainfall Data

The rain gauges we use belong to SENAMHI (Servicio Nacional de Meteorología e
Hidrología de Bolivia) sensors network. Those stations closest to the location of greenhouses
and that cover at least two distinct time windows of 10 years of daily accumulated rainfall
were selected (Figure 3). We note that the two time windows do not need to be next to
each other in time, as they are used as a rough indicator to test how interannual signals
such as the ENSO events affect the water demand satisfaction rate. The four selected
rainfall time series have a few gaps within the time windows (<10% per month) that do
not meaningfully affect the results here presented. We use a total of eight time windows
(W1, . . . , W8, Figure 3), with time intervals and rainfall information such as the maximum
daily rain, the total 10-year accumulated rain and the percentage of days with rain are
shown in Table 2. The rain gauge of Corpaputo, located relatively far from all other
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stations, shows a slightly lower peak of daily rain (around 30 mm), but a larger total 10-year
accumulated rainfall than other stations (around 2000 mm more). Indeed, on average, one
in every three days, some rain is measured in Corpaputo. In contrast, the rain gauge of
Copancara, closer to the Titicaca Lake, shows less accumulated 10-year rainfall and a lower
percentage of rainy days (one of every six to seven days, depending on the time window,
see Table 2). The largest difference in the accumulated rainfall between time windows is
displayed by Chirapaca, located more inland than Copancara, with a difference of about
700 mm between W1 and W2.

1980 1984 1988 1992 1996 2000 2004 2008 2012 20160
20
40
60

[m
m

] W1 W2

Chirapaca
Daily rainfall

1980 1984 1988 1992 1996 2000 2004 2008 2012 20160
20
40
60

[m
m

] W3 W4

Huayrocondo

1980 1984 1988 1992 1996 2000 2004 2008 2012 20160
20
40
60

[m
m

] W5 W6

Copancara

1980 1984 1988 1992 1996 2000 2004 2008 2012 20160
20
40
60

[m
m

] W7 W8

Corpaputo

Figure 3. Time series of rainfall from the closest weather stations to greenhouses (Figure 1): Chirapaca
(pink circle), Huayrocondo (green circle), Copancara (blue circle), and Corpaputo (red circle). For
each time series, we have chosen two time windows that span 10 years and do not overlap with each
other (rectangles, named as Wi, i = 1 . . . 8). Note that one window starts in summer and another one
in winter (Table 2).

Table 2. Main characteristics of rainfall for selected time windows (W1, . . . , W8). There are two
windows that span 10 years for each rain gauge, one beginning in austral summer and another
one in winter, respectively. Maximum daily rainfall, the total 10-year accumulated rainfall, and the
percentage of rainy days are included for each time window.

Windows Rain Gauge Coverage Daily Max. (mm) Total Rainfall (mm) % of Rainy Days

W1 Chirapaca 1 January 1992–31
December 2001 40.0 5703.3 25.4 %

W2 Chirapaca 1 July 2004–30 June 2014 30.0 5020.8 23.2 %

W3 Huayrocondo 1 January 1992–31
December 2001 40.6 4869.5 22.8 %

W4 Huayrocondo 1 July 2004–30 June 2014 37.4 5186.7 30.5 %

W5 Copancara 1 January 1990–31
December 1999 37 4323.5 16.8 %

W6 Copancara 1 July 2001–30 June 2011 42.0 4589.8 14.0 %

W7 Corpaputo 1 January 1981–31
December 1990 32.9 7149.7 34.3 %

W8 Corpaputo 1 July 1992–30 June 2002 23.2 6769.8 32.1 %

2.3. Temperature Data

In order to compute the reference evapotranspiration inside greenhouses, maximum
(Tmax) and minimum (Tmin) daily air surface temperatures are required. We use CPC Global
Temperature data provided by the NOAA/OAR/ESRL PSL, Boulder, CO, USA, from their
website at https://psl.noaa.gov/data/gridded/data.cpc.globaltemp.html (accessed on

https://psl.noaa.gov/data/gridded/data.cpc.globaltemp.html
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13 April 2022). This dataset, constructed from about 6000 to 7000 global weather stations,
provides maximum and minimum daily temperatures from 1979 until the near present.
It covers the whole globe and has a spatial resolution of 0.5◦ × 0.5◦, which we consider
sufficient given the smooth behavior of the temperature. Because of the relatively small
surface area of Batallas Municipality, only those time series of Tmax and Tmin corresponding
to the closest grid points to rain gauges are used in this analysis. In particular, we have
linearly interpolated time series centered at [68.25◦ W, 16.25◦ S], and at [68.75◦ W, 16.25◦ S]
in order to get time series at [68.5◦ W, 16.25◦ S], which falls within Batallas Municipality
(depicted with a star in Figure 1). The few gaps (only 24 days over the 40 years) are filled by
linear interpolation considering the closest values. Note that by construction, mean daily
temperatures are easily derived as: T = Tmax−Tmin

2 . Time series of maximum, mean, and
minimum daily temperature are shown in Figure 4a. Time series depict a clear seasonal
cycle and a range of variability between −10 ◦C and 35 ◦C, with average maximum and
minimum temperatures of about 15 ◦C and 0 ◦C, respectively.

1980 1985 1990 1995 2000 2005 2010 2015 2020
-15
-10

-5
0
5

10
15
20
25
30
35

[
C]

(a) Tmax Tmin T

1980 1985 1990 1995 2000 2005 2010 2015 2020
0
1
2
3
4
5
6
7
8
9

10

ET
0 [

L
m

2
da

y
1 ]

(b) ET0

Figure 4. (a) Time series of maximum (Tmax), minimum (Tmin), and mean (T) daily temperature (unit
of ◦C). Time series correspond to the coordinates: [68.5◦ W, 16.25◦ S]. (b) Time series of daily reference
crop evapotranspiration, ET0 (unit of L ·m−2 · day−1).

2.4. Simulations of Rainwater Collected by Greenhouse Roofs

In this work, we have performed two types of simulations based on a water balance
model [38,39]. These simulations incorporate the water harvested by the greenhouse roof
as well as the amount of water used for irrigation. The latter is studied from both a
practical and a theoretical perspective. In the first class of simulations, we depart from
information provided by farmers on irrigation frequency and duration. In the second
class of simulations, we hypothesize that the surface ground area of every greenhouse is
cultivated with a crop (or a combination of crops) that can be characterized by an average
crop coefficient. Next, we estimate the daily water irrigation requirements considering a
theoretical indoor crop evapotranspiration. In particular, as reference crops, we consider
Swiss chard and lettuce, by selecting crop coefficients within the range of variability
reported for those crops. As mentioned above, those crops are the most common based on
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the information provided by farmers. Then, we simulate if harvested water is sufficient to
satisfy the daily water demand considering a mean crop coefficient.

In both types of simulations, we model the daily volume of water inside a given
tank volume for each greenhouse. To this end, we assume that a covered water tank is
attached to the greenhouse catchment system. In this balance, we additionally hypothesize
that, if any, sediments transported by first rains are collected by a filter or a small deposit
before entering the water tank. For simplicity, potential loses in the gutter system are not
considered here.

2.4.1. Type 1: Simulations Considering Water Irrigation Data from Farmers

The water balance equation in this case is expressed as follows:

Vt
t = Vt−1

t + Vt
c − Ct

a − Ct
h, (1)

where Vt
t is the volume of water inside the tank at a given day and Vt

c the daily caught rain
water, which is proportional to the vertical projection of the surface area of greenhouse
roofs (Sroo f ) over a plane, the runoff coefficient (Cr) and the daily accumulated rainfall (pt):
Vt

c = Sroo f · Cr · pt [40,41].
Other terms are the daily water consumed for irrigating crops Ct

a, and the volume
of water used for human consumption, which in this work we have fixed as Ct

h = 0, ∀t.
Hence, we consider caught water is only used for agricultural purposes, although this may
not be the case in reality.

As an example, if we consider a dry day, pt = 0 L, the volume of water collected will
be zero, Vt

c = 0 L. Likewise, in those days with no irrigation, the water consumed will be
identically zero, Ct

a = 0 L. Therefore, in any given day t, the volume inside a tank can be
expressed as:

Vt
t = Vt−1

t + Vt
c − Ct

a, (2)

where the day we start the simulation the tank is empty, Vt−1
t

∣∣∣
t=1

= 0. Additionally, the
simulation will iterate Equation (2) during the 10-year time window selected, which is
defined in Table 2 for each rain gauge. This balance also allows to track the volume of water
lost when collected rainfall exceeds the capacity of a given tank, which provides an insight
of which tank capacity minimizes losses. By lost water, we refer to rainfall water that can
no longer be collected because the water tank is full.

2.4.2. Type 2: Simulation of Water Balance Considering Theoretical Irrigation
Crop Requirements

The balance equation in this case is expressed as follows:

Vt
t = Vt−1

t + Vt
c − Et

g · Sg, (3)

where, again, Vt
t is the volume of water inside the tank at a given day and Vt

c is the daily
harvested rain water. The new term Et

g represents the crop evapotranspiration inside the
greenhouse, which will depend on the growth stage and the crop considered, while Sg
is the cultivated surface of a given greenhouse (shown in Table 1), which is estimated as
described in the following section.

2.5. Computation of Indoor Crop Water Requirements

Regarding Type 2 simulations, the approach followed to estimate crop water needs
inside a greenhouse requires the computation of: (i) the outdoor reference crop evapotran-
spiration and (ii) the evapotranspiration of the crop of interest inside the greenhouse.

2.5.1. Reference Crop Outdoor Evapotranspiration

A widely used approach to calculate the reference crop outdoor evapotranspiration,
ET0, is the FAO-56 Penman-Monteith equation, which is defined by local meteorological



Hydrology 2022, 9, 107 8 of 20

conditions (wind speed, humidity, temperature, and solar irradiation) under the assumption
of a land covered by a crop of 0.12 m height, with an albedo of 0.23 and a surface resistance
of 70 m s−1. However, in Bolivia there are no available consistent measurements of humidity,
and for indoor greenhouse conditions, the effect of the wind is irrelevant; for that reason, we
use the simplified expression of Hargreaves and Samani [42], which has been successfully
applied by Vicente-Serrano et al. [43] in Bolivia and is only fed by the extraterrestrial solar
radiation, and daily maximum and minimum temperatures. It is defined as:

ET0 = 0.0023 Ra ∆T0.5 (T + 17.8), (4)

which has units of L ·m−2 · day−1. T is the mean daily air surface temperature (unit of
◦C), ∆T = Tmax − Tmin is the difference between maximum and minimum daily air surface
temperatures, and Ra refers to the extraterrestrial solar radiation.

To compute daily extraterrestrial radiation we use the expression:

Ra =
24 (60)

π
Iscdr[ws sin(φ) sin(δ) + cos(φ) cos(δ) sin(ws), ] (5)

where Isc = 0.082 MJ ·m−2 ·min−1 is the solar constant, and:

dr = 1 + 0.033 cos(
2π

365
n) (6)

δ = 0.4093 sin(
2π

365
n− 1.394) (7)

ws = arccos[− tan(φ) tan(δ)] (8)

are the distance between the Sun and the Earth, the Earth declination, and the sunset hour
angle, respectively, which change for each day and with latitude. In the above expressions,
n is the ordered calendar day (e.g., n = 1 corresponds to 1 January) and φ is the latitude
(expressed in radians).

Finally, note that to get Ra with the proper units (mm · day−1 or equivalently,
L ·m−2 · day−1) we have converted it from International System units multiplying by
the conversion factor ( 1

2.45 ):

Ra [L ·m−2 · day−1] =
Ra [MJ ·m−2 · day−1]

2.45
(9)

2.5.2. Crop Indoor Evapotranspiration

Once we obtained the reference crop evapotranspiration (Figure 4b), we estimated the
evapotranspiration of a certain crop as:

Ec = kc · E0, (10)

where kc is the crop coefficient specific for each species, which may change with the growth,
pruning, and harvesting phases [44].

Due to the absence of wind, evapotranspiration inside the greenhouse will be smaller
than outdoors. Consequently, crop evapotranspiration inside the greenhouse, Eg, must
be multiplied by a factor, also known as the pan coefficient, Kg ∈ (0, 1), which depends
on the local climate; hence, Eg = kg · Ec. As a reference, for plastic greenhouses, a fac-
tor of Kg = 0.65 has been reported for Lebanon [45] and Kg = 0.79 for Mediterranean
conditions [46]. In our simulation, we take a factor of 0.75, since the Altiplano is less humid
than the Mediterranean regions, but not as low as in the interior of Lebanon due to the
closeness of Titicaca Lake.

Total evapotranspiration (irrigation requirement of indoor crops) will be proportional
to the greenhouse surface area cultivated, Eg · Sg. In our Type 2 simulations, we compare
results for a few crop coefficients: kc = 0.8, 0.9, 1. These numbers are in agreement with
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the range of values recommended by Allen et al. [47] for the Swiss chard, kc ∈ [0.7, 1] and
the lettuce, kc ∈ [0.7, 1.05]. kc takes the lowest values in the initial and final phases and
are slightly larger during the growing phase, which is the longest one. Additionally, crop
coefficients of many other species cultivated in the Altiplano take values between 0.8 and 1,
thus being included in our numerical experiments.

2.6. Other Greenhouse Parameters

Other variables and parameters included in the water balance simulations are defined
in the following lines:

• The runoff coefficient (Cr). This coefficient accounts for losses due to leakage, spillage,
catchment surface wetting, and evaporation [36,40,41]. In our study, all greenhouse
roofs are constructed with polyethylene, which has a Cr = 0.9− 0.95 under good
conditions, and it decreases as it degrades [48,49]. Therefore, we have selected values
of 0.8 and 0.9 for our Type 1 simulations.

• The maximum volume of rainfall water that can store a tank (Vmax
t ). According to the

tanks available on the market, we have selected the following values to perform the
simulations: Vmax

t (l) = 300, 450, 650, 900, 1200, and 1600 L.
• Irrigation frequency ( fi). Based on the data we collected, farmers tend to irrigate every

2 or 3 days. Therefore, we will take both values to perform Type 1 simulations.
• The volume of water used to irrigate indoor greenhouse crops (Ca, see last column

of Table 1) in Type 1 simulations. The volume depends on the characteristics of the
irrigation system, the duration of every irrigation event and the percentage of surface
cultivated. With the following data provided by farmers, we have established two
volumes according to the more common drip irrigation systems (because of different
separation between hoses available in the market) and an average irrigation time of
30 min per event (Table 1).

• Surface of the greenhouse cultivated in Type 2 simulations (Sg). Based on the standard
greenhouse margins collected in the project (50 cm in all sides) and the distance
between furrows, where the drip irrigation system is located, the surface cultivated
is about 80% of the surface ground of a greenhouse, although it can vary (0.75–0.85)
between greenhouses. Therefore, in our simulations, we multiply the greenhouse
surface (Sg) by a factor of 0.8.

2.7. Example of Type 1 and Type 2 Simulations

As an example of Type 1 simulations performed, we show the daily volume of water
inside the tank and the volume of lost water (Figure 5, top panel), as well as the 10-year
monthly climatology of the percentage of satisfied water demand for greenhouse number
22 (Figure 5, bottom panel). This simulation has been performed for the following set
of parameters: Cr = 0.9, Wi = W6, fi = 1/2 day−1, Ca = 266.2 L, Vmax

t = 650 L. As
mentioned above, in this simulation, we have used the information of water irrigation
provided by farmers. The daily volume of lost water (i.e., non-captured water since the
tank is completely full, as indicated by the green line touching the red line), reaches peaks
over 10,000 L per day during the wet season, while the tank is completely empty during
most of the dry season. Note that to construct the bottom panel, daily values of satisfied
demand have been first averaged at monthly scale, after which we have computed the
10-year monthly average. As seen, the satisfied demand of water for irrigation is over 60%
during austral summer, while it decreases below 20% during austral winter (blue line). A
similar distribution depicts the amount of water loss (red line, in thousands of liters) due to
the reduced water storage (650 L). The black line represents the mean volume of water used
for agriculture purposes, which in this case is always insufficient to satisfy the required
volume of water for irrigation.
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Figure 5. Example of a Type 1 simulation performed with Equation (2) for greenhouse 22 (see
main characteristics in Table 1). The simulation is performed for the next set of parameters:
Sroo f = 292.3 m2, Cr = 0.9, Wi = W6 (second window of Copancara station, Table 1), fi = 1/2 day,
Ca = 266.2 L, Vmax

t = 650 L. (top panel) Daily simulation of water inside tank (green) and lost water
(sky blue). Note that the amount of water inside the tank is Vmax

t as maximum. (bottom panel) The
10-year monthly mean computed from daily data. The percentage of satisfied demand (sky blue) has
been calculated taking into account the volume of water provided by the tank (black) with respect
to the total required, while the water loss (brown) indicates the amount of water does not captured,
most likely due to limitations in the storage capacity of the tank. Units of left y-axis are 103 L.

For comparison, we show an example of Type 2 simulations for the same greenhouse
in Figure 6. It has been performed for the following set of parameters: Cr = 0.9, Wi = W6,
kc = 0.9, Sg = 250 m2, Sroo f = 292.3 m2, and Vmax

t = 650 L. As seen, in this case, the mean
annual cycle has the same shape than Type 1 simulations, but the percentage of satisfied
water demand is about 20% smaller during the wet season (November to April) and about
10% smaller during the rest of the year. The reason is that in this case, we are irrigating
every day with the theoretical water needs of crops, also assuming the greenhouse is being
fully cultivated, which is not always the case in reality, since some farmers only cultivate a
part of the greenhouse ground surface. On the other hand, the volume of lost water (which
especially occurs during the wet season in Type 2 simulations) suggests the convenience of
installing a larger tank to collect more rainwater.
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Figure 6. Example of a Type 2 simulation performed with Equation (3) for greenhouse 22 (see
the main characteristics in Table 2). The simulation is performed for the next set of parameters:
Sroo f = 292.3 m2, Cr = 0.9, Wi = W6 (second window of Copancara station, Table 2), kc = 0.9,
Sg = 250 m2, Vmax

t = 650 L. (top panel) Daily simulation of water inside tank (green) and lost water
(sky blue). Note that the amount of water inside the tank is Vmax

t as maximum. (bottom panel) The
10-year monthly mean computed from daily data. The percentage of satisfied demand (sky blue) has
been calculated taking into account the volume of water provided by the tank (black) with respect
to the total required, while the water loss (brown) indicates the amount of water does not captured,
most likely due to limitations in the storage capacity of the tank. Units of the left y-axis are 103 L.

3. Results and Discussions
3.1. Analysis of the Satisfied Irrigation Demand According to Farmers’ Information
(Type 1 Simulations)

To investigate the relevance of selected parameters in the volume of satisfied water
demand in Type 1 simulations, we have compared the mean values of all simulations when
one parameter is changed while the other remain fixed. Thus, the analysis is performed
separately for each of the following parameters: time window (Wi, with two windows
for each rain gauge as was shown in Figure 3), the runoff coefficient (Cr = 0.8, 0.9), the
irrigation frequency ( fi = 1/2, 1/3 day−1), the volume of water used for irrigation (Ca,
with two values for each greenhouse as shown in Table 2), and the maximum capacity of
the tank (where Vmax

t = 300, 450, 650, 900, 1200, and 1600 L).
The obtained results for all parameters and for each greenhouse are shown in

Figures 7 and 8 for wet and dry seasons, respectively. Box plots include 99% of values, while
those values represented as circles account for 1% of the values (outliers). The different
parameters are separated by vertical dashed lines. The black horizontal line depicts the
mean value, while the above asterisks indicate if for each value of every parameter, the
difference between mean values is statistically significant at 95%. The significance is based
on the t-test when the parameters can only take two values (which occurs for all of them
except water tank capacity), and on the one-directional ANOVA (F-test) for the maximum
tank capacity (only for Vmax

t ), which has six case studies.
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Figure 7. Box plots of the mean percentage of satisfied water demand during the wet season,
October to March (y-axis) for each greenhouse and for each parameter included in Type 1 simulations.
Note that box plots reflect changes when one parameter is modified while the other remain fixed.
The parameters are: 10-year time window of rainfall (W1 o W2 depending on the beginning of
time series, summer or winter, according to Table 2) depicted by blue boxes; the runoff coefficient
(Cr1 = 0.8, Cr2 = 0.9, depicted by pink boxes); the water needed for irrigation, which depends on
the number of irrigation drips and the greenhouse size, as well as on the frequency of irrigation
and on the duration of each irrigation event, presenting two scenarios: larger water usage (Ca1 ) or
lower water usage (Ca2 ) depicted by purple boxes; the irrigation frequency, once every two days
( fi1 = 1/2 day−1) or once every three days ( fi2 = 1/3 day−1), depicted by green boxes; and the
maximum capacity of water tanks: 300 L, 450 L, 650 L, 900 L, 1200 L, and 1600 L, depicted by orange
boxes. Note that each parameter is separated by vertical dashed lines. The statistical significance
of obtained values for the different set of parameters has been calculated using a t-test when we
compare two factors, and through an ANOVA one-directional (F-test) when the number of factors is
larger than two, which only occurs for the maximum capacity of the tank (Vmax

ti
). The black asterisks

that sometimes appear above box plots indicate when the difference between the means is significant
at 95%, i.e., pvalue ≤ 0.05.

As shown in both figures, the results of satisfied water demand and their sensitivity
to changes in parameters may differ between greenhouses. However, there are common
characteristics to remark: (i) The average percentage of satisfied water demand varies
between 50% and 100% for all study cases during the wet season and between 20 and 100%
during the dry season for some combinations of parameters, being lower for greenhouses
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22–25 (Table 1), which are closer to the Copancara and Corpaputo rain gauges; (ii) The
percentage of satisfied water demand is statistically insensitive to the changes in the runoff
coefficient here explored for all greenhouses (Ce = 0.8, 0.9) and for both seasons. Mean
values vary slightly for a given greenhouse (pink boxes in Figures 7 and 8); (iii) Time
windows have a significant effect on seven greenhouses, mainly those associated with the
Huayrocondo and Copancara rain gauges (blue boxes in Figures 7 and 8). The reason is
that those stations have the largest difference in the number of rainy days between the
two time windows selected (Table 2); (iv) The other three parameters (irrigation frequency,
water volume used for irrigation, and maximum tank capacity) influence significantly at
95% over all greenhouses. Changes in irrigation frequency and volume of water used for
irrigation may modify up to 20% the satisfied water demand percentage, depending on the
greenhouse, while the maximum capacity of the tank can affect up to 30% the percentage of
satisfied water demand, when we compare smaller with larger tanks (e.g., greenhouse 25).
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Figure 8. Same as Figure 7 but for the dry season (April to September).

The results show that if the water tank is properly selected, most of the greenhouses
are able to satisfy 100% of the water demand during the wet season (greenhouses 1–21),
and some of them even during the dry season (greenhouses 1, 3, 4, 5, or 6, for example),
without the need of selecting the largest water tank. In contrast, greenhouses 23–24 are in
trouble to reach 80% of the water demand during the wet season and 50% during the dry
season. This is likely explained by the lower number of rainy days during the dry season
and the large volume of water required to irrigate crops inside the greenhouse due to the
large surface of their roofs.



Hydrology 2022, 9, 107 14 of 20

3.2. Analysis of Satisfied Irrigation Demand According to the Theoretical Crop Requirement
(Type 2 Simulations)

In this section, we explore the percentage of theoretical crop total irrigation that
each greenhouse with a given water tank could satisfy every day. Following the results
shown above, where we verified the low sensitivity of the percentage of satisfied water
demand with respect to the runoff coefficient, in Type 2 simulations, we use a constant
runoff coefficient of Cr = 0.9, which is reasonable if greenhouses are properly maintained.
Additionally, we explore the relevance of the crop coefficient (kc) by simulating three
different cases: kc = 0.8, 0.9, 1, as described in Section 2. As for Type 1 simulations,
we also evaluate the sensitivity of results to rainfall time windows and different water
tank volumes.

In this case, percentages of satisfied water demand are dramatically different between
the wet and the dry seasons (Figures 9 and 10, respectively), and between greenhouses.
Mean percentages oscillate between 25% and 80% during the wet season and from 10% to
50% during the dry season. In many greenhouses, the percentage remains below 25% during
the dry season (e.g., greenhouses 16–24). As for Type 1 simulations, significant differences
between rainfall time windows appear for a few greenhouses. More interestingly, most of
greenhouses where significant differences appear are distinct during the wet (2, 4–8, 12, 13,
16, and 19) and dry seasons (1, 9–11, 13–15, 17, 18, and 20–25). One explanation is that in
those greenhouses with medium and large ground surface (>50 m2, see Table 1), rainfall
differences during the dry season are larger in terms of water demand satisfaction than in
the case of small size greenhouses, which with less harvested rainfall are able to satisfy
their demand.

Regarding the impact of the crop coefficient in the percentage of satisfied demand, dif-
ferences in the mean values are below 10% between kc = 0.8 and kc = 1 for all greenhouses.
This factor is only statistically significant at 95% in greenhouses (2, 5–9, and 25) during the
wet season, and in greenhouses 3, 9, and 13 during the dry seasons. All those greenhouses
have a small and medium size (<50 m2), being not significantly relevant the crop coefficient
for large greenhouses, where the main issue is to increase the amount of harvested water.

To conclude this section, the impact of the maximum tank capacity (Vmax
t ) on the

satisfied water demand reach values of up to 25% (e.g., in greenhouse 11, Figure 9). During
the wet season, the election of a certain Vmax

t is significant for all greenhouses except for
numbers 2 and 5–8 (Figure 9), which are the greenhouses with the lowest ground surface
(<20 m2, Table 2). During the dry season, the volume of the tank considered in the simu-
lation is statistically significant for all greenhouses (Figure 10), since the water is scarce
and larger tanks can harvest more rainfall, thus minimizing water losses during the few
isolated rainfall events.
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Wet season (October to March)

Figure 9. Box plots of the mean percentage of satisfied water demand during the wet season, October
to March (y-axis) for each greenhouse and for each parameter included in Type 2 simulations. Note
that box plots reflect changes when one parameter is modified while the others remain fixed. The
parameters are: 10-year time window of rainfall (W1 or W2, depending on the beginning of time
series, summer or winter, according to Table 2) depicted by blue boxes; the crop coefficient (kc1 = 0.8,
kc2 = 0.9, kc3 = 1 ), depicted by pink boxes; and the maximum capacity of water tanks: 300 L, 450 L,
650 L, 900 L, 1200 L, and 1600 L, depicted by orange boxes. For all simulations, the runoff coefficient
is fixed (Cr = 0.9). Note that each parameter is separated by vertical dashed lines. The statistical
significance of obtained values for the different set of parameters has been calculated using a t-test
when we compare two factors, and through an ANOVA one-directional (F-test) when the number of
factors is larger than two, which occurs for the crop coefficient (kci ) and the maximum capacity of the
tank (Vmax

ti
). The black asterisks that sometimes appear above box plots indicate when the difference

between the means is significant at 95%, i.e., pvalue ≤ 0.05.
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Figure 10. Same as Figure 9 but for the dry season (April to September).

4. Conclusions and Recommendations

In this work, we have studied the water balance between rainwater collected by
greenhouse roofs and the usage of this water to irrigate crops within greenhouses if covered
water tanks were available. To this end, we have followed two approaches. First, we use
irrigation data collected from farmers; second, we satisfy the theoretical daily irrigation
demanded by crops. We have included the most relevant parameters that affect the water
balance, which are: precipitation, the runoff coefficient of greenhouse roofs, frequency and
volume of irrigation, the maximum capacity of the water tank used as storage, and crop
factors. Unlike other studies, which use monthly mean accumulated rainfall [36,50], here,
we simulate the balance at daily scale, which better captures the impact of extreme rainfall
episodes [51,52]. Our analysis has evaluated the influence of the above parameters in the
percentage of satisfied water demand and the volume of water loss for each simulation
type and greenhouse.

The results show that the level of irrigation carried out by farmers is far from the irri-
gation theoretically required in case the greenhouse was extensively cultivated. The reason
is that, currently, the ground surface of many greenhouses is not being fully cultivated since
farmers mostly produce for subsistence, not taking advantage of the maximum greenhouse
potential. One key restriction is the current lack of water tanks, which discourage farmers
from a more intensive production, since there is a real risk of water scarcity, especially
during the dry season if they totally depend on rainfall or if they use flood irrigation. The
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greater production that farmers could get with the installation of water tanks could be sold,
thus contributing to the increase of their income.

The potential effect of a degraded pipe system or the presence of sediments in the
tank, which may be drawn by first waters, thus decreasing the effective volume available
to store water, is small in our simulations if the reduction is 10% or lower (not shown). Two
possible solutions to avoid a decrease in the volume of collected water are the installation
of an auxiliary small tank for first waters or a screen to retain the biggest sediments.
However, since economical resources are limited for farmers in Bolivian Altiplano, an
evaluation of the economic feasibility of above solutions will be necessary to decide on the
appropriate option.

Among other limitations of this study, we should cite the fact that human consumption
has not been considered. This usage may exist, as in rural areas, families usually live next
to greenhouses. Regarding this point, a consumption of 65 L/person/day was reported
in the city of El Alto (Bolivia) a few years ago [53], which we can consider as an upper
threshold for rural areas. We have not considered the degradation of greenhouse roofs
(the emergence of wholes and cracks) nor critical problems in the water pipe system (e.g.,
obstructions), which may substantially increase water loss, and hence, reduce the volume
of harvested water. The projected future changes in the volume of mean and extreme
temperature and precipitation due to the ongoing climate change may also exert some
impact on the results, as they have demonstrated to be sensitive to rainfall time windows
for some greenhouses [54,55].

A proper maintenance of greenhouse roofs, which includes the replacement of roofs
considering the polyethylene life cycle, is crucial to optimize rainwater harvesting results.
This last consideration and others mentioned above related to the rainwater harvesting
system require an investment of economic resources. In this sense, limited funding is
another important constraint for potential users of greenhouses and rainwater harvesting
systems in rural areas. It is relevant to emphasize that the institutional and public policies
carried out to facilitate subsidies for productive infrastructures (greenhouses) in the high-
lands could increase its impact on productivity while preventing environmental threats
related to the use of water for farming by promoting the installation of a well-working
water harvesting system, an efficient drip irrigation system, as well as establishing a proper
technical follow-up.

The information provided in this work can be used by stakeholders to decide their
policies of investment in infrastructures in the Altiplano, e.g., the most optimum surface
area of greenhouse roofs and water tank capacity to completely cover the water demand of
crops in a certain region. Our theoretical results during the dry season (Figure 10) indicate
that greenhouses 3 and 5–9 are the best options for the study area in terms of the percentage
of satisfied irrigation demand. Hence, greenhouses with a small size (<50 m2) are able
to satisfy on average up to 50% of water requirements during the dry season if a tank of
1600 L installed. Therefore, our recommendation is the construction of greenhouses with a
ground surface of between 20 and 50 m2, depending on the number of family members,
with the largest possible covered tank volume attached (1600 L or larger if possible). We
note that a smaller tank (1200 L) does not significantly impact the satisfied water demand
of small greenhouses during the wet season (Figure 9), and only reduces it about 10% or
less during the dry season. In those smaller greenhouses, the cultivation of crops with
low water demand has a significant impact on the percentage of satisfied irrigation water
(Figure 10, greenhouses 3 and 9); therefore, a proper calendar selection of crops (including
an adequate planing of the crop phase) can contribute to optimize the production. As
shown, the latter becomes especially critical during the dry season.

Future efforts from the public sector, NGOs, International Cooperation, and researchers
regarding the implementation and evaluation of greenhouses in the Bolivian Altiplano
should consider the benefits of integrating rainwater harvesting systems, which can be
summarized in: (i) crop productivity improvement due to more water available for irri-
gation, which can be accomplished even in dry periods, depending on the design of the
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infrastructures and climate context of the locality; (ii) contribution to risk reduction of water
depletion, mainly in areas where groundwater is used for agricultural activities, which
has been warned by Satge et al. [13] as a probable consequence of intensive agriculture in
the study area; and (iii) promotion of greenhouses adoption in areas where water is scarce
and/or frosts are frequent. Finally, future studies aimed to assess the impact of variations
in these large-scale hydrological systems should also consider the reduction of river flow
and the slower recharge of groundwater sources by runoff.
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