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Abstract: Eritrea is exposed to climate variability and extreme events like drought and precipitation variabil-
ity. Hamelmalo, a sub region in Eritrea, suffers from all the problems brought by climate change, especially
because local people mainly depend on rainfed agriculture. I it is difficult to conduct climate related research
activities for the region due to the shortage of meteorological data. However, in 2015, a new, complete me-
teorological station was established providing the chance of the first observations for practical and scientific
purposes. The main objective of this study was to evaluate some climatic parameters from crop productional
point of view by comparing the observed values with ones calculated by the Local Climate Estimator (LCE)
model. Chi-square test was used to statistically analyse the differences. Based on the results, all the studied
climatic parameters, except for precipitation, were almost on a par, which means there were no statistically
significant differences between the observed and the estimated values. It can be concluded that the most vari-
able climatic parameter in Hamelmalo is precipitation and this also affects the climatic water balance hence
the need for irrigation if higher yields are wanted to be achieved. Sufficient water is vital in the mid-season
and the late developmental stage of sorghum. Therefore, sowing time is advised to be adjusted to early July to
ensure the maximum vegetative growth and seed setting period to be reached at the end of August in order to
take the advantage of the positive climatic water balance of these two months.
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Introduction

Since its existence, the Earth’s climate has
been changing. This change is sometimes
faster, sometimes slower. Nowadays human
activities influence not only the micro- and
macroclimate, but the global climate as well
(Harnos, 2003). If we want to understand the
climatic status of a region, precise observa-
tions and measurements in sufficient spatial
and temporal resolution are crucial (WMO,
2010). The determination of the tendencies
of the changes is of great importance be-

sides the characterization of the climatic sta-
tus of a region. Sufficiently long data series
as the bases of the assessments are necessary
to monitor the changes and determine their
tendencies (Konkolyné Bihari et al., 2008).
Humans cannot feel climate change tenden-
cies directly as they are relatively slow. Nev-
ertheless, the increasing frequency of the
extreme meteorological events have direct
and indirect impacts on society and agricul-
ture. Not only the frequency and intensity of
weather extremes are increasing, their spa-
tial and temporal occurrence is getting more
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and more variable, one of the biggest chal-
lenges of our society is to accommodate to
them (Zsembeli, Kovács, et al., 2019).
Just like many African countries, Eritrea
is highly vulnerable to climate change
(UNFCCC, 2001), especially water is the
most limiting factor for crop growth in the
sub-Saharan Africa (Lal, 1991). Agriculture
is the top priority for economic development
in the whole country as 80% of the popula-
tion depend on agricultural farming and live-
stock (IPCC, 2007). Agriculture is the sector
highly influenced by climate variability with
important involvements for agricultural effi-
ciency and food security, mainly in the de-
veloping countries like Eritrea (FAO, 2017).
As reported by Niang et al. (2014), the coun-
tries of East Africa, including Eritrea, are
especially exposed to the climate variabil-
ity and extreme events like drought and pre-
cipitation variability, and specifically there is
a rise in minimum and maximum temper-
ature trends with extremes and high varia-
tion in precipitation both daily and season-
ally (Cattani et al., 2018). The high varia-
tion in precipitation in East Africa is due
to the complicated relations of forced and
free atmospheric variations (Mutai & Ward,
2000) and this is common in both Eritrea
and Ethiopia, which makes the people wait-
ing humanitarian and other organizations as-
sistance (Sidahmed, 2017). Besides the large
unevenness in precipitation, the lack of im-
proved technologies, poor management abil-
ity, and low agricultural efficiency are char-
acteristic in Sub-Saharan Africa (Calzadilla
et al., 2009).
Hamelmalo, a sub region in Eritrea, also suf-
fers from all the problems mentioned above
where people mainly depend on rainfed agri-
culture for their living. In Hamelmalo, just
like all over the country, sorghum is the top
crop followed by pearl millet (UNFCCC,
2001). Yields are very low, for instance, the
average yield of sorghum in Hamelmalo in
a period with good rainfall is 0.2-0.6 t ha−1

(MoA, 2005). This may be due to several fac-
tors, but one of them is climate variability
that can cause variation in precipitation and
evapotranspiration, hence the climatic wa-
ter balance. The impacts of climate change
are clearly visible on the environment man-
ifested in land degradation, desertification,
worsening food security, loss of biodiversity
and elongated drought, all are common in
the country. The elongated droughts have a
great impact on water resources, especially
on drinking water, and this leads to water
scarcity in the country (Eritrea, 2004).

In Eritrea, precipitation is the most variable
climatic parameter with erratic, torrential,
short duration, high intensity features from
year to year. Two rainy seasons are character-
istic in the whole country: June-September
(extends from highlands to western region
of the country) and October-March (covers
eastern escarpments) and also there are short
precipitations in April and May along with
the highest precipitation records in July and
August (FAO, 1994). The mean annual rain-
fall ranges from less than 200 mm (in the
semi-desert) to 1,100 mm (in the sub-humid
zone) (UNFCCC, 2001), and in the most part
of Eritrea, south-western monsoon winds are
the main source of precipitation during the
summer and spring seasons (FAO, 1994).
Mean annual temperature varies from 18 °C
in the moist and arid highlands to 35 °C in
the semi-desert (FAO, 2005a).

In conjunction with the shortage of precipi-
tation, it is already proven that supplying ad-
ditional irrigation water increases the yields
in Hamelmalo. As reported by Tripathi et
al. (2015), sorghum yield lifted to over 3.9
t ha−1 by applying 70 mm irrigation for
21 days after the cut-off of precipitation in
September, which is much above the usual
without irrigation. This observation is an ac-
curate estimation of water and the appropri-
ate date to save water during irrigation as an
important factor for the increase of the pro-
duction.
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The forecast or measurements of meteoro-
logical data used to estimate crop evapotran-
spiration can also provide important infor-
mation for having better irrigation schedul-
ing and controlling extreme conditions. Irri-
gation scheduling uses meteorological data
in addition to soil and crop data for deter-
mining evapotranspiration of a crop and wa-
ter balance of the soil (Todorovic, 2006). The
Penman Monteith equation method also uses
meteorological data from meteorological sta-
tions to calculate reference evapotranspira-
tion (Allen et al., 1998).

In the study area of Hamelmalo, there is agri-
cultural college with ongoing research activi-
ties concerning climate and agriculture. Nev-
ertheless, there is a shortage of meteorolog-
ical data due to the lack of meteorological
stations, therefore it is difficult to conduct
climate related research activities. In gen-
eral, long-term climate related studies were
not common in Eritrea. However, our recent
study can help the researchers to have gen-
eral understanding about the climate and the
weather of the region as a basic reference not
only for local level, but due to the similari-
ties (Camberlin & Philippon, 2002), for the
countries of the Horn of Africa.

The general aim of this study was to assess
meteorological parameters if there are signif-
icant differences between the data recorded
at the meteorological station of Hamelmalo
and the relevant ones estimated by means of
climate estimating models. As the precon-
ception (hypothesis) of our research work,
we assumed that climate is a really com-
plex issue and cannot be definitely quanti-
fied locally only on the base of estimated me-
teorological data. The meteorological data
were assessed from the point of view of
sorghum production. Cereal crops, inclusive
of sorghum, are the most influential crops for
food security in the world as a whole and in
particular in Eritrea, which is a food insecure
country. In Eritrea, the increase of the effi-
ciency of sorghum production will help to re-

duce food insecurity and improve quality of
life, because sorghum accounts 50% of the
total cereal production (MoA, 2010).

Materials and Methods

The study site

The study is relevant to Hamelmalo Agricul-
tural College located at 15°52′16′′ N latitude
and 38°27′44′′ E longitude, and at 1,278 m
elevation with semi-arid climate. In Hamel-
malo, 80% of its population depends on agri-
cultural farming and livestock, which are
highly sensitive to the disturbances in the cli-
mate system (IPCC, 2007). The most com-
mon crops grown in Hamelmalo, in the or-
der of their importance, are sorghum, pearl
millet, barley, maize, ground nut, wheat, and
finger millet.
Terrestrial, short-duration rainfalls are char-
acteristic that vary from year to year. So far,
there was no data about the average precipi-
tation and mean temperature for Hamelmalo.
Although precipitation seems to be sufficient
for resistant crops, especially for sorghum,
but the yields are low owing to the serious
shortage of water during the flowering or
seeding period (September-October), when
additional irrigation is highly needed to in-
crease yield (Tripathi & Ogbazghi, 2010).
Agriculture is mainly rainfed and exposed to
climatic variability and low agricultural pro-
ductivity and land degradation have become
the major features of this sub-region.
Remarkable degradation including serious
soil erosion, poor rain water storage, inade-
quate vegetation, compaction and structural
degradation in over 90% of the agricultural
land are characteristic to the area. Most part
of the land in this region is not cultivated ow-
ing to steep slopes. The soils of Hamelmalo
are loamy sand and sandy soils with domi-
nant sand and some percentage of silt, clay,
cobbles and boulders forming a porous bed,
some organic matter and average bulk den-
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sity of soil surface ranged from 1.54 Mg m−3

to 1.69 Mg m−3 (Tripathi et al., 2015). In
general, the soils in Hamelmalo have dom-
inantly light and medium texture.
The meteorological station of Hamelmalo
has been working since 2009, but first it was
only measuring the amount of rainfall, hence
they were not sufficient for extended meteo-
rological analyses. However, in 2015, a new,
complete meteorological station was estab-
lished according to the standards providing
the chance of the first observations for scien-
tific purposes as well as practical ones.

Acquisition of meteorological data
The data collected from the weather station
of Hamelmalo cover five years of the 2015-
2019 period for all the computations in this
study. The data were recorded hourly except
for a few months. The observed meteoro-
logical data include precipitation, tempera-
ture (mean, maximum, minimum), relative
humidity, wind speed, and sunshine hours.
The evaluation of the available data includes
all data that are equally related to the esti-
mated ones. The observed values of all the
recorded meteorological parameters are the
averages of five years measured during the
investigated period of 2015-2019.
The possibility of utilizing the meteorolog-
ical data recorded in Hamelmalo for any
research activities, planning and designing
projects is limited as short period records
may not be fully representative of the pre-
vailing climate. With the absence of long pe-
riod records, Local Climate Estimator (LCE)
model by FAO was used to crosscheck the
observed values with the expected ones. LCE
is a free online tool that can be used to es-
timate local climatic data for any location
in the world. Climate data recorded nearly
30,000 stations worldwide are available for
the estimations (Grieser et al., 2006). The ex-
pected values were obtained from the LCE
after feeding the data of Hamelmalo loca-
tion (latitude, longitude and altitude) into the
software, which automatically calculates the

estimated values of weather variables such as
the ones assessed in this study: air temper-
ature (mean, maximum, minimum), amount
of precipitation, relative humidity, number of
sunshine hours, and potential evapotranspi-
ration (PET).
The model delivers three alternative val-
ues of the estimation (the best, the min-
imum and the highest) of the given ob-
servatory station based on the records of
at least ten neighbouring observatory sta-
tions that are maximum 1,000 km away.
In the case of Hamelmalo, they are Keren,
Gheleb, Nakfa, Barentu, Massawa, Asmera,
Adikeyih, Agordet, Faghena, Filfil, Fishey
Merara, Adinfas, Mendefera in Eritrea, and
Adwa and Sheraro in Ethiopia.

Calculation of potential evapotranspiration
Generally, PET can be computed by different
methods. By means of precision weighing
lysimeters actual evapotranspiration (ETact)
can be calculated quite accurately (Zsembeli,
Czellér, et al., 2019). However, these de-
vices are not available in most of the de-
veloping countries owing to their high price
and lack of expertise. In this study, observed
PET values were estimated from pan evapo-
ration because that is the instrument installed
and operated in the meteorological station
of Hamelmalo and there was no gap in the
measurements during the investigation pe-
riod (2015-2019). Pan reading can be used to
calculate PET using the pan coefficient ac-
cording to Equation 1.

PET = Kp×Ep

where Kp = pan coefficient (mm day−1) de-
termined according to Doorenbos (1976); Ep
= pan evaporation (mm day−1).

Calculation of climatic water balance
Climatic water balance is the difference of
precipitation and potential evapotranspira-
tion determined for a defined period of time
and can be calculated according to Equation
2 (Gebreyesus et al., 2021).
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CWB = P−PET

where: CWB = climatic water balance (mm);
P = precipitation (mm); PET = potential
evapotranspiration (mm).

Statistical analysis

Chi-square test was used to see if there is sta-
tistical similarity between the meteorologi-
cal data observed in Hamelmalo and the es-
timated values by the LCE model. The ad-
vantages of this method are its robustness
with respect to data distribution, simple cal-
culation, data handling flexibility from two
groups and complete information obtained
from the test. In this study the degree of free-
dom was 11 (11df), which is based on the
Row-1 and Column-1 system. P-value ap-
proach was compared with α . According to
the rule for p-value approach, the hypothesis
(H) was rejected if H value was less or equal
to α and was not rejected if it was greater
than α (0.05). Alternatively, it could also be
compared with the critical value: if the result
was above the critical value, H could be re-
jected, while accepted if it was less than the
critical value. The analyses were performed
in Microsoft Excel software by comparing
the values to accept or reject H.

Results

Air temperature

Temperature is one of the most important
factors determining the success of crop pro-
duction, especially in terms of the frequency
and duration of extremes. In Table 1, the ob-
served and the estimated air temperature val-
ues determined for Hamelmalo are listed.
For the mean monthly maximum tempera-
ture values, based on the test, the probabil-
ity level was 0.992, which means no convinc-
ing statistically proven difference among the
observed and estimated values. Nevertheless,
all the monthly values were overestimated by

the LCE model resulting in an average mean
of 36 °C contrary to the observed 34 °C.
The probability level for the mean monthly
temperatures was 1, which means that statis-
tically there were no remarkable differences
between the observed and expected values
(Table 1). The LCE model slightly overesti-
mated the monthly values for January, April,
May, June, August, October, November, and
December, while underestimation was found
for February, March, July, and September re-
sulting in only a little difference between the
observed and the estimated average means
(0.2 °C).
Probability level of 0.93 was found when the
mean monthly minimum temperatures were
tested, which also indicates no considerable
statistically proven difference between the
observed and estimated values (Table 1). All
the monthly values were underestimated by
the LCE model resulting in an average mean
of 9.9 °C contrary to the observed 11.6 °C.

Precipitation
Natural precipitation is the only water in-
put for sorghum if it is grown under rainfed
conditions. Therefore, the amount and tem-
poral distribution of precipitation basically
determines the yields of sorghum. Further-
more, the time and amount of irrigation can
be planned easier if the probability of rainfall
can be estimated in advance. The observed
and the estimated monthly amounts of rain-
fall determined for Hamelmalo are compared
in Table 2.
The probability level for the mean monthly
amounts of precipitation was under 0.05,
which means a high variation among the ob-
served and expected values, even the average
values were very similar (Table 3). The LCE
model overestimated the monthly amount of
precipitation for April, June, August, and
October, while underestimated for March,
July, September, and November. Similar val-
ues were found for May, January, February,
and December, in the latter three months ac-
tually no precipitation can be expected.
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Table 1. Observed monthly air temperature values in Hamelmalo, Eritrea compared to the
ones estimated by the Local Climate Estimator (LCE) model developed by FAO.

Month
Mean monthly Mean monthly Mean monthly

maximum temperature temperature minimum temperature
observed estimated observed estimated observed estimated

January 32.0 35.1 20.2 20.5 8.5 7.5
February 34.6 36.1 22.0 21.3 9.3 8.1
March 36.2 38.2 23.6 23.5 11.0 10.9
April 37.0 40.0 25.0 25.3 13.0 12.0
May 37.0 40.3 25.4 26.2 14.0 12.4
June 35.5 38.7 24.8 25.2 14.0 10.4
July 34.0 34.4 24.3 22.7 14.6 11.0
August 31.2 32.6 21.4 21.7 11.6 10.6
September 34.2 35.6 22.8 22.7 11.3 8.9
October 34.0 37.7 22.6 23.6 11.2 9.7
November 32.5 36.2 21.9 22.2 11.3 9.6
December 30.2 35.6 19.9 21.1 9.7 8.4
Average 34 36.7 22.8 23.0 11.6 9.9

Probability level (p) = 0.992 Probability level (p) = 1.00 Probability level (p) = 0.953
Underestimated values are underlined

Table 2. Observed monthly precipitation values in Hamelmalo, Eritrea compared to the ones
estimated by the Local Climate Estimator (LCE) model developed by FAO.

Month
Mean monthly precipitation
observed estimated

January 0.0 0
February 0.0 0
March 8.9 4
April 4.2 16
May 29.5 30
June 57.7 62
July 135.3 124
August 156.8 178
September 68.6 40
October 8.8 14
November 2.9 2
December 0.2 0
Average 39.4 39
Annual 472.9 470

Probability level (p) < 0.05
Underestimated values are highlighted with underlining

Number of sunshine hours

Sorghum is a short-day plant, the optimum
photoperiod of sorghum production is 10-

11 hours. Photoperiods longer than 12 hours
stimulate only vegetative growth. In terms of
day length, flower initiation is the most crit-
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Table 3. Observed daily number of sunshine hours in Hamelmalo, Eritrea compared to the
ones estimated by the Local Climate Estimator (LCE) model developed by FAO.

Month
Mean daily sunshine hours (h)
observed estimated

January 9.4 11.0
February 9.2 10.6
March 9.1 10.9
April 8.7 10.2
May 7.7 9.6
June 7.0 9.0
July 7.5 6.7
August 5.3 5.8
September 7.3 7.9
October 8.8 9.9
November 9.3 9.9
December 9.5 10.7
Average 8.2 9.4

Probability level (p) = 0.996
Underestimated values are highlighted with underlining

ical period. In Table 3, the observed and the
estimated sunshine hours per day determined
for Hamelmalo are compared.
The probability level for the mean monthly
sunshine hours was 0.996, which means
that statistically there were no considerable
differences between the observed and ex-
pected values (Table 3). Nevertheless, the
LCE model overestimated the monthly num-
ber of sunshine hours for all the months, ex-
cept for July, resulting in a 1.2 h day−1 aver-
age mean difference.

Relative humidity

If relative humidity of the air surrounding
the crops is high, the transpiration rate falls
as it is inversely proportional to humidity.
Therefore, having data about the temporal
dynamics of relative humidity provides in-
formation on ETact and indirectly on crop
water demand. The observed and the esti-
mated monthly relative humidity values de-
termined for Hamelmalo are compared in Ta-
ble 4.
The probability level for the mean monthly

relative humidity of the air was 0.999, which
means that statistically there were no dif-
ferences between the observed and expected
values (Table 4). Nevertheless, the LCE
model overestimated the monthly number of
sunshine hours for all the months, except for
June, July, and September resulting in a 2.4%
average mean difference.

Potential evapotranspiration

As its definition says, PET determines the
sum of water that could be evaporated from
the soil surface and transpirated by the crops
if water is not a limiting factor. It provides
information on the theoretical water demand
of crops. On the base of PET, the gap be-
tween water demand and water supply can
be calculated. This gap is an important issue
and generally increases under climate change
(Whetton & Chiew, 2021). In Table 5, the
monthly PET values calculated from the ob-
served pan evaporation data and by means of
the LCE model are compared.
For the mean monthly PET values, based
on the test, the probability level was 0.96,
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Table 4. Observed monthly relative humidity values in Hamelmalo, Eritrea compared to the
ones estimated by the Local Climate Estimator (LCE) model developed by FAO.

Month
Mean monthly relative humidity (%)
observed estimated

January 78.2 81.0
February 74.0 81.0
March 71.5 76.0
April 70.3 75.0
May 67.3 70.0
June 66.7 65.0
July 78.0 77
August 83.1 84
September 75.4 74
October 70.8 73
November 75.0 76
December 76.4 84
Average 73.9 76.3

Probability level (p) = 0.999
Underestimated values are highlighted with underlining

Table 5. Monthly potential evapotranspiration (PET) values calculated from pan evapora-
tion in Hamelmalo, Eritrea compared to the ones estimated by the Local Climate Estimator
(LCE) model developed by FAO.

Month
Mean monthly PET (mm)
observed LCE

January 114.7 122.2
February 121.9 129.2
March 163.5 162.2
April 171.4 172.1
May 178.0 173.4
June 159.6 163.0
July 121.5 130.9
August 91.8 100.1
September 114.0 121.4
October 138.3 149.5
November 127.4 128.0
December 118.8 117.4
Average 135.0 139.1
Annual 1620.9 1669.4

Probability level (p) = 0.96
Underestimated values are highlighted with underlining

which indicates no statistically proven differ-
ence among the observed and estimated val-
ues. Nevertheless, we detected overestimated

values for 9 month, only slight underestima-
tion was found for March, May, and Decem-
ber resulting in 48.5 mm annual difference,
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which cannot be considered too big.

Monthly climatic water balance

Negative CWB is characteristic to a region
when PET is lower than the amount of pre-
cipitation (Gebreyesus et al. 2021). Under
the conditions of Hamelmalo, crops defi-
nitely suffer from the shortage of water as
drought events are common. The drought tol-
erance of sorghum is better than of most
other grain crops. It is due to the fact that
it has an exceptionally well developed and
finely branched root system, which is very
efficient in the absorption of water. Further-
more, the leaf area per plant of sorghum is
small limiting transpiration very effectively.
The monthly and annual CWB values calcu-
lated as the difference of PET and natural
precipitation determined for Hamelmalo on
the base of the five-year averages are shown
in Table 6.
The annual climatic water deficit (negative
CWB) was found to be huge. There are only
two months (July and August), when CWB
is positive. These results indicate when irri-
gation is necessary to ensure yield safety and
also provide rough quantified estimation on
the irrigation water needed. For more precise
calculations, information on the relevant soil
properties is essential.

Discussion

In this study, we evaluated some climatic
parameters from crop productional point of
view by comparing the observed values with
ones calculated by the LCE model on the ex-
ample of Hamelmalo, Eritrea. Our results are
especially of great importance for that loca-
tion as there was a lack of locally measured
meteorological data until 2015, when a new,
complete meteorological station was estab-
lished there. On the other hand, Hamelmalo,
just like many other places of the world,
is highly vulnerable to climate change. The
main meteorological parameters were anal-

ysed, which basically determine the success
of crop production.

Comparing the observed and estimated
mean, maximum, and minimum air temper-
ature values, we found them to be quite sim-
ilar but in most of the cases overestimated
by the LCE model. Sorghum requires high
temperatures for germination and growth.
The mean monthly temperatures were in the
range of 19.9–25.4 ºC, which can be con-
sidered is a bit low as for optimum growth
and development of sorghum, air tempera-
ture of 27 to 30 ºC is required, even un-
der 21 ºC, its growth is limited. Neverthe-
less, the mean monthly temperature is under
this threshold in Hamelmalo only in Decem-
ber based on the observed data. The maxi-
mum temperatures varied between 30.2 and
37 ºC calling the attention to the fact that
exceptionally high temperatures also cause
yield depression. In this respect, the period
between March and June can be considered
risky as the mean maximum temperature is
above 38 ºC. For the germination of sorghum
seeds, the minimum temperature must be 7–
10 ºC. The minimum temperatures observed
in Hamelmalo varied between 8.5 and 14.6
ºC, which means that temperature is not
likely to be a limiting factor in this respect.

Mean monthly precipitation was the only cli-
matic parameter which showed convincing
difference among the observed and estimated
values. Precipitation variability is common
in East Africa including Eritrea (Lim & Hen-
don, 2017). Precipitation data were available
in Hamelmalo before 2015, so based on the
data of ten years and by incorporating stan-
dard deviation, we could estimate the mean
annual rainfall as 445 ± 23.9 mm. Within
these ten years in Hamelmalo, the lowest
precipitation was recorded in 2015 and the
highest in 2019, which shows increment with
some variation. According to the UNFCCC
(2001) in the whole country of Eritrea there
is an increasing trend in terms the amount of
annual precipitation.
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Table 6. Climatic water balances (CWB) in Hamelmalo.

Month PET Precipitation CWB
January 114.7 0.0 -114.7
February 121.9 0.0 -121.9
March 163.5 8.9 -154.6
April 171.4 4.2 -167.2
May 178.0 29.5 -148.5
June 159.6 57.7 -101.9
July 121.5 135.3 +13.8
August 91.8 156.8 +65.0
September 114.0 68.6 -45.4
October 138.3 8.8 -129.5
November 127.4 2.9 -124.5
December 118.8 0.2 -118.6
Annual 1620.9 472.9 -1148.0

On the base of the observed precipitation
data, in the months of January and Febru-
ary, no rainfall can be expected in the stud-
ied region. Practically the same is valid
for December and October, almost no ef-
fective rainfall is characteristic during these
months. These results suggest that additional
irrigation is important to acquire the daily
crop water needs if any crop is supposed
to be grown in these four months. Rainfed
sorghum is endangered by the risks of wa-
ter stress during critical growth stages and
droughts. Sorghum yields of about 4 t ha−1

can be assured only by irrigating once in
terraced plots with high amount of residual
soil moisture (Tripathi & Ogbazghi, 2010;
Weldeslassie et al., 2016).

In terms of sunshine hours, it can be con-
cluded that the observed mean daily sunshine
hours, with their range of 5.3–9.5 h day−1,
do not reach the optimal photoperiod of 10–
11 hours in neither of the months. Neverthe-
less, this range is also under the critical value
of 12 hours when only vegetative growth is
stimulated.

Potential evapotranspiration in inverse con-
junction with relative humidity of the air de-

termine transpiration of crops. Annual PET
rates range from 1,700–2,000 mm in the
northern highland of Eritrea (FAO, 2005b)
where Hamelmalo is found. On the base of
the observed meteorological data, we calcu-
lated 1620.9 mm of annual PET, which is a
bit less than the general trend, but close to the
estimated value by LCE (1669.4 mm). Crop
ETact increases with increasing air temper-
ature and solar radiation, the two primary
drivers of evapotranspiration (Irmak, 2009).
The annual ETact of the sorghum was re-
ported as 450–650 mm by Doorenbos and
Kassam (1979) and 210–293 mm by Kuo et
al. (2006). There was also a study about crop
water requirement in Ethiopia, which is not
far from Eritrea, and the result was 500.4 mm
during the growing season (Shenkut et al.,
2013). So, the demand for water was less in
Eritrea than in Ethiopia may be due to dif-
ference in rainfall variation between the two
countries. Generally, this indicates that ETact
is very much dependent on the atmospheric
conditions experienced at a particular loca-
tion.

The monthly climatic water balances were
figured out to be strongly negative in ten
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months of the year, only July and August
can be characterized with positive CWB. The
results indicate that irrigation is critical in
the mid-season stage and late developmen-
tal stage of sorghum crop. To avoid yield re-
ductions in sorghum cultivation more water
should be applied in the late developmental
stage. This is probably because large quan-
tities of water are needed for grain forma-
tion (Abou Kheira & Atta, 2009). In areas
where water is a limiting factor in crop pro-
duction like in Eritrea, deficit irrigation may
be preferable. It is believed to be the least
sensitive to water stress (Fereres & García-
Vila, 2018).
For sorghum, early sowing dates start from
1st April, while late sowing dates last from
mid-May till mid-June (Haile & Hofsvang,
2001). Based on our results, sowing time and
early growth period can be adjusted from
around 20th June up to early July to take the
advantage of the positive CWB of July. The
maximum vegetative growth and seed setting
period should be adjusted from the first week
of July up to the end of August as the latter
month has the most positive CWB. The first
two weeks of September is the suitable pe-
riod for ripening. Otherwise, supplementary
irrigation is a must, especially for sorghum as
it has a short growing season of around 125
days (Smith et al., 2002). All these should be
considered by the farmers to adjust the plant-
ing and harvesting time if the amount of wa-
ter is limited.

As a conclusion it can be stated that sufficient
water is vital in the mid-season and the late
developmental stage of sorghum, more than
for other developmental stages. Especially in
the initial and development stages, irrigation
is not definitely needed. This indicates that
proper planning and timing of planting dates
to coincide the late developmental stage with
high rainfall months is vital in water resource
management, especially under the semi-arid
climate of Eritrea. Up-to-date, accommodat-
ing crop and soil water management prac-
tices need to be adopted for the production
to be economically sustainable. Therefore, it
is recommended to shift planting dates to co-
incide with the rainy season and also to allo-
cate water according to the critical develop-
mental stages of sorghum in order to maxi-
mize yields without adverse implications for
water resources.
The evaluation of the climatic parameters
shows that the LCE model we used to ob-
serve the studied variables is functional.
There were no any significant differences
(p = 0.05) between data of the observed and
the estimated data except for rainfall. Nat-
urally, our results can be extended to other
locations with similar agri-ecological condi-
tions, and the methods we used can be ap-
plied for similar studies in terms of the com-
parison of observed and estimated meteo-
rological data. Therefore, we encourage re-
searchers to carry out similar studies based
on the approaches we used.
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