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This report by Ing. Luls Canadas C., PRONARFG, Minilstry of Agriculiure
and Ing. Hector Salvador C., INAMHI, Ministry of National. Resources and
Fnergy, Quito, Ecuador 1s the result of an intensive six week Orientation
Program on Agroclimatic Models and Climatic Impact Assessment Technology.
This program was conducted in Columbla, Missourl by the Models Branch of
the Center for Enwvironmental Assessment Services (CEAS). As an organiza-
tion within the U.S National Oceanic and Atmospheric Administration/
Environmental Satellite-Data and Information Service, CEAS 1s responsible
for using current and historical environmental data to provide timely decl-
sion assistance to managers of critical natlonal resources by assessing the
impacts of climatic variations on food, transportation, health, energy and
the eccnomy.

The agroclimatic assessment models developed by Senor Canadas and Senor
Salvador for the Central Sierra region in Ecuador can be used as the sclen-
tific foundation for planning, organizing and implementing a regional cli-
matic impact assessment program. The data and technical resources for such
a program already exlst ln Fcuador. However, support is needed to
establish the reglonal project so the economic benefits and value can be
demonstrated to decision makers. A successful reglonal project can lead to
a national program.

This project was sponsored by the Agency for International. Development,
Office of U.S. Forelgn Disaster Asslstance, (AID/OFDA), Washington, D.C.
It was conducted by CiAS under a NOAA/AID project agreement. The basic
goal. 1s to transfer agroclimatic modeling and assessment technology to
developing countries and to encourage the development of an In-country
program. This technology can improve food security by increasing disaster
preparedness and early warming, contributing to land use planning for agri-
cultural and rural development, and mitigating socloeconomic vulnerability
to climatic extremes including drought, flooding and frost. The current
project focused on Peru and Ecuador. NOAA/AID Projects are also underway
for technology transfer to other countries in Latin America and in Southern
Asia.

CEAS recelved asslstance through NOAA subcontracts to the Atmospheric
Science Departinent, University of Missourl - Columbia and the Aspen
Institute/Food and C) imate Forum, Boulder, Colorado. Thelr contributions
are appreclated.

It was a pleasure for us to work with Senor Canadas and Senor Salvador
during thelr visit to CEAS. Thelr professional dedication and long hours
of hard work were responsible for the results in thils project report.

Louis T. Steyaert
Project Leader
NOAA/NESD [S/CEAS






EXFCUTTIVE SUMMARY
AGROMETEOROLOGICAL ASSESSMENT #ODELS FOR
RURAL DEVELOPMENT IN THE
CENTRAL, SIERRA OF ECUADOR

Luis Canadas C, and Hector E. Salvador C.

The agriculterally ortented cconomy of the Central. Sierra of Feuador is
highly vulnerable to annual variations In climate. Severe drought, such as in
the late 1970's, and occaslonal frost or flooding can lead to crop failures and
economic losses. This vulnerabllity to climatic extremes 1s frequently com-
pounded by other complex factors, including population pressure, deforestation
and soll erosion. The expansion of rainfed agriculture into marginal lands,
which usually require irrigation of crops, also contributes to climate
vulnerabillity.

Increasing the lavel of agrlecultural production and reducing losses due to
anomalous ¢! lmatlc conditions can be both economically and socially beneficial.
Current, program: to unprove the socloeconomle conditions of the rural population
can benefit from agroclimatic studles. Also, significant year-to-year variations
In seasonal rainfall can be expected to continue and to be a dominant fac:or in
Jdetermindng, the level of tood production. Thus, climatic conditions represent
Limportant. indlcators of food supply and general socloeconomic conditions.

The Agroclimatie Analysis Program of Ecuador 1s supported by the Instituto
Naclonal de Meteorologia e Hlidrologla (INAMHI), the Programa Nacional de
Reglonalizacion Agraria (PRONARE) and Consejo Maclonal de Desarrollo (CONADE).
One component. of this program involves tralning in agroclimatic modeling and
climatic Ilmpact assessment procedures towards development of a regional and then
a national Climatic Impact Assessment Program. This report for the Central

Sierra should be viewed as a4 statns report, as some analysis stil) needs to be
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This report is divided into eight chapters. Chapters I and II provide the
Introduction and Agroclimatic Background Information for Ecuador and par-
ticularly the Central Sierra. The physical environment, climate, agricul.tural
practices and socilal-agroclimatic conditions are described. Chapter II1 provides
the methodology, data and various agroclimatic tools. These include methods
for estimating potential evapotranspiration (a critically important tool for
land use studies), soll moisture, the Palmer Drought Index (a potentially useful
index of general drought impact on agriculture in Fcuador), crop coefficients
(used te develop agroclimatic/crop condition indices and also to compute the
crop water requirements, necessary input to land use studies) and crop water
requirament for crops in the Central Slerra. Severa). types of agroclimatic/crop
conditlon indlces to provide decision makers (pol.icy makers, planners and
economists) with early warning assessment of impending drought impact are
discussed in Chapter TV. Background information on statistical crop yleld
model ing, 1s provided in Chapter V. The modeling resul.ts are discussed in
Chapter VI. ‘These include potential evapotranspiration analysis,
agroclimati:/crop condlition indices, relative crop production indices,
assessment tools and crop water requirement curves. Conclusions and recommen-—
dations are provided in Chapters VII and VIII, respectively. The Appendices are
very important as they contain the complete data and results of modeling for

each station in the Central Slerra.
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CHAPTMR [
(NTRODUCTTON

The agricultural ly oriented ceonomy of the Central Sierra of Feuador is
highly vulnerabie to annual vartations in olimate. Severe drought and occa-
slonal frost or (looding can 1sad to crop fallures and economic losses. This
vulnerabil ity to elimatic extromes is frequently compownded by otherp complex
factors, ineluding populat ton pressure, deforestation and soll erosion. The
expanslon of rainfed apricalture into marginal lands which usually require irri-
gatlon of crops, also contributes to climate vulnerability,

Increasing the level of agricul tural production and reducing losses due to
anomalous climatle conditions can be both economical Ly and soclally beneficial.
Current prograns o Lmprove the socioeconomic conditions of the rural population
can beneftt from agrocl natic stidies. Also, signlficant year-to-year variations
In seasonal rainfall can be expected to continue and to be a dominant factor 1in
determining the lavel of food production. Thus, climatic conditions represent
lmportant tndicators of tood supply and general socioeconomic conditions.

The Agroc? tmatic Analysis Program of Eeuador 1s supmrted by the Instituto
Nactonal de Meteorologla e Hidrologla (INAMHI), the Programa Nacional de
Reglonallzac ton Agraria (PRONARIG) and Consejo Naclonal. de Desarrollo (CONADE).
One component of thls progeam involves training 1n agroclimatic model ing and
climatic impact assessiment procedures towards devielopment of a regilonal then
national Climatic Tmpact Assessment Program. This report for the Central. Sierra
should be viewed us o statuy report, as some analysis still needs to be
completed.  tMowaver, Lt does describe the development of models and assessment
procedures to support the Agroclimatle Analysis Progran. Tt is desiped to
serve as a worklng document. for assessment procedurss In Feuador and implemen~

tation of the Program in Feuaador.

/
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The matn objectives of thils study include:

1) Development and quality control. of meteorlogilcal and agronomic
data bases to systematically study the climate and support agrocli~
matic model ing applications.

2) Development of practical agroclimatlc models and technlques
appropriate for the Central Sierra and including crop calendars,
water supply-demand relationships, climate/crop condition Indices,
relative crop production indices and crop water requirements for
assessing potential subsistence food shortages due to drought,
contributing to land use studles, and providing irrigation advi-
sotries to farmners.

3) Development of expertise in climatlc data, modeling and assesoment
appi 1nattons o support the technical development of the program in
Feuador anat to advise decision makers on the capablilitles and Limi-
tattons of these results.

The authors siyggest that the results of thls study have important implica-
tions to decision makers and planners involved with agrlcultural and rural
development programs in the Central Sierra and other reglons of Ecuador. These
results support lnplementation of the Agroclimatlc Analysis Program by using
historic ¢limatis data to develop models which contribute to the agricultural
crop forecast problem, 1and use studles and crop/weather advisories for farmers.

M™is report 1s divided into elght chapters. Chapters I and II provide the
Introduction and Agroclimatic Background Information for Fcuador and par-

ticularly the Central Sierra. The physical environment, climate, agrlcultural
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The seasonal distribution of rainfall during the year differs in the Costa,
Sierra and Oriente regions. In the Costa, where "normal" temperature 1s between
24 and 26°C, the rainy season begins in December (Solstlce) and ends in May,
with maxLmm rainfall in April (Equinox). This 1s followed by the dry season
that begins in June and lasts until mid-December. However, climatic conditions
in the coastal plain range from wet/tropical rain forest conditions in the
northwest %o desert in the south. The annual rainfall ranges fromn 4,000 to only
80mm, respectively.

This contrasts with the Sierra, where the normal temperature ranges between
10 and 18°C, and the "Paramo", with temperatures below 10°C. In the Northern
Hemisphere, the rainy season in the Slerra begins in October and continues
tiarough May with two peaks, the higher one after the Fquinox of September and the
lower one in the Equinox of March, followed by the dry season during the months of
June, July, and August. 1In the Southern Hemisphere, the pattern 1is the same,
although the peaks are the opposite, i.e., the highest maximum rainfall is in
March and the lowest in September. The annual rainfall ranges between 300 and
3,000mm.

The average temperature in the Oriente Reglon ranges between 23 and 26°C.
The rainfall is typically equatorial throughout the year, with a few months of
less precipitation. It fluctuates between 3,000 and 6,250mm (Figure 2.3).

Agricultural Reglons and Crops

The ecological conditions (climate and solls) of the three natural reglons
determine the distribution of crops. The main crops in the Costa are bananas,
cacao, rice, coffee, cotton, sugarcane, soybeans, and oil palm. A wide variety
of crops are grown in the Sierra: corn, potatoes, wheat, barley, tuber and

roots (oca, melloco), lima beans, and some fruits. With the exceptlon of tea,
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cincona and oll palm crops, the Oriente of Ecuador is agriculturally insignifi-
cant (Figure 2.4). Agrilcultural production can be generally classified as
elther "commercial or "subsistance." TIrrlgation and improved technological
practices are malnly avallable at the commercial level.

Climatic Impact on Agriculture

Each major geosraphle reglon has serious limitations to agricultural crop
production under clther railnfed or irrigated conditions. Because of the occa-
sional or soml-permanent deought condltions in the coastal reglon, crops must be
grown near lrrigation sources, for example, along rivers. Expanded irrigation
networks are required to increase cropland.

In recent years the coast has become more and more lmportant as an agri-
cultural region, but there are several physical factors which impede farming.
In the nuge Guayas Basin, heavy rains and runoff during the "invierno" create a
flood plain in the entire basin, and inadequate facilitles become a severe
constraint to agrilcultural deavelopment.,

Seasonal ralnfall patterns are more favorable In the Sierra, but low tem-
peratures as well as occaslonal Jdroughts are also limiting factors. Thus, the
suceess or fallure of the crop growing season depends upon the beginning of the
ralny sedson and the occurrence of' sporadic drought and frost., In some areas,
Lrrigation permits planting of some crops prior to the "normal" begimning of the
rainy season,

In contrast, temperature and marginal rainfall are not limiting factors in
the Oriente. Fxcess ralnfall and the quallty and depth of solls appear to be
the factors which make this reglon less than ldeal for agriculture. However,
the Oriente presents a geeat potential tor agricultural development 1f agri-

culturial practlees ave conslstent wlth environmental and soll conditions.
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Figure 2.5 shows a rather simplified distribution of natural vegetation
which reflects the diverse climatic condittons.

Importance of Agriculture to Ecuador

Agriculture contributes about 42 percent of the Gross Domestic Product in
Fcuador and provides employment for approximately 56 percent of the national
labor force. Feualor has Eraditionally been an agricultural country. It is the
world's major producer and exporter of bananas which, together with coffee and
cacao, are the Lmportant cash crops for export. These crops are primarily grown
on the coastal plain along with rice, sugarcane and soybeans. The traditional
crops in the Sierra include: corn, potatoes, wheat, barley, and alfalfa. Most
of these crops are either consumed by the farmers or sold to local markets.
Table 2.1 shows the harvest area, the production and the production value of
agriculture in Ecuador.

B. Central Sierra Area

1. Physical Ehvironment

Geography/Topography

The Central Sierra arca is located in the central part of the Andes in
Ecuador, between 0°36' 3 and 2°00' S latitude and 78°31' W and 78°56' W longi-
tude (Figure 2.6). The elevation varies from 2,000m on the valley floors to
6,675m (Chimborazo) in the highlands (Figure 2.6). The area planted to the main
crops 1s about 234,277 hectares, equivalent to 11.6 percent of the country's
total crop land.

Because of the Andes, there are different geographic configurations within
the area, such as plateaus, valleys, and peaks, (Figure 2.7) causing

microclimatic variations.
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TABLIY 2.1

llarvest arca, production and production value by natural region in

Ecuador. (1975).

HARVEST PRODUCTI(X\I

REGION AREA PRODUCTION VALUE'
(has) (quintals) (sucres)

Sierra 853,351.7 101,471,911 6,927,810,082
Costa 1,122,718.4 84,898,245 7,512,221,740
Oricente 47,0.23.9 6,409,650 297,€19,906
Nacional 2,025,1:4.0 192,773,806 14,737,681,728

Solirce: Tincucsta Agroso -loecononica del Medio Rural EcUatoriano,

PRONAREG, MAG, OUT'TO, FCUADOR. 1975.
*one dollar = 4) sucroes

J
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Table 2.2

Farm size and number of farm units in the Central Sierra Area (Ecuador)

Farm Units Area
Size Farm i Nunber
(has) NC Percentage in 1000 Has | Percentage
Less than 1.0 40948 37.74 18593 2.17
1.0 - 4.9 50000 i 46.09 117380 13.74
|
5.0 - 49.0 15551 [ 14.34 194394 22,75
50.0 -90,9.9 1873 | 1.73 221312 25.90
100C.0 an more 104 0.10 302832 35.44
TOTAL 108,476 100.00 854,511 100.00

Source: Encuesta pqrosocio ecoomica del Medio Rural Ecuatoriano
PRONAREG, Ministeria de Agricultura, Quito Ecuador. 1975
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TABLYE, 2.3

Area, Production and Yield of main crops in the Central Sie-.a Area
(Ecuador)

T ;

CROP AREA ‘Has)  PRODUCTION (Mt) YIELD (Kg/Ha)
Wheat ' 3500.8 9375.77 2678.17
Onion 834.8 | 24,991.15 29936.69
Potatoes 34513.7 263282.59 7338.10
Barley 22666.4 37802.23 1663.75
Soft Com .  34676.9 22895.69 2210.74

Source. Fncuesta Agrosocio-economica del Medio Rural Ecuatoriano
PRONAREG. Ministeria de Agricultura, Quito, Ecuador. 1975






TABLE 2.4

Planting and harvest months of rainfed crops in Central Sierra Area.

PLANTING HARVES?Y'
NAME CROPS MONTH MONTH
Patate Barley-Maize Jun-Jul Dec

Armbato Barley-Maize Feb Jul-Aug

Rumiparmba Barley-Maize Feb Jun-Aug

Ricbamba Barley-Maizc Feb Jun—-Aug

Latacunga Barley-Maize-Wheat Feb Jun-Aug

Guamote Barley-Maize-Wheat Oct-Feb Jun-Jul

Cotopaxi Wheat-Barley-Potatoes Oct-Feb Jun-Jul
Oca-Melloco

Pisayanmbo Wheat-Barley-Potatoes Oct~Feb Jun-Jul
Oca, Melloco
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poor). Farmers camot afford to risk what llttle they now have on some new
practlce which they are not certain will succeed. However, one cannot disregard
reslstance to change and the Influence of custom and tradition.

Natural Hazards

The praclipltation and temperature anomalles which sometimes occur during
carly vegetatlve stages of the crop cause serlous damage and consequently reduce
ylelds. Weather also effects ylelds Indirectly by creating favorable environ-

mental conditlons for diseidse outbreaks.
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Geographic location of eight climatological stations of Central Sierra

TABLE 3.1

(Ecuador) and years of climatological records.

Altitude
Stations Longitude Latitude (m) Records Year
Cotopaxi 78°-34'W 00°-37's 3 560 1959-1979
Latacunga  789-37'W 00°-55'5 2 809 1959-1978
Rumipanba 78°-35'y 01°-01's 2 628 1976-1979
Pisayanbo  780-25'W 01°-04's 3 615 1969-1979
Anbato 78°-38'W 01°-17's 2 540 1950-1980
Patate 789-38'W 01°-18's 2 360 1963-1979
Riobanba 78°-40'W 01°-38's 2 796 1971-1979
Guanote 78°-43'W 01°-56's 3 020 1964-1978
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TABLE 3.

2

Meteorological data available Central Sierra - Periods

Relative Pan

Stations Temperature |Rainfall |Humidity Wind Sunshine |Evaporation
Cotopaxi 1959-1978 1979-1978 |1965-1979 {1965-1979 - -
Latacunga | 1959-1978 1959-1978 |1965-1979 |1965-1979 | 1965-1979]1971-1972"
Rumiparba | 1976-1979 1976-1979 11976-1979 {1976-1979 | 1976-1979 -
Pisayambo | 1969-1979 1969-1979 {1969-1979 {1969-1976 | 1970-1975 1969-1979*
Ambato 1950-1980 1950-1980 ]1965-1979 [1965-1979 | 1965-1979 1970—1976*
ratate 1963-1979 1963-1979 |1965-1979 |1965-1979 - -
Riobanmba 1971-1979 1971-1979 11965-1979 [1965-1979 | 1965-197¢ -
Guamot.e 1976-1979 1964-1979 {1965-1979 (1965-1979 - -

*

Some months missing



TABLE 3.3

Climatic Normals of Central Sierra Area (Ecuador)

Rainfall (mm)

Stations J F M A M J J A S 0 N D YEAR

122.4 84.9 49.4 38.8 83.2 105.4 107.4 91.2 1.171.0

(2%

Cotopaxi  95.8 111.8 145.4 135.
Latacunga 28.3 52.4 54.6 61.6 39.2 33.7 18.4 15.2 26.6 54.1 55.2 42.0 481.3
Rumipamba 30.0 24.1 67.8 /3.5 20.0 16.4 20.8 27.6 51.8 22.3 29.9 42.6 426.8
Pisayanbo 56.2 100.5 103.3 127.7 109.2 170.0 147.1 126.6 95.5 89.3 80.1 69.51,275.0

27.1 25.6 27.8 51.7 45.3 34.4 737.9

[$1]

Anbato 35.4 41.2 51.5 82.7 42.3 42.
Patate 2l.9 35.8 54.1 52.4 53.3 80.9 6l.4 60.4 54.5 45.1 42.2 29.1 591.1
Ricbamba  27.2 38.6 47.7 53.4 32.1 :4.3 11.6 13.9 23.2 48.9 38.4 30.1 399.4

suamote  32.3 62,4 66.4 58,3 31.5 33,0 16.0 12.3 36.0 63.6 43.1 36.0 490.9

MONTHLY MEAN TEMPERATURE (9C)

Stations  J r M A M J J A S 0 N D YEAR

(otoparl g.2 8.1 8.2 8.1 8.2 7.8 7.8 7. 7.9 8.0 8.1 8.2 8.0
Latacunga  13.613.5 13.4 13.4 13,2 12.4 12.1 12.1 12.6 13.4 13.6 13.7 13.1

Rumipanba 14.6 14.3 14.3 13.9 13.8 13.0 12.8 12.8 13.5 14.7 15.1 14.9 14.0

Pisayanbo /.1 7.3 7.4 7.5 7.2 6.3 5.7 5.7 6.3 7.3 7.6 7.3 6.9
Abato 13.2 13.9 13.9 14.0 13.7 12.7 12.2 12.4 13.0 13.9 14.3 14.2 13.4
Patate 16.2 16.3 16.2 16.3 16.0 15.1 14,7 14.9 15.6 16.4 16.4 16.5 15.9

13.3 12.4 12.2 12.5 12.7 13.5 13.8 13.8 13.2

(S}

Riobamba 13.7 13.8 13.6 13.

Guwote 3.5 13.4 13,3 13.4 13.5 13.2 13.0 13.7 13,7 13.0 13.4 13.4 13.4
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Hargreaves (1977) uses alr temperatur: and solar radiation as the main
meteorological eloments to estimate PEI'. Sunshine hours can be u.>d instead of

solar radlation when the latter 1s not avallable. Hargreaves' formula is:

PET = 0.0075 (RSM)T®

where: PET = Potentla! fvapotranspiration (mm/day)
RSM = Solar Radiation (m/day)
TF = tonthly Mean Temperature (°F),

Thormthwalte Method

Thornthwaite (1948) utilizes mean monthly alr temperature and latitude

(e.g., daylength) In the formula:

PEI = 1.6 (10 T)2
I
where: PEP = 1s the estimated monthly potential evapotranspiration
in centimeters.
T = Monthly mean alr temperature in degrees centigrade
T = Annual heat index
a = polynomial function of T,

Because not, all the months of the year have equal numbers of days and the num-
bers of' the sunshine hours (daylength) change with the season of the year and
latitude, this formula mist be adjusted for daylength at each location.

Penman_Method
Perinan (1948) user solar radlation (or sunshlne), vapor pressure, wind speed

and temperature to estiunite potentla) evapotranspiration,

35
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The mydified Penman o-mula as presented by Rosenberg (1974) is:

1+ U x 10 72)

PET = @ Rn + be (eg - €3) (
a +b

1

where: PET = Potentla) Fvapotranspiration (mm/day)

slope of the saturation water vapor pressure curve for pure water

o]
1]

at, mean alr temperature (mn Hg F-1)
R = net solar radlation (nm/day)
b = constant in the hygrometer equatlon (0.27mm Hg F1)
c = 0.3
eg = saturation vapor pressure (mm Hg)
ey = actual vapor pressure (mm Hg)
U = m2an wind speed at 2 m (law/day).

Priestley and Taylor Method

Priestley and Taylor (1972), established a method to calculate the potential
avapotransplration. Thelr formula 1s similar to Penman's equation but simpler,

[t utilizes alr temperature and the net radiatlion. The equatlon is:

PET = s  ARn,
5+
where: PET = Potential Fvapotranspiration (mm/day)

s = slope of the saturation water vapor pressure curve at mean
alr temperature (mmHgi—1)

€ = constant in the hygrometer equation (0.27 rmHgF‘l)

Rn = dally net radiation (mn/day)

A = emnplrical constant.
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Soil Moisture

The soll moisture is usually the most Important factor that affects crop
production. Yields arz determined by tlie water available for the development of
crops. The soll moisture 1s an excellent indicator of crop conditions. Several
methods have been proposed for estimating soil moisture. They are based on soil
moisture balance,

Palmer Method for Estimating Soil Molsture

Palmer (1965) constiders two arbiirary layers In the plant-soll system:
1) the upper layer is equivalent to the plough layer and assumed to hold about
2.5cm of plant avallable water which Ls lost at a potential rate and 2) it is
assumed that the nderlylng layer loses water af that potential rate when the
profile 1s saturated. The avall-ble water for the plants in the underlying
layer Jdepends on the depth of the root system and on the soll characteristlics.
The water loss Jdue 5 actual evagotranspiration for the surtace and also the
undertying layer is expressed by the tollowing equations:
1) Lg =35 0r UETL ) whichever ts smaller
2) Iy = (PEP - Lg) 3/ PAWg.x — 2.5)

3) ABT= g + b,

it

wherae: PED = potent1al evapotesispiration

Lg = loss from the soil surface layer

Iy = loss from the underlylng layer

Sg = actual avallable soll molsture in the surface layer from the
previous month's idget

Sy = actual watlable sotl misture In the underlying layer from the

previous month's budget
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AET

H

actual evapotranspiration

i

PAW = plant avallable water previously defined .

The budget begins at some previous tilme when the soll moisture is at fleld
capaclty. Precipltation exceeding storage capacity of the soil is accounted for
as runof'ft’,

Brapotranspiration and Runoff

Terms assoclated wlth the water balance in a soil include PET,
precipitation, the evapotransplration, runoff and percolation.

Evapotranspliratton 1s the sum of water evaporated from the soil and water
Lransplred by the plant, Runoft 1s defined above.

Crop Cosfticlents

Crop coefflclents help determine the crop water requirement for different
crops at varlows stayges of development. PFactors affecting the value of the crop
coeffizient nclide:  the crop characteristics, crop planting or sowing date,
rate of crop development, length of growing season and climate conditions (PET).
Doorentms and Pratlrn (FAO, 1977) define the crop coefflclent (KC) as the ratlo:

KC = Phiocrop or
PED ref

PEI' erop = KC x PED ref = Crop Water Requirement o
The reference PED (PEL ref) was defined in tne previous sectlon, e.g., Penman.
Crop coeftlctents in Table 3.4 can be used to establish the crop coefficlent
curve.  This requtres knowledge of the crop calendar and PET reference. Crop

coefflelents can be used to establish the water requirement for specific Crops

and each growth stage.
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TABLE 3.4

Crop Coefficients (kc)

e , Crop Development stages Total
. rop Mid- L A growing
Initial develop- season se:s‘,;n hur:est period
ment
Banana
tropical 0.4 -0.5 0.7 -0.85 (1.0 -1.1 0.9 -1.0 0.75-0.85} 0.7 -0.8
subtropical ]0.5 -0.65 0.8 -0.9 {1.0 -1.2 | 1.0 -1.151 1.0 -1.1510.85-0.95
Bean
green 0.3 -0.4 [0.65-0.75 [0.95-1.05 | 0.9 0.85-0.95 | 0.85-0.9
dry 0.5 -0.4 0.7 -0.8 1.05-1.2 0.6 0.25-0.3 0.7 -0.8
Cabbage 0.2 -0.5 0.7 -0.8 0.95-1.1 0.9 0.8 -0.95{0.7 -0.8
Cotton 0.4 -0.5 |0.7 -0.8 [1.05-1.25 0.8 -0. 0.65-0.7 |0.8 -0.9
Grape 0.35-0.5510.6 -0.8 |0.7 -0.9 [0.6 -0.8 }0.55-0.7 |0.55-0.75
Groundnut 0.4 -0.5 0.7 -0.8 0.95-1.1 0.7 0.55-0.6 0.75-0.8
Maize
sweet 0.3 -0.5 0.7 -0.9 1.05-1.2 1.0 0.95-1.1 0.8 -0.95
grain 0.3 -0.5* | 0.7 -0.85* 1.05-1.2% | 0.8 0.55-0.6* 0.75-0.9*
Onion
dry 0.4 -0.6 0.7 -0.8 0.95-1.1 0.85-0.9 0.75-0.85 | 0.8 -0.9
green 0.2 -0.6 0.6 -0.75 0.95-1.05 [ 0.95-1.05 0.95-1.05 0365-0.8
Pea, fresh 0.4 -0.5 0.7 -0.85]1.05-1.2 1.0 -1.15}10.95-1.1 0.8 -0.95
Pepper, fresh [0.3 -0.4 0.6 -0.75 |0.95-1.1 0.85-1.0 |0.8 -0.9 0.7 -0.8
Potato 0.4 -0.5 0.7 -0.8 1.05-1.2 0.85-0.95 0.7 -0.7510.75-0.9
Rice I.1 -1.15¢(1.1 -1.5 1.1 -1.3 0.95-1.051 0.95-1.05 1.05-1.2
Safflower 0.3 -0.4 0.7 -0.8 1.05-1.2 0.65-0.7 0.2 -0.2510.05-0.7
Sorghum 0.3 -0.4 0.7 -0.7511.0 -1.15 0.75-0.8 0.5 -0.55{0.75-0.85
Soyb ean 0.3 -0.¢4 0.7 -0.8 1.0 -1.15}0.7 -0.8 0.4 -0.5 0.75-0.9
Sugarbeet 0.4 -0.9 0.75-0.85 [ 1.05-1.2 0.9 -1.0 0.6_:9.7 0.8 -0.9
Sugarcane 0.4 -0.5 0.7 -1.0 [1.0 -1.3 }0.75-0.8 | 0.5 -0.6 (.85-1.05
Sunflower 0.3 -0.4 0.7 -0.8 1.0%..1.2 0.7 0.35-0.45 1 0.75-0.85
Tobacco 0.3 -0.4 0.7 -0.8 1.0 -1.2 0.9 0.75-0.85 0.85-0.95
Tomato 0.4 -0.5 0.7 -0.8 1.05-1.2510.8 0.6 -0.65{ 0.75-0.9
Water melon 0.4 -0.5 0.7 -0.8 }0.95-1.05 |0.8 . 0.65-0.75 | 0.75-0.85
Wheat 0.3 -0.4 0.7 -0.8 1.05-1,2 0.65-0.7510.2 -0.25 0.8 -0.9
Alfﬂ]fﬂ O-3 -Ood 1005'1-2 0085-]-05
Citrus
clean weeding 0.65-0.75
no weed control 0.85-0.9
Olive J 0.4 -0.6

Second figure:
FAO (1977)

Source:

First figure : Under high humidity (RHmin >70%
Under low humidity (RHmin <20%
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) and low wind (U <5 m/sec).
) and strong wind ( >5 m/sec).
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Palmer Drought Index

The Palmer Drought Index (PDI) represents a potentially useful. method for
assessing the impact of drought on agriculture. The PDI 1s based on a soll
moisture tudgeting procedure whilch uses precipitation end potential eva-
potranspiration as major inputs.

The PDI treats wet and dry periods as a function of accumulated differences
between sipply (precipltation) and demand (evapotranspiration). Near normal
rainfall should provide an average molsture supply to the surface layer of the
so1),  Rirthermore, above normal precipltation is usually required after a
drought to restore the soll molsture to normal conditions.

The Paluier Dronght Index 18 designed to permit comparison of any month or
reglon to average condittons, The Index has been used as an indicator of
zenersl crop condition and the avallability of soil moisture to meet the rieads
of the zrop.

The PDL 18 scaled such that a period of "normal" temperature combined with
"normal" precipitation has an incd=x value of zero. Posltlt ~ values of the Index
indleate wetter than normal. conditions, while negative values represent drought.
Table 4.5 shows the PDI c¢lasses for wet and dry periods.

Appllcation of the Palmer Drought Index in the Carlbbean Basin is discussed
Ly Steyaert, Ravelo and Sakamto (1980).

Soll Moisture Index

The Soll Moisture Index (SMI) 1s defined as the ratlo between the plant
avallable water (PAW) and the maximum plant avallable water (PAWmax). The
plant avallable water 1 the difference between actual soll molsture (SW) and
permanent, wilting potnt (PWP), while the maximum plant available water (PAWmax)
18 the difference between the field capacity (FC) and the permanent wilting
point (PWP). The Soil Molsture Index 1s defined as:
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TABLE 4.1

Palmer Drought Index (PDI) classes for wet and dry periods

PDI CLASS
> 4.00 Extremely wet
3.00 to 3.99 Very wet
2,00 to 2.99 Moderately wet
1.00 to 1.99 Slightly wet
0.50 to 0.99 Incipient wet spell
0.49 to ~0.49 Near normal
-0.50 to -0.99 Incipient drought
-1.00 to -1.99 Mild drought
-2.00 to -2.99 Moderate drought
-3.00 to -3.99 Severe drought
< -4.00 Extreme drought
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SMI = PAW/PAWmax
where: PAW 1s SW - PWP, and
PAWmax 1s FC - PWP,

The Soil Motsture Index 1s defined for values ranging from 0 through 1.0. A
SML of zero indicates extreme molsture stress while a value of 1 indicates 1o
misture stress on the crop. The computation of this index requires methods to
@stlmate both PEP and sotl molsture.

R Index

This Index 15 ‘lefIned as the ratlo of actual evapotranspiration to potential
cvapotransplration, t.e.,

R = ET/PRD,

[t Is the function of the atmospheric energy which causes evaporation from
s0ll and plant surtface, and precipltation which replenishes the soil moisture.
These two varlables constitute a supply and demand relatlonship which gives the
R-Index the abllity to measure plant water supply in relation to plant water
requirements. The value of R 1s between 0 aad 1, and as a ratlo it approxi-
mates the Beta disteibuticn.

The R-Index cin be used as a tool o help solve the problems of agricultural
land use capabllity, long term agricultural planning, irrigation project
destning, and agrlcultural drought (see Steyaert et al, 1981). It can be used
for analyzing the eftect of water stress on crop response as 1 ell as to estimate
optlmun crop planting dates to ensure adequate moisture during critical growth
stages. Optlbmum crop planting dates can be determined by flrst obtaining those
perlods when the R-Index 1s near unity, which would be ideal for the flowering
stage of the crop. By designating thls perlod as flowering, the optimum

planting date may be obtained by extrapolating the crop calendar backwards.

Y
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CHAPTER V
DISCUSSION ON CROP YIEL! MODELING CONCEPTS

A. Background

During the decade of the 1970's significant advances were made in the devel-
opment and application of climate/crop yleld forecast models. The increased
avallabllity of computers has permlitted sclentlsts to investigate climate/crop
relationships from large amounts of historlc data. Declsion makers, planners
and economists have come to recognize that these models can be used as a basis
for climatic impact assessments, particularly to quantify the impact of drought
on crop yleld and agricultural productlion., Climatic impact assessments can pro-
vide reliable, tlmely and Inexpensive information to supplement and complement
other lmportant Informatlon sources including: statistical area frame sampling
programs, tarm and market ing reports, agricultural census or the classical
demand slde economic analysis,

The crop model 13 the core of the assessment program and there are essen-
tially threc types of crop yleld models: 1) agroclimatic/crop condition indi-
nes such as deseribed in the previous chapter, 2) statlstical climate/crop yleld
models, usually developed by linear regression analysis and 3) phenologlc or
"process" models which are based on plant processes such as photosynthesis to
gimi)ate the growth and development of individual plants (these models are still
in the rescarch and development phase and are not further discussed).

Although the primary focus of thls chapter 1is on statistical crop ylelds,
the relatlionshlp between these models and agroclimatic/crop condition indices is
also provided. 'The statlistical model 1s determined from mu.tiple linear

regression analysis using historic climatlic and crop yleld data. A validated





http:careful.Iy









http:devel.op

Advantages

1)

If properly developed and tested, these uodels are based on the
statistical/agronomic/physical sipnificance between the climatic data
and crop yleld data. Physlcal significance means that any weather or
climatle variables nsed 1o the model have a high degree of biological
relationship with, the lknown effect on the crop.

Models represent st ddght-forward relationships that make minimal.
assurptions and permit the yleld data and climatic data to define the
model. acenrding to historic interrelationships. They make the maximum
use of alstoric climatic Jdata and yleld which is an integrator of
clinate.,

The model s are lnexponslye to operate and produce useful informatlion,
particularly i they are oviluated according to their strengths and
weaknesses along with other crop yleld or crop condition forecast

procedures.









TABIE 6.2

Crop coefficients for different crops

Belts Crops Months
0 N D J F M A M
Highland 0.4 (D
Wheat 0.5 0.7 10.8] (I7)
and 1.0 1.2} (I11)
Barley 1.2 1 0.8 (IV)
Potatoes | 0.4 (1)
0.5 10.7 1 0.8} (II)
1.0 1.2} (II1)
1.2 0.8 | (IV)
Lowland 0.7 } 0.8 (1)
Wheat 1.0 1.2 | (11)
and 1.2 111
Barley 0.8 | (1V)
Corn 0.7 | 0.8 (1)
1.0} 1.2 | (II)
1.2 I11
i 0.8 | (1v)

l i

(T) Planting, (IT) Vegetative Growth, (I11) Flowering, (IV) Ripening







TABILE 6.4

Central Sierra, wheat, barley, potatoes, and crop production index
weights for meteorolegical stations.

PROVINCE STATION WHEAT BARLEY POTATCES CORN
Cotopaxi lLatacunya .150 .17 - .240
Cotopaxi .050 .06 .120 -
Tunaguroqua  Ambato .060 .100 - .180
Patate .060 .100 - .1R0
Pisayanix .030 .060 .400 -
Cuinborazo Ricobamba .430 . 380 - .400
Guanote .160 .130 .480 -
TOTAL WEIGT 1.00 1.00 1.00 1.00
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very low rainfall values compared tw PEI'.  Tn contrast, I'isayambo is a highland
station whlch recetves mich more rainfall (Appendix A). Tn this case, the pre-
cipitatlon curve 1s substantially :above the estlmated PET values. The agreement
between pan evaporation, which has recognlzed limitations, and Penman or
Harpgreaves methods ot Ambate, Pisavambo and Laticunga provides strong evidence
For thele application instead of the Thomethwaite method.

In addftion o the graphical. plots such as in Flgure 6.1, Appendix A also
provides siwmple s'atisties for all statlions. Tables include means, standard
deviatlons, minterans and maxLooms Cor precipitation (P), temperature (T) and
viarious Pl esthimtes,  Tese data were used in the plots. Several findings
melude:

D) The vartance (standar ] deviation squared) of rainfall ranges from
10ty 100 thnes larger than the variance of PET. This suggests
that year-to-year vartations in crop yleld are more likely due to
ratntall than PET. Muthermore, "normal" values of PET can be
usedd, rather than caleulations for each month.

2)  'The vartabllity of Thomtihwalt= PET is quite small compared to
other methods, probably because temperature variability is quite
smatl i the Central Sterra. The variabllity in other techniques
s lue o solar radiation variability each year.

3)  The ratio between Thorthwalte and Peninan PET 1s quite wniform at
about .45, Furthermore, analysis of Perunan PET estimates at five
locattons ~f different 4ltitudes suggested that Penman PET

decreases about 2 mm for wvery 100 m increase in elevation.
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Relative fluctuatlons among the Indices can bhe compared to see general
drought impact. The Index 15 really designed to provide a relative comparison
between years for a particular crop. TIn the future, it 1s desirable to also
convert each index to "percentiles" and "percent of normal" values. Another way
would be to caleulate "percent of tast year" values for each index. How 1s the
Index used?

The CSRPI st be fully tested and evaluated to determine:

1) boes the CSRPI detect crop Fallure due to drought? Possibly using
the 'MT through flowerine, may be a better index vartiable.

2) How does one Interpret the range of tluctuation in the index in
Lerms of crop producttont  This requires callbration using epilsodic
data, avallable crop statistlies and qualltative information.

The C3RPL provides relative Information on production, not absolute rroduc-
tion values. After satisfactory test and evaluatlon, it can be used in
assessments. Purthermore, thls concept can be extended to other reglons, even
all of Eeuador, to provide regional! or national Indices for these crops, wool
or lamb production, dalry production and others. [t could also be computed
using population estimates as a1 soeclo-cconomic index.

5.  Palmer Drought Tndex (PDI)

The Paliner Drought Index was computed g« discussed in Poliner (1965) except
that "normal" Peruvin PITT data were used (Table 6.5). The PDI 1s potentially a
us;_afnl'l. crop condition assessment tool, but these results must be fully tested

and ev-luated prior to operattonal use, Eplsodic data should be used for this

vy

purpose to determine 1 deowht, normul erops or floodinyg 2ctiually occurred.
Thne PDI plot for seven meteorniopgieal stations in the Central. Sierra are
provided in Appendix ©. Extreme fhrought was probably experienced at Amboto

durtng 1957, 1963, and 1964, and ot Patate In 1579, Perlods of severe drought
71



probably affected agriculture at Ambato during 1946 and 1957, (see Figure 6.4),
Cotopaxl In 1960, and 1961, and Patate in 1968 and 1969. Moderate drought con-
ditions occurred at Guamote and Cotopaxi in 1678, Patate and Cotopaxi in 1965,
Latacunga and Pisayambo in 1972, and Amboto in 1975 and 1967. The relationship
between the PDI and the YMI is also evident (See Appendices).

H. Climatic Lmpact Assessment

A thorough test and evaluation 1s required before the Penman PET results and
the agroclimatic/crop Indlces (YMI, CSRCPI or PDI) are used in test assessments.
This requires calibration of the indices. The beginning of test and evaluation
1s discussed below.

The tlme series of each index was analyzed and compared with documented
drought and crop damage and food shortages which took place in the Central
Slerra of *cuador during the years 1977, 1978, and 1979 (INAMHI, 1980). A good
associatlon betwern the indices (YMI and PDI) and reported crop conditions was
found for these years, but other years must be tested.

I. Crop Wate Requlrements

The water requiremnent for the crops growing in the lowlands and the hlgh-
lands of the Central Slerra are shown in Figures 6.5 and 6.6 (Ambato and
Cotopaxl, respectively), and for the other stations in Appendix D. 1In the
highlands, the "normsl" precipitation is greater than "normal'" Penman PET, and
the crop water requirement 18 usually satisfied. In the lowlands the "normal"
valie of the Perunan PEP is greater than the "normal'" precipitation, therefore
irrigation 18 usualty required in order to satis.y the crop water requirement.
Tt 1s not surprising *' *t the stations located in the lowlands correspond to the
dry arca of' the Central 3ierra. These results clearly indicate the difficulty

posed to farmers using rainfed agricultural practices.
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Figure 6.4e Palmer Drought Index ( PDI ) for Ambato
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CHAPTER VII

CONCLISIONS

sed on analysis or" these case studies and on examination of Appendices,

the following preliminary conclusions are shown:

1)

3)

4)

The varlance of precipitatior. is about 10-100 times larger than
that of PIP, therefore "normal." PET values can be used in land use
studies. This also suypiests that indices for crops could be based
only on ralnfall, To evaluate the potential evapotranspiration
methods, both Perunan and Hargreaves seem to be good methods for the
reglon. TIn addition, more experimental. work in the field for a
number of years is needed in order to be able to clearly select the
best method.

The agroc) imatic/crop condition indices (YMI, PDI, CSRCCPI) could
be used In the Assessment Program after test and evaluation. The
YMI appears to provide n quick response to varlable weather con-
ditions for specific crop stages while the PDI appears to be a use-
ful. Indicator of long-term effects of drought on general agri-
cultural conditions,

If the ML 1s expressed as a percentile ranking, the critical
breaking -point for severe drought impact on crops is ten~tat1vely
estlinated at helow the 0th percentile.

If the Paliner Drought Index exhibits a severity of less than or
equal to 2.0 for at Jleast two months during the growing season, the

potential for drought Lnpact on crops exists.
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5)

6)

The Relatlve Crop Production Index appears to be a potentially useful
index for Central Siecrra relative crop production. After satisfac-
tory test and evaluatlon, this concept could be extended to other
reglons and crops.

In general , the crops prown In the lowlands require irrigation
during one: or severa) psrowth stages 1o order to satisfy the crop
water pequlrements.  Upland crops normally recelve: enowgh rainfall

to meet the crop water requirements. These rcesults are clearly
Indicated in crop/wat v requirement estimates made tor each loca-

tion and {or each crop.
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CHAPTER VIII
RECOMMENDATIONS

This training proygram in agrometeorologlcal assessment models at NOAA/CEAS
1s part of the proposcd "Agroclimatic Analysis Program" for Ecuador in which the
following Institutions will participate:

1) National Institute of Meteorology and Hydrology of the Ministry of

Natural) Resources and Energy, Quito (Instituto Nacilonal de
Meteorologia  Hidrologlia, Quito)
2) Hational Proyrun of Agrarian Reglonallzation, Quito. (Programa
Naclonal e Reoprionalizaclon Agraria, Ministerio de Agricultura, Quito)
3)  HNational Development Councll, Quito (Consejo Nacional de Desarrollo,
Quito).

The main goal of thls project 18 to Increase the natlonal agricultural pro-
ductlon through the best use of the ayroclimatic resources of the country and
by mitizating the tmpact of the weather and climate anomalles to crops. This
tnvolves the developnent. of an Early Warning Assessment Program to provide
reliable information on the potentlal tor disastrous subsistence food shortages
due to drought.

The arroclimatle nodels developed Jduring this training program will be
tested and evaluated with future crop ylelds. However, addltional meteorologi-
cal and crop yield data should be concidered for testing purposes before the
model s may be released to users. There 1s also a need to acqulre imore agronomic
dava and w verify tne crop calendars. More Information on crops and soils will
be neaded to develop mudels and to determine better understanding of the

crop/weather relationships.
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An observational program neads to be established to include observations of
soil moisture -unid solar radlation. Murthermore, additional precipitation sta-
tions are desirable in some arcas of the country. It is very important that
methods b developed to ensure that precipitation data are routinely forwarded
for analysis witnln a few days after the end of each month,

The staft” tor the proposed "Agroctimatic Analysls Program" should recelve
technical training as soon as mossible on elimate/crop yleld modeling. In thils
fletd of research, the Models Branch of NOAA/CEAS could provide technieal
assistance. Thuas, technieal support for the implementatlion as well as for
answering spec i Cle questions on erop condition assessinents, 2speclally during
the fiest st of the project, are needed.  Additionally there 1s need for a
cont lnuous improvement. in the ol imatologlceal and agricultural data used in

crop yield modeling.

83









APEENDIX AL/

COMPARISON OF SEVERAL METHODS FOR DETERMINING
POTENTTAL EVAPOTRANSPIRATION (PET):

0 Meteorologlical Data
o Statistlcs

0 PET Comparlson

Notes: 1/ The monthly meteorological data, simple statistics for meteoro-
logical data and PET estimates are included.

"P" 1s precipitation (mm), "T" is mean temperature (°C), "W" is

wind speed (m/s). "S" 1s total hours sunshine, "HR" relative
humlidity and "E" 1s pan evaporation (mm).
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SIMPLE STATISTICS FOR ETP CALCULATIONS FOR CENTRAL SIERRA
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SIMPILE STATISTICS FOR ETP CALCU_ATIONS FOR CENTRAL SIERRA
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STATISTICS FOR ETP CALCULATIONS FOR CENTRAL SIERRA
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SAMPLE MEAN STATISTICS FOR ETP« PRCPN, TEMP AND PAN EVAP
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Comparisons of Mean Monthly Potential Evapotranspiration by
Thornthwaite ( O ), Penman ( N ), Precipitation ( P ) and Tempe-

rature ( T ) at Cotopaxi.
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SAMPLE MEAN STATISTICS FOR ETPe. PRCPNs TEMP AND PAN EVAP
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SAMPLE MEAN STATISTICS FOR ETPs PRCPNs TEMP AND PAN EVAP
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APPENDIX R/

YIFLD MOISTURE INDEX (YMI)
EXPRESSED AS PERCENTILE RANKING

1/ Notes:
1) P is precipitation in millimeters

2) Pl = JAN, ——- P12 = Dec.
3) LP10 = lagged Ocu precipitation from previous year, etc.

CORN, W = Wheat and
Lowland, H = Highland.

Iy YMI = Yield Motsture Index; ©
Barley, P = Potatoes; L

imon

5) Subscript 1 = Planting crop stage, 2 = Vegetative, 3 =
Flowering and 4 = Ripening.

6) Prefix "R" in RYMI —- Stands ror percentile rank of
associated YMI,
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