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Abstract

Radiation and advection frost are common in Jordan as well as other neighboring countries as they face sev-
eral frost waves each year during the late months of winter. Recently, many frost episodes hit the Jordan Val-
ley and damaged the crops that were compensated by millions of dollars by the Jordanian Government. This
manu- script addresses and characterizes frost, and assesses the role of global warming in impacting frost in
terms of its frequency, severity, and total number of frost days per year. A comprehensive statistical ap-
proach was used. The paper indicates that frost waves will continue to hit in the near future regardless of the
fact that Earth is moving towards warmer conditions. Agricultural and financial authorities should be urged
to minimize frost damage by considering installing wind fans in Jordan Valley as an active method in addi-
tion to implementing good farm practices (as a passive methods where deemed necessary).
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1. Introduction

Jordan is located between 29°10' N — 33°45' N and 34°55'
E - 39°20" E, with temperate Mediterranean climate. The
northern regions of Jordan show Mediterranean climate
that is characterized by long, hot and dry summers and
short, cool and wet winters. In contrast, the southern and
eastern areas of Jordan are arid. The rainy season extends
from late October to early May. Rainfall varies consid-
erably by region from the North-West to the South-East
(Figure 1).

The agricultural sector has significant contributions to
the national economy of Jordan where it contributes
4.1% of the GDP at constant prices in 2008 with more
than 29% of indirect contribution. Agriculture generates
about 15% of the total exports and is considered the main
source of income for more than 11,000 families who make
a living through working in agriculture and live around
the poverty line [1].

The Jordan Valley is a vital artery of the agricultural
sector in Jordan. Available statistical figures indicate that
in 2009 the planted land of this Valley was 32,370 hec-
tares contributing to fifty percent of the national produc-
tion of main crops. Main crops include vegetables planted
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over 18,864 hectares; field crops planted over 3,047 hec-
tares and fruit trees planted over 10,459 hectares [1].
Jordan Valley is a primary source of vegetables and
citrus products for Jordan, neighboring countries, and to
a lesser extent, some European countries. Furthermore,
the Valley is the main source of banana production. Dur-
ing winter season, air temperature drops, which pre-
vent vegetable growth or production under normal con-
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Figure 1. Annual precipitation throughout Jordan [2].
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ditions. Jordan Valley is unique in its ability to provide a
naturally warm atmosphere that enables producing vege-
tables earlier than most Gulf States and European coun-
tries. Nevertheless, the Valley may experience several
frost episodes during winter and early spring that could
result in massive damage in susceptible crops and have
significant enveloping long-term ecological effects which
could determine and control plant distribution.

Two types of frost are observed in Jordan; radiation
frost and advection frost. Radiation frost is expected
when the country is affected by cold polar (cp) that is
accompanied by easterly dry-cool wind. Those conditions
are attained when the Siberian High extends southward
until it reaches the Arabian Peninsula. The impact of the
Siberian High is two fold; firstly, cold polar mass that
accompanies the high, causes air temperature to drop
drastically. Secondly, descending air results in very clear
sky and low relative humidity, therefore terrestrial radia-
tion escapes easily to outer space and lead to fast cooling
of earth surface and air in contact with it. This condition
is ideal for thermal inversion where cold air sinks down-
ward leaving warmer molecules in upper layers. During
thermal inversion air temperature could drop to —6°C
near ground level, while reported minimum air tempera-
ture could be higher than freezing point since the later is
measured at about 140 cm above the ground.

Advection frost may form when Jordan experiences
passage of cold air mass or fronts of European origins
that accompany Mediterranean cyclones. Advection frost
is more destructive than radiation frost as it may last for
several days [3].

1.1. Effect on Plants

Frost is fatal to plants. The specific temperature for frost
injury varies according to the crop and stage of maturity.
Cucumber suffers at temperatures below 3°C. Tender
plants, like tomatoes, die when they are exposed to frost.
Hardy plants, like radish, tolerate lower temperatures.
Peach freezes between —0.6 and —2.6°C [4], and grasses
freeze between —1.5°C and -2.5°C [5].

1.2. Global Warming Impact on Frost Damage

Global warming is expected to have several climatic im-
pacts and aspects depending on latitude and nearby water
bodies. Meehl and colleagues [6] stated that reduced
frost frequency does not necessarily mean reduced risk
of frost damage. Extreme weather conditions such as
floods, droughts, heat waves, and frost are expected to
become harsher and to strike more frequently. Conse-
quently, the increase in frost duration and associated ag-
ricultural losses in Jordan is being blamed on global cli-
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mate change. Plants damage usually results from a rapid
drop in temperature to below 0°C following a mild or
warm period if the plants are not fully hardened [7].
Many plant species acclimate to cold over a sustained
period in order to withstand freezes. Warmth prevents
the acclimation process, therefore sudden drop in air
temperature to below 0°C causes severe plants damage
[8]. A cold spring in 1996 caused little damage to plants
across the Eastern United States, but a sudden freeze
between the 5th-9th April 2007 has resulted in wide-
spread plants damage because it was preceded by two
warm weeks [8].

This paper addresses and characterizes frost, which
has been increasingly faced by eastern Mediterranean
farmers. Efforts have been made to find out weather
global warming is impacting frost in terms of its fre-
quency, severity, and total number of frost days per year.

2. Materials and Methods
2.1. Data Collection

In studying climate change we needed data about many
climate elements like relative humidity, rainfall averages,
minimum and maximum air temperature, studying his-
toric climate of the area of Middle East and Jordan, and
reviewing previous studies that predicted many changes
in climate in Jordan. Available selected meteorological
data were retrieved from six different observation weather
stations with medium term annual records. Records
ranged between 30 to 83 years. The stations are located in
different geographical biomes in Jordan. These stations
comply by the requirement of the World Metrological
Organization regulations [9]. The data sets used in this
study were assumed to be collected and reported in a
consistent and reliable manner. These data were obtained
from Jordanian Department of Meteorology.

Analysis of databases was carried out using different
statistical methods depending on the distribution pattern
of the characteristics and other specific features.

2.2. Statistical Analysis

Statistics was used to analyze and draw meaningful con-
clusions about characteristics associated with frost and
the meteorological data set used in this study. Strict
standardization methods selected in this study was re-
quired for proper application and interpretation.

In this manuscript both parametric and non-parametric
tests were examined whenever appropriate to detect sig-
nificance, provide evidence of trends, changes, random-
ness and normality. Trend is a monotonic or step change
in the level of the time series. It is preferable to think of
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trend tests as a quantitative basis for deciding whether
apparent trends are real [10].

Non-parametric tests make no prior assumption for
probability distribution and do not depend upon the form
of the underlying distribution of the null hypothesis that
meant for testing certain hypothesis. These tests ignore
the magnitude of the observations in favor of the relative
values or ranks of the data. The tests used to model both
linear and non-linear relations, and used for evenly and
unevenly spaced observations. Most of these non-para-
metric methods can work with short series and handle
unequally spaced, ties and missing data which are con-
venient to use in investigations of multiple data sets be-
cause exhaustive checking of distributional assumptions
is not required.

On the other hand, parametric tests assume that the
time series data and the errors follow a normal distribu-
tion with homogeneous variance. In general, these tests
are more powerful for a given n when the variable is
normally distributed, but much less powerful when it is
not, compared with the non-parametric tests [11]. It is
widely recognized that non-parametric procedures can
have significantly higher power and efficiency than pa-
rametric procedures in cases where there is a substantial
departure from normality and the large sample size
which is commonly encountered in many climate change
variables [12].

The dividing line between parametric and non-para-
metric tests is not a sharp one [13]. All tests used in this
research are considered confirmatory data analysis tools
to specifically test certain hypotheses. Appropriate pa-
rametric tests can overcome some difficulties of series
instability that are encountered with the used data.

Although meteorological time series are occasionally
not normally distributed and contain properties that are
undesirable for use with parametric tests [14], Skew-
ness-Kurtosis Normality test (not affected by ties) was
conducted in this study to test all used data for normality.
Even for small departures from normality, the perform-
ance of the non-parametric procedures is similar to or
better than that for the parametric procedures.

Correlating time series afflicted with a trend, or other
serial dependencies, may lead to false correlations that
do not represent real mechanistic relationships, but occur
only owing to the presence of instationarities [15]. Serial
correlation affects the test’s ability to assess the signifi-
cance of a trend, which might lead to or increase the pos-
sibility of rejection of the null hypothesis of no trend
when it is true [16]. Therefore, significance of serial cor-
relation of the time series was evaluated prior to con-
ducting trend analysis.

For detecting trend, both monotonic and step change
in the mean or median of the tested data, the critical test
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statistic value, at /2 is used (two-sided tail) along with
90, 95, and 99 percent confidence level for evaluating the
test hypothesis. Therefore, three parametric and three
non-parametric tests were used to determine the possible
existence of statistically significant trends, step change in
mean/median, and difference in mean/median in two
different data periods of the tested meteorological pa-
rameters assuming 10%, 5% and 1% probability levels
[17]. Brief descriptions of these statistical tests used in
this study are provided by Hamdi et al. [18].

3. Results and Discussion
3.1. Frost and Discussion

During the seventeenth and eighteenth of December
2004, the country faced a severe frost wave of Siberian
origin. Frost lasted for two days and surface temperatures
(measured 5 cm above the soil surface) dropped to below
zero. Recorded temperatures ranged between —8 to 2.4
degrees (Figure 2). The frost wave caused severe dam-
age to crops where injury ranged between 10% to 100%
depending on the type of crop and the region. Thirty-
eight thousand acres of which 31 thousand are in the
Jordan Valley were injured. The Jordanian cabinet had to
allocate JD 1.5 million (about two million USD) to com-
pensate farmers for frost damages.

At the end of the year 2007 and the beginning of the
year 2008, Jordan experienced a severe frost wave that
affected most parts of the Kingdom. Damages associated
with that wave amounted around JD 9.5 million.

In 2008, Jordan experienced two weeks of severe frost
episodes starting on 6/1/2008 and ending in 19/1/2008.
Unusual low temperatures were recorded. Temperature
dropped to —9°C and —7°C in the northern parts and
southern parts of Jordan Valley, respectively. Frost cov-
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Figure 2. Air Temperature Distribution 18/12/2004 [19].
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ered all Jordan including Agaba, a marine city located at
the northern part of Aqaba Gulf of the Red Sea and fa-
mous of exhibiting warm and sunny winter days. Frost
destroyed over 12,000 hectares planted with fruit and
vegetables. Jordan Valley, the basket food of Jordan,
suffered 90 percent of the damage. Although previous
years have witnessed similar frost episodes, that year is
unusual in terms of the large geographic area that was
affected.

The Jordanian government compensated farmers for
losses resulting from this severe frost. Similar losses were
reported from neighboring countries including Saudi Ara-
bia, Lebanon, Syria and Israel. Frequent frost is expected
to burden the economy in Eastern Mediterranean socie-
ties. In addition, frost episodes in the Jordan Valley and
the highland is likely to impact food security in the re-
gion and Europe, which depends partly on imported
vegetables and fruit produced in Jordan Valley.

Although frost is common in the desert, which covers
more than 90% of Jordan, it is less common in the north-
ern parts of Jordan Valley and rare in southern parts of
Jordan Valley and Wadi Araba. Jordan Valley is consid-
ered the food basket because most vegetables, citruses
and several fruit are produced therein. Winter Frost de-
stroys large cultivated areas and drastically reduces the
yields of many crops. During frost episodes, markets
experience severe shortages of essential products, mainly
banana, tomatoes, cucumber, squash, zucchini, eggplant,
lettuce, green pepper, and herbs.

3.2. Synoptic Conditions Associated with Frost

Climate in Jordan and eastern Mediterranean region is
influenced by the Siberian High, Azores High, and the
Indian Monsoon Cyclone. In addition, climate exhibits
spatial variation based on local topography. During win-
ter, polar air masses of European origin sweep across the
Mediterranean and enter the region from the northwest
twice a month [20].

The Siberian Anticyclone is a semi-permanent system
of high atmospheric pressure centered in northeastern
Siberia during the colder half of the year. It may block or
reduce the size of low-pressure cells or cyclones and gen-
erate dry weather across Eastern Mediterranean land-
scapes. During winter the earth surface becomes ex-
tremely cold in upper latitudes in the Northern hemi-
sphere and as a result, the Siberian High intensifies and
covers immense areas until it reaches the southern-eastern
part of Asia. A ridge extends all the way to the Arabian
Peninsula. This ridge blocks Mediterranean cyclones
from reaching into eastern Mediterranean areas particu-
larly Jordan (Figure 3). During those conditions Jordan
experiences easterly or north-easterly cool-dry wind (Fig-
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ure 4). Because of high pressures, there will be active
downdrafts (descending air), which lead to clear sky and
therefore temperature may drop to below freezing point
during night. These conditions are favorable for frost for-
mation in the eastern desert, the western mountains, and
northern parts of the Jordan Valley [2].

The Azores High is a large subtropical semi-perma-
nent center of high atmospheric pressure found near the
Azores in the Atlantic Ocean, at the Horse latitudes. The
system influences the weather and climatic patterns of
vast areas of North Africa and Europe. The aridity of the
Sahara Desert and Mediterranean Basin is due to the sub-
sidence of air in the system. In the summer, the central
pressure lays around 1024 mbar, and moves north to-
wards the Iberian Peninsula, causing ridging across-
France, northern Germany and the southeastern parts of
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Figure 3. Sea level Pressure 18/12/2004 [19].
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the United Kingdom. During winter, the Azores High
intensifies and extends to cover most of the Western and
high by High and northern part of Africa. If the Azores
High and the Siberian High intersect, they would form a
high pressure band that extends all the way to Anatolia
and North Africa. During this condition, air temperature
increases in the whole region and clear skies dominate in
the region. If the center of the Azores High moves
northeast and situates above Iberian Island, it forces po-
lar cool wind to circulate around its center and enters the
Mediterranean as a strong jet stream which stimulates
forming and intensifying Mediterranean cyclones. If this
condition coincides with the presence of upper trough in
the region, then cool air continues to flow in, and thereby
intensify the cyclones further. Normally, those cyclones
move to east or north east Mediterranean. This condition
is ideal for precipitation in northern parts of Jordan [3].

The Indian monsoon impacts vast area of Iran, Ara-
bian Peninsula, and the Middle East during summer
months therefore it is not likely to have impacts on frost
formation in Eastern Mediterranean stats.

3.3. Global Warming Impact on Frost

The fact that the Earth is experiencing global warming
has been proven by several studies. The Fourth Assess-
ment Report of the Intergovernmental Panel on Climate
Change (IPCC), issued in 2007 pointed out that average
Earth temperatures around the world have increased 0.8
°C since 1880, and ten of the past 12 years are among the
warmest since 1850 [21]. However, it is unknown how

global warming is affecting frost characteristics. In this
section, frost data from five stations (Baqoura, Irbid,
Al-Khalidiah, Al-Rebah and Al-Shoubek) are analyzed
to detect any increasing or decreasing trends in the frost
characteristics including grass temperature, frost duration,
and number of frost days. Results are summarized in
Tables 1-5.

As we learn from Table 1, there is no clear trend, but
there is a slight decrease in number of frost days and a
slight increase in grass temperature at Baqoura, a town in
northern part of Jordan Valley. In Irbid, data do not show
a clear increasing or decreasing trend (Table 2). At
Al-Khalidiah, a town located at the edge of the desert to
the east from Irbid, grass temperature decreased while
the number of frost days increased (Table 3). At Al-
Rebah, minimum and average grass temperatures did not
exhibit a clear trend, however, the number of frost days
during February increased (Table 4). At Al-Shoubek,
minimum and average grass temperatures have increased
since 1984, but number of frost days does not show sig-
nificant change (Table 5).

4. Summary, Conclusions and Mitigation

Jordan as well as neighboring East-Mediterranean coun-
tries faces several frost waves each year. A frost wave
may last for several days and may result in severe dam-
age to crops. In Jordan, farmers often protect their crops
either by using heaters or by operating sprinklers. Plastic
tunnels are also used to protect crops from early autumn
frost. In elevated areas, farmers avoid planting during

Table 1. Temporal variation of frost at Baqoura.

Test Bagoura
Period Overall January February
Tested Min Grass Average  Number of Min Grass Average Grass Numberof  Min Grass Average Number of
Parameter Temp  Grass Temp Frost Days Temp Temp Frost Days Temp Grass Temp Frost Days
Mann-Kendall NS 90+ NS NS NS 95- NS NS NS
Linear NS NS NS NS NS NS NS NS NS
Regression
Cusum ? (CS) 90 NS 99 NS 90 99 NS NS
CS Year of 2000 1999 - 1999 - 2007 1999 - -
Change
Worsley NS Mean71-07 < NS Mean72-07 < Mean72-74 < Mean72-07 < Mean72-99 < NS NS
Likelihood (WL) 07-08@90 07-08@90 74-08@95 07-08@90 99-08@95
WL Year of - 2007 2007 1974 2007 1999 - -
Change
Median72-89
Rank Sum NS NS NS NS NS NS <90-08@95 NS NS
s Mean72-89 <
Student’s t NS NS NS NS NS NS 90-08@95 NS NS
Copyright © 2011 SciRes. JWARP
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Table 2. Temporal variation of frost at Irbid.

Test Irbid
Period Overall January February
Tested Min Average Number of  Min Grass Average Number of Min Grass Average  Number of
Parameter Grass Temp Grass Temp  Frost Days Temp Grass Temp Frost Days Temp Grass Temp Frost Days
Mann- NS NS NS NS NS NS NS NS NS
Kendall
Linear 90- NS NS NS NS NS NS NS NS
Regression
Cusum ? (CS) NS NS NS NS NS 95 NS NS NS
CS Year
of Change . ) ) ) ) 2004 ) ) )
Worsley
Lo Mean03-08 < Mean07-08 < Mean07-08 < Mean07-08 <
L"ﬁ/‘t‘)")d 67-03@90  67-07@95 NS 67-07@95  67-07@99 NS NS NS NS
WL Year 2003 2007 - 2007 2007 - - - -
of Change
Median88-08 < Median88-08 < Median88-08 Median88-08 <
Rank Sum ¢ ¢7@05 NS 67-87@95 NS NS ers1@es NS NS 67-87@95
. Mean88-08 < Mean88-08 < Mean88-08
Student's t 67-87@95 NS 67-87@95 NS NS NS <67-87@90 NS NS
Table 3. Temporal variation of frost at Al-Khalidiah.
Test Al-Khalidiah
Period Overall January February
Tested Parameter Min Grass  Average Number of  Min Grass Average Number of Min Grass  Average Number of
Temp Grass Temp Frost Days Temp Grass Temp FrostDays Temp Grass Temp  Frost Days
Mann-Kendall 90- 95- NS NS NS NS NS NS NS
Linear Regression NS 99- 95" NS NS NS NS 90- NS
Cusum?® (CS) NS NS NS NS NS NS NS 95 99 years)
CS Year of } } R _ - - - 2002 1996
Change
Worsley Likeli- Mean69-08 < Mean67-70 < Mean68-70 <
hood (WL) NS 67-69@95 70-08@99 NS NS NS NS 70-08@90 NS
WL Year of - 1969 1970 - - - - 1970 -
Change
Median88-08 <
Rank Sum NS NS 67-87@90 NS NS NS NS NS 95
. Mean67-87 <
Student's t NS NS 88-08(@90 NS NS NS NS NS NS

frost-prone periods or using plastic tunnels to protect
their farms.

The Jordanian government has pledged to compensate
farmers for frost damages. Governmental compensation
puts extra load on the local budget especially in a coun-
try with few resources.

The findings of this study indicate that frost waves
will continue to hit in near future regardless of the fact
that Earth is moving towards warmer conditions. Local
governments are expected to spend more money in com-
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pensation for crops damages caused by the frost. Previ-
ous compensation schemes have been proven to be inef-
ficient. Agricultural and financial authorities need to take
courage and wise steps to minimize frost damage.
Among the things that governments are invited to con-
sider is installing wind machines in Jordan Rift Valley
and other frost-prone regions. The fans are used to pro-
tect crops against cold injury at winter, spring’s late frost
and autumn’s early frost. Wind fans will pay off their
cost within few years and will help sustaining secure
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Table 4. Temporal variation of frost at Al-Rebah.

Test Al-Rebah
Period Overall January February
Tested Min Grass  Average Number of Min Grass  Average Number of Min Grass  Average Number of
Parameter Temp Grass Temp  Frost Days Temp Grass Temp Frost Days Temp Grass Temp  Frost Days
Mann-Kendall NS NS 90+ NS NS NS NS NS 95+
Linear NS NS 90+ NS NS NS NS NS NS
Regression
Cusum? (CS) NS NS 95 NS NS NS NS NS 95
CS Year
of Change B B 1988 - - - - - 1988
Worsley
Likelihood NS NS Ngﬁ%@%@? NS NS NS NS NS NS
(WL)
WL Year
of Change ) ) 1980 . ) ) ) . )
Median68-87 Median89-08
Rank Sum NS NS < 88-08@95 NS NS NS NS NS < 69-88@99
. Mean68-87 < Mean69-88 <
Student's t NS NS 88-08@90 NS NS NS NS NS 89-08@95
Table 5. Temporal variation of frost at Al-Shoubek.
Test Al-Shoubek
Period Overall January February
Tested Min Grass Average Number of Min Grass Average Grass Number of  Min Grass Average Number of
Parameter Temp Grass Temp FrostDays Temp Temp Frost Days Temp Grass Temp  Frost Days
Mann-Kendall NS NS NS NS 95* NS 95* 95" NS
Linear NS NS NS NS 90" NS 90" 90" NS
Regression
Cusum?® (CS) NS 99 NS NS 90" NS NS 95 99
CS Year of - 1984 - - 1984 - - 1984 2007
Change
Worsley NS NS 99 NS NS NS NS NS NS
Likelihood (WL)
WL Year
of Change . . 1966 ) ) . . . .
Median88-08 < Median66-86 < Median66-86 <
Rank Sum NS 95 NS NS 67-87 @90 NS 87.08@95 8708 @95 NS
s Mean67-87 <
Student’s t NS 929 NS NS 88-08 @90 NS NS NS NS

NS: non-significant at least & = 0.1, " increasing trend at specified alpha, - decreasing trend at specified alpha, “data in later years are higher than ear-

lier years at specified alph

source of food for those who depend on the products of
the Jordan Rift Valley. A delayed growing season will
cause Jordan to lose its advantage over countries in colder
climates in early exports of vegetables and fruits.
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