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Abstract 

Arable land around the world has a 12% share of the global land area. This thesis was 

created as a part of a project aimed at estimation of shortwave radiation reflected from those 

surfaces according to various scenarios based on the farming methods. This thesis was created 

as a part of a project aimed at estimation of shortwave radiation reflected from those surfaces 

according to various scenarios based on the farming methods. Its key element was the 

estimation of the bare soil area, defined for its spectral properties, as the area of arable land 

not covered by vegetation on more than 15% on its surface. In conventional agriculture, during 

the period immediately following the planting of crops, the soil stays bare until the newly 

planted crops reach defined above share of surface cover. This work focuses on estimating 

the periods of bare soil that occur after the planting of 13 major crops at the global scale; 

those selected crops are wheat, maize, barley, sorghum, soybeans, millet, cotton, rapeseed, 

groundnuts, potato, cassava, rye, and sugar beet. The supplementary objective of the study 

was to determine which soil groupings, and in what proportions, were bare during those 

periods. Arable land, divided into extensive agricultural regions located on six continents, was 

analyzed. 

The estimation of bare soil acreage was performed based on publicly available spatial 

datasets including the distribution of arable land in the world, crop calendars containing 

planting dates and the geographic distribution of crops. The arable land in the world was first 

divided into agricultural regions inspired by the division proposed by United States 

Department of Agriculture. For each region, average daily temperatures were used to predict 

plant growth stages. For each crop within a region, the planting date was used as the 

beginning of the bare soil period, which ended when it reached a stage where at least 15% of 

the surface was covered by vegetation. The aggregated periods concerning every crop within 

any given region resulted in an annual variation of bare soil area. The acreages of soil grouping 

used in agriculture for any region were then extracted based on the location of arable land 

ŀƴŘ ǘƘŜ ǊŜƎƛƻƴΩǎ ōƻǳƴŘŀǊƛŜǎΦ 
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The global annual variation of bare soil area shows that the maximum level occurs 

around the 140th day of the year (DOY) (middle of May), influenced primarily by the planting 

of crops occurring in the northern hemisphere. Up to 1.5 million km2of soil surface stays bare 

at that time. Centered on that maximum is a period of bare soil lasting for almost four months, 

between the 92nd DOY and the 200th DOY (early April and end of July), when two lesser 

maxima were observed, of around 900,000 and 700,000 km2, respectively. The equivalent of 

that period, resulting from planting in the southern hemisphere, starts around the 330th DOY 

(middle of November) and lasts for about a month, reaching almost 400,000 km2. The other 

distinguishable episode of bare soil in the southern hemisphere was noted between the 15th 

and the 25th DOY (second half of January) when its area reached 100,000 km2.  

Asia is the super region with by far the largest area of arable land and consequently, it 

sports the highest acreage of bare soil. During the aforementioned maximum in the northern 

hemisphere occurring around the 140th DOY, the Asian super region contributes around 

700,000 km2 of bare soil, which is almost half of the bare soil area for the whole northern 

hemisphere at that time, with Lithosols, Cambisols, and Gleysols being the major soil 

groupings that stay bare. In Europe, two distinct periods of bare soil were found; during the 

first, starting around the 40th DOY (middle of February) and lasting until the 150th DOY (end 

of May), the steady increase of the bare soil area lasts until the 140th DOY (middle of May) 

when it reaches almost 500,000 km2, after which a rapid decline was observed. The second, 

manifesting two and a half months later, lasts between around the 230th and the 290th DOY 

(middle of August to middle of October), and exceeds 100Σллл ƪƳ2. Chernozems, Cambisols, 

and Luvisols are dominant soil groupings on arable land in Europe. Similar trends, related to 

the European bare soil areas, were found in the North American super region, where a period 

of maximum bare soil area occurs in late spring, and a second period, characterized by a much 

smaller area, follows the main one three months later. The maxima coincide with the 

aforementioned ones in Asia and Europe, reaching 300,000 km2 of bare soil around the 140th 

DOY. Similar to Europe, the second period sports a much smaller bare soil area, short of 

30,000 km2. The dominant soil groupings in agricultural use in North America are 

Kastanozems, Luvisols, and Chernozems. Africa is a super region whose area is divided 

between both northern and southern hemispheres, which shows in the annual variation of its 

bare soil area. Three distinct periods were found there, the major one around the middle of a 
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year lasted for about two and a half months, between the 167th and the 230th DOY (middle 

of June to middle of August) with the bare soil area being up to almost 400,000 km2. The other 

peak occurs about a month and a half earlier, between the 95th and the 115th DOY (roughly 

the month of April) and is characterized by a bare soil area exceeding 120,000 km2. The last 

notable episode of bare soil in Africa manifests itself between the 317th DOY and the 10th 

day of the following year (middle of November to the middle of January), with the area of soil 

uncovered by vegetation reaching almost 100,000 km2. Luvisols together with Arenosols, 

followed by Vertisols, are the most extensively farmed soil groupings in Africa. The majority 

of arable land in the southern hemisphere is found in the South American super region, which 

is reflected in the annual variation of bare soil area, which is similar to that of the whole 

southern hemisphere. The maximum lasts for around two weeks, between the 330th and the 

345th DOY (end of November to the middle of December), when almost 500,000 km2 of arable 

soil is bare. A secondary peak was observed between the 15th and the 30th DOY (second half 

of January), sporting around 100,000 km2 of bare soil area. Ferrasols is the most commonly 

farmed soil grouping in the region, followed by Phaozems and Luvisols. In Oceania, the 

maximum area of bare soil slightly exceeds 25,000 km2 for about two weeks in the first half of 

June, followed by a rapid decline. A secondary period is characterized by a longer duration but 

the smaller area, lasting between the 313th and the 14th DOY (middle of November to middle 

of January) with about 5,000 km2 of arable land which is not covered by vegetation at that 

time. Luvisols are the dominant soil grouping under cultivation in Oceania, followed by 

Planosols, Solonetz, and Vertisols.  

The obtained variations of bare soil areas together with the corresponding share of 

soil groupings for all regions were used in other work in order to estimate the amount of 

shortwave radiation reflected from those surfaces according to various scenarios based on 

the farming methods. 
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Streszczenie (in Polish) 

DǊǳƴǘȅ ƻǊƴŜ ǎǘŀƴƻǿƛŊ ƻƪƻƱƻ мн҈ ǇƻǿƛŜǊȊŎƘƴƛ ƭŊŘƽǿ ƴŀ ŎŀƱȅƳ ǏǿƛŜŎƛŜΦ Niniejsza praca 

ǇƻǿǎǘŀƱŀ ǿ ǊŀƳŀŎƘ ǇǊƻƧŜƪǘǳ ŘŊȍŊŎŜƎƻ Řƻ ƻǎȊŀŎƻǿŀƴƛŀ ƛƭƻǏŎƛ ǇǊƻƳƛŜƴiowania krótkofalowego 

odbijanego od tych powierzchni. YƭǳŎȊƻǿȅƳ ƧŜƧ ŜƭŜƳŜƴǘŜƳ ōȅƱƻ ƻǎȊŀŎƻǿŀƴƛŜ ŀǊŜŀƱǳ odkrytej 

ƎƭŜōȅΣ ŘŜŦƛƴƛƻǿŀƴŜƧ ȊŜ ǿȊƎƭťŘǳ ƴŀ ƧŜƧ ǿƱŀǏŎƛǿƻǏŎƛ ǎǇŜƪǘǊŀƭƴŜΣ Ƨŀƪƻ powierzchni gruntów 

ornych nieǇƻƪǊȅǘȅŎƘ ǊƻǏƭƛƴƴƻǏŎƛŊ ǿ ǎǘƻǇƴƛǳ ǿƛťƪǎȊȅƳ ƴƛȍ 15%. W przypadku rolnictwa 

konwencjonalnego, w okresie ōŜȊǇƻǏǊŜŘƴƛƻ Ǉƻ sianiu lub ǎŀŘȊŜƴƛǳ ǊƻǏƭƛƴ gleba pozostaje 

odkryta, dopóki nowo zasiane lub ȊŀǎŀŘȊƻƴŜ ǊƻǏƭƛƴȅ ƴƛŜ ƻǎƛŊƎƴŊ ŦŀȊȅ ǿȊǊƻǎǘǳ ǇƻǿƻŘǳƧŊŎŜƧ 

ǇƻƪǊȅŎƛŜ ǇƻǿƛŜǊȊŎƘƴƛ ǿ ǿȅȍŜƧ ȊŘŜŦƛƴƛƻǿŀƴȅƳ ǎǘƻǇƴƛǳ. PrŀŎŀ ǘŀ ƪƻƴŎŜƴǘǊǳƧŜ ǎƛť ƴŀ 

oszacowaniu okresów kiedy gleba pozostaje odkrytaΣ ƪǘƽǊŜ ǿȅǎǘťǇǳƧŊ Ǉƻ sianiu lub sadzeniu 

мо ƎƱƽǿƴȅŎƘ ǳǇǊŀǿ ǿ ǎƪŀƭƛ ƎƭƻōŀƭƴŜƧΤ ǘŜ ǿȅōǊŀƴŜ ǳǇǊŀǿȅ ǘƻ ǇǎȊŜƴƛŎŀΣ ƪǳƪǳǊȅŘȊŀΣ ƧťŎȊƳƛŜƵΣ 

ǎƻǊƎƻΣ ǎƻƧŀΣ ǇǊƻǎƻΣ ōŀǿŜƱƴŀΣ ǊȊŜǇŀƪΣ ƻǊȊŜǎȊƪƛ ȊƛŜƳƴŜΣ ȊƛŜƳƴƛŀƪƛΣ ƳŀƴƛƻƪΣ ȍȅǘƻ ƛ ōǳǊŀƪ ŎǳƪǊƻǿȅΦ 

CŜƭŜƳ ōŀŘŀƴƛŀ ōȅƱƻ ustalenie, które ƎƱƽǿƴŜ ƎǊǳǇȅ glebowe (major soil groupings wg definicji 

FAOςUNESCO) oraz w jakich ŀǊŜŀƱŀŎƘ ǇƻȊƻǎǘŀƧŊ odkryteΦ tǊȊŜŀƴŀƭƛȊƻǿŀƴŜ ȊƻǎǘŀƱȅ grunty orne 

podzielone na  regiony rolniczŜ ǇƻƱƻȍƻƴŜ ƴŀ ǎȊŜǏŎƛǳ ƪƻƴǘȅƴŜƴǘŀŎƘΦ 

Oszacowanie ŀǊŜŀƱǳ odkrytej gleby przeprowadzono ǇǊȊȅ ǳȍȅŎƛǳ publicznie 

ŘƻǎǘťǇƴȅŎƘ ȊōƛƻǊƽǿ ŘŀƴȅŎƘ ǇǊȊŜǎǘǊȊŜƴƴȅŎƘΣ ǿ ǘȅƳ ǊƻȊƳƛŜǎȊŎȊŜƴƛŀ ƎǊǳƴǘƽǿ ƻǊƴȅŎƘ ƴŀ 

ǏǿƛŜŎƛŜΣ ƎŜƻƎǊŀŦƛŎȊƴŜƎƻ ǊƻȊƳƛŜǎȊŎȊŜƴƛŀ ǳǇǊŀǿ oraz kalendarzy upraw ȊŀǿƛŜǊŀƧŊŎȅŎƘ Řŀǘȅ 

sadzenia. ¦ȍȅǿŀƴŜ ȊōƛƻǊȅ ŘŀƴȅŎƘ ȊƻǎǘŀƱy ǿ ǇƛŜǊǿǎȊŜƧ ƪƻƭŜƧƴƻǏŎƛ podzielone na regiony 

rolnicze ȊŀƛƴǎǇƛǊƻǿŀƴŜ ǇƻŘȊƛŀƱŜƳ ȊŀǇǊƻǇƻƴƻǿŀƴȅƳ ǇǊȊŜȊ Departament Rolnictwa Stanów 

ZjednoczonychΦ 5ƭŀ ƪŀȍŘŜƎƻ z tych regionów Ȋŀǎǘƻǎƻǿŀƴƻ ǏǊŜŘƴƛŜ ŘȊƛŜƴƴŜ ǘŜƳǇŜǊŀǘǳǊȅ w 

celu oszacowania ŜǘŀǇƽǿ ǿȊǊƻǎǘǳ ǊƻǏƭƛƴΦ 5ƭŀ ƪŀȍŘŜƧ ǳǇǊŀǿȅ ǿ ǊŜƎƛƻƴƛŜ Řŀǘŀ ǎŀŘȊŜƴƛŀ ȊƻǎǘŀƱŀ 

ǿȅƪƻǊȊȅǎǘŀƴŀ Ƨŀƪƻ ǇƻŎȊŊǘŜƪ ƻƪǊŜǎǳ ǿȅǎǘťǇƻǿŀƴƛŀ odkrytej ƎƭŜōȅΣ ƪǘƽǊȅ ƪƻƵŎȊȅ ǎƛťΣ ƎŘȅ 

ƻǎƛŊƎƴƛŜ etap, w którym gleba zostaje ǇƻƪǊȅǘŜ ǊƻǏƭƛƴƴƻǏŎƛŊΦ ½ŀƎǊŜƎƻǿŀƴŜ ƻƪǊŜǎȅ ŘƻǘȅŎȊŊŎŜ 

ƪŀȍŘej uprawy w danym regionie ǇƻǎƱǳȍȅƱȅ Řƻ ǳǎǘŀƭŜƴƛŀ rocznej ȊƳƛŜƴƴƻǏŎƛ powierzchni 

odkrytej ƎƭŜōȅΦ !ǊŜŀƱȅ ƎƱƽǿƴȅŎƘ ƎǊǳǇ ƎƭŜōƻǿȅŎƘ wykorzystywanych w rolnictwie dla ƪŀȍŘŜƎƻ 

z  regionów ȊƻǎǘŀƱȅ ƴŀǎǘťǇƴƛŜ obliczone na podstawie lokalizacji gruntów ornych i granic 

regionu. 

!ƴŀƭƛȊǳƧŊŎ ǿǎȊȅǎǘƪƛŜ ƎǊǳƴǘȅ ƻǊƴŜ ƴŀ ǏǿƛŜŎƛŜΣ Ƴaksymalny poziom odkrycia ǿȅǎǘťǇǳƧŜ 

ƻƪƻƱƻ мпл Řƴƛŀ roku (day of year - DOY);όǇƻƱƻǿŀ ƳŀƧŀύΣ i jest spowodowany przede wszystkim 
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przez sianie oraz sadzenie ǊƻǏƭƛƴ ǳǇǊŀǿƴȅŎƘ ƴŀ ǇƽƱƪǳƭƛ ǇƽƱƴƻŎƴŜƧΦ ² ǘȅƳ ŎȊŀǎƛŜ Řƻ мΣр Ƴƭƴ ƪƳ2 

powierzchni gruntów ornych nie jest pokryta ǇǊȊŜȊ ǊƻǏƭƛƴȅ. ²ȅȍŜƧ ƻǇƛǎŀƴŜ ƳŀƪǎƛƳǳƳ 

ǿȅǎǘťǇǳƧŜ podczas okres ƻŘǎƱƻƴƛťǘŜƧ ƎƭŜōȅ ǘǊǿŀƧŊŎŜƎƻ ǇǊȊŜȊ ǇǊŀǿƛŜ ŎȊǘŜǊȅ ƳƛŜǎƛŊŎŜΣ ƳƛťŘȊȅ 

92 DO̧  ŀ нлл 5h¸ όǇƻŎȊŊǘŜƪ ƪǿƛŜǘƴƛŀ a koniec lipca), kiedy zaobserwowano dwa pomniejsze 

ƳŀƪǎƛƳŀΣ ƻŘǇƻǿƛŜŘƴƛƻ ƻƪƻƱƻ флл ллл ƛ тлл ллл ƪƳ2Φ hŘǇƻǿƛŜŘƴƛƪ ǘŜƎƻ ƻƪǊŜǎǳΣ ǿȅƴƛƪŀƧŊŎȅ Ȋ 

siania oraz sadzenia ƴŀ ǇƽƱƪǳƭƛ ǇƻƱǳŘƴƛƻǿŜƧΣ ȊŀŎȊȅƴŀ ǎƛť ƻƪƻƱƻ оол 5h¸ όǇƻƱƻǿŀ ƭƛǎǘƻǇŀŘŀύ ƛ 

ǘǊǿŀ ƻƪƻƱƻ ƳƛŜǎƛŊŎŀΣ ƻǎƛŊƎŀƧŊŎ ǇǊŀǿƛŜ плл ллл ƪƳ2. Inny ǿȅǊŀȋƴƛŜ ǿƛŘƻŎȊƴȅ okres odkrytej 

gleby ƴŀ ǇƽƱƪǳƭƛ ǇƻƱǳŘƴƛƻǿŜƧ ƻŘƴƻǘƻǿŀƴƻ ƳƛťŘȊȅ мр ŀ нр 5h¸ όŘǊǳƎŀ ǇƻƱƻǿŀ ǎǘȅŎȊƴƛŀύΣ ƪƛŜŘȅ 

jego ǇƻǿƛŜǊȊŎƘƴƛŀ ƻǎƛŊƎƴťƱŀ млл ллл ƪƳ2. 

Azja to kontynent ƻ ȊŘŜŎȅŘƻǿŀƴƛŜ ƴŀƧǿƛťƪǎȊȅƳ areale odkrytej gleby ǿȅƴƛƪŀƧŊŎȅ ȊŜ 

ȊŘŜŎȅŘƻǿŀƴƛŜ ƴŀƧǿƛťƪǎȊŜƧ powierzchni gruntów ornych. Podczas wspomnianego maksimum 

ƴŀ ǇƽƱƪǳƭƛ ǇƽƱƴƻŎƴŜƧΣ ǿȅǎǘťǇǳƧŊŎŜƎƻ ƻƪƻƱƻ мпл 5h¸Σ ŀȊƧŀǘycki region odpowiada za ƻƪƻƱƻ тлл 

000 km2 odkrytej gleby, ŀ ǿƛťŎ ǇǊŀǿƛŜ ǇƻƱƻǿť powierzchni odkrytej ƎƭŜōȅ Řƭŀ ŎŀƱŜƧ ǇƽƱƪǳƭƛ 

ǇƽƱƴƻŎƴŜƧ ǿ ǘȅƳ ŎȊŀǎƛŜΣ Ȋ Lithosols, Cambisols i Gleysols jako ƎƱƽǿƴȅƳƛ ƎǊǳǇŀƳƛ ƎƭŜōΣ ƪǘƽǊŜ 

ǇƻȊƻǎǘŀƧŊ odkryte. W Europie znaleziono Řǿŀ ƻŘǊťōƴŜ okresy odkrytej gleby; podczas 

ǇƛŜǊǿǎȊŜƎƻΣ ǊƻȊǇƻŎȊȅƴŀƧŊŎŜƎƻ ǎƛť ƻƪƻƱƻ пл 5h¸ όǇƻƱƻǿŀ ƭǳǘŜƎƻύ ƛ ǘǊǿŀƧŊŎŜƎƻ Řƻ мрл 5h¸ 

όƪƻƴƛŜŎ ƳŀƧŀύΣ ǎǘŀƱȅ ǿȊǊƻǎǘ ǇƻǿƛŜǊȊŎƘƴƛ odkrytej gleby ǘǊǿŀ Řƻ мпл 5h¸ όǇƻƱƻǿŀ ƳŀƧŀύΣ ƪƛŜŘȅ 

ƻǎƛŊƎŀ ona prawie 500 000 km2, po ŎȊȅƳ ƴŀǎǘťǇǳƧŜ ƎǿŀƱǘƻǿƴȅ spadek ǘŜƎƻ ŀǊŜŀƱǳ. Drugi, 

ȊŀŎȊȅƴŀƧŊŎȅ ǎƛť Řǿŀ ƛ ǇƽƱ ƳƛŜǎƛŊŎŀ ǇƽȋƴƛŜƧΣ ǘǊǿŀ ƻŘ ƻƪƻƱƻ нол Řƻ нфл 5h¸ όƻŘ ǇƻƱƻǿȅ ǎƛŜǊǇƴƛŀ 

Řƻ ǇƻƱƻǿȅ ǇŀȋŘȊƛŜǊƴƛƪŀύ ƛ ǇǊȊŜƪǊŀŎȊŀ млл ллл ƪƳ2. Chernozems, Cambisols i Luvisols ǎŊ 

ŘƻƳƛƴǳƧŊŎȅƳƛ ƎǊǳǇŀƳƛ ƎƭŜōowymi na gruntach ornych w Europie. Podobne tendencje jak w 

ǇǊȊȅǇŀŘƪǳ ƻŘǎƱƻƴƛťǘȅŎƘ ƎƭŜō ƴŀ ƪƻƴǘȅƴŜƴŎƛŜ europejski zanotowano ǿ !ƳŜǊȅŎŜ tƽƱƴƻŎƴŜƧ, w 

przypadku której ƻƪǊŜǎ ƴŀƧǿƛťƪǎȊŜƧ powierzchni odkrytej ƎƭŜōȅ ǿȅǎǘťǇǳƧŜ ǇƽȋƴŊ ǿƛƻǎƴŊΣ ŀ 

drugi okres, obejmujŊŎȅƳ znacznie mniejszy ŀǊŜŀƱΣ ƴŀǎǘťǇǳƧŜ ǘǊȊȅ ƳƛŜǎƛŊŎŜ ǇƽȋƴƛŜƧΦ 

aŀƪǎȅƳŀƭƴŜ ǿŀǊǘƻǏŎƛ ǿȅǎǘťǇǳƧŊ ǿ ǇƻŘƻōƴȅƳ ƻƪǊŜǎƛŜ Ƨŀƪ ǿ  ǿȅȍŜƧ ǿȅƳƛŜƴƛƻƴȅŎƘ Azji i 

9ǳǊƻǇƛŜΣ ƻǎƛŊƎŀƧŊŎ олл ллл ƪƳ2 odkrytej gleby ƻƪƻƱƻ мпл DOY. Podobnie jak w Europie, drugi 

okres charakteryzuje ǎƛť ȊƴŀŎȊƴƛŜ ƳƴƛŜƧǎȊŊ ǇƻǿƛŜǊȊŎƘƴƛť odkrytej gleby, ǇƻƴƛȍŜƧ 30 000 km2. 

5ƻƳƛƴǳƧŊŎȅƳƛ ƎǊǳǇŀƳƛ ƎƭŜōowymi uprawianymi w Ameryki tƽƱƴƻŎƴŜƧ ǎŊ Kastanozems, 

Luvisols i Chernozems. Afryka jest kontynentem ȊŀƧƳǳƧŊŎȅƳ ǇƽƱƪǳƭŊ ǇƽƱƴƻŎƴŊΣ Ƨŀƪ ƛ 

ǇƻƱǳŘƴƛƻǿŊΣ Ŏƻ jest odzwierciedlone w  rocznym przebiegu ŀǊŜŀƱǳ odkrytej gleby. ²ȅǊƽȍƴƛƻƴƻ 

tam trzy osobne okresy, ƴŀƧǿƛťƪǎȊȅ z nich ǿȅǎǘťǇǳƧŜ ǿ ǇƻƱƻǿƛŜ roku i trwa ƻƪƻƱƻ ŘǿƽŎƘ ƛ ǇƽƱ 

ƳƛŜǎƛŊŎŀΣ ƳƛťŘȊȅ мст ŀ нол 5h¸ όƻŘ ǇƻƱƻǿȅ ŎȊŜǊǿŎŀ Řƻ ǇƻƱƻǿȅ ǎƛŜǊǇƴƛŀύΣ podczas którego 
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powierzchnia odkrytej gleby ƻǎƛŊƎŀ ǇǊŀǿƛŜ  400 000 km2Φ 5ǊǳƎƛ ǎȊŎȊȅǘ ǿȅǎǘťǇǳƧŜ ƻƪƻƱƻ ǇƽƱǘƻǊŀ 

ƳƛŜǎƛŊŎŀ ǿŎȊŜǏƴƛŜƧΣ ƳƛťŘȊȅ фр ŀ ммр 5h¸ όǿ ƪǿƛŜǘƴƛǳύ ƛ ŎƘŀǊŀƪǘŜǊȅȊǳƧŜ ǎƛť ŀǊŜŀƱŜƳ odkrytej 

ƎƭŜōȅ ǇǊȊŜƪǊŀŎȊŀƧŊŎȅƳ мнл ллл ƪƳ2Φ hǎǘŀǘƴƛ ȊƴŀŎȊŊŎȅ okresy odkrytej gleby w Afryce ustalono 

ƳƛťŘȊȅ омт 5h¸ ŀ мл ŘƴƛŜƳ ƴŀǎǘťǇƴŜƎƻ Ǌƻƪǳ όƻŘ ǇƻƱƻǿȅ ƭƛǎǘƻǇŀŘŀ Řƻ ǇƻƱƻǿȅ ǎǘȅŎȊƴƛŀύΣ ǇǊȊȅ 

czym ƻŘƪǊȅǘȅ ŀǊŜŀƱ gleby ǎƛťƎŀ prawie 100 000 km2. Luvisols wraz z Arenosols oraz Vertisols, 

ǎŊ ƴŀjbardziej ekstensywnie uprawianymi grupami glebowymi w Afryce. wƻŎȊƴŀ ȊƳƛŜƴƴƻǏŏ 

powierzchni ƻŘǎƱƻƴƛťǘŜƧ gleby na kontynencie !ƳŜǊȅƪƛ tƻƱǳŘƴƛƻǿŜƧ ma podobny przebieg jak 

w przypadku ŎŀƱŜƧ ǇƽƱƪǳƭƛ ǇƻƱǳŘƴƛƻǿŜƧΦ aŀƪǎƛƳǳƳ ŀǊŜŀƱǳ ƻŘǎƱƻƴƛťǘŜƧ ƎƭŜōȅ trwa ǇǊȊŜȊ ƻƪƻƱƻ 

dwa tygodnieΣ ƳƛťŘȊȅ оол ŀ опр 5h¸ όƪƻƴƛŜŎ ƭƛǎǘƻǇŀŘŀ Řƻ ǇƻƱƻǿȅ ƎǊǳŘƴƛŀύΣ ƪƛŜŘȅ ǇǊŀǿƛŜ рлл 

000 km2 gruntów ornych pozostaje odkrytych. Drugi ǎȊŎȊȅǘ ȊŀƻōǎŜǊǿƻǿŀƴƻ ƳƛťŘȊȅ мр ŀ ол 

5h¸ όŘǊǳƎŀ ǇƻƱƻǿŀ ǎǘȅŎȊƴƛŀύΣ w którego trakcie ƻƪƻƱƻ млл ллл ƪƳ2 gruntów ornych jest 

ƻŘǎƱƻƴƛťǘȅŎƘ. Ferrasols ǎŊ ƴŀƧŎȊťǏŎƛŜƧ ǳǇǊŀǿƛŀƴŊ ƎǊǳǇŊ glebƻǿŊ na kontynencieΣ ŀ ƴŀǎǘťǇƴƛŜ 

Phaozems i Luvisols. W Oceanii maksymalny ŀǊŜŀƱ odkrytej gleby nieznacznie przekracza 25 

000 km2 przez ƻƪǊŜǎ ƻƪƻƱƻ ŘǿƽŎƘ ǘȅƎƻŘƴƛ ǿ ǇƛŜǊǿǎȊŜƧ ǇƻƱƻǿƛŜ ŎȊŜǊǿŎŀΣ Ǉƻ ŎȊȅƳ ƴŀǎǘťǇǳƧŜ 

jego ƎǿŀƱǘƻǿny spadek. Drugi okres ŎƘŀǊŀƪǘŜǊȅȊǳƧŜ ǎƛť ŘƱǳȍǎȊȅƳ ŎȊŀǎŜƳ ǘǊǿŀƴƛŀΣ ŀƭŜ 

mniejszym ŀǊŜŀƱŜƳ, ǳǘǊȊȅƳǳƧŊŎȅƳ ǎƛť ƻŘ омо Řƻ мп 5h¸ όƻŘ ǇƻƱƻǿȅ ƭƛǎǘƻǇŀŘŀ Řƻ ǇƻƱƻǿȅ 

ǎǘȅŎȊƴƛŀύ Ȋ ƻƪƻƱƻ рллл ƪƳ2 ƎǊǳƴǘƽǿ ƻǊƴȅŎƘΣ ƪǘƽǊŜ ƴƛŜ ǎŊ ǿ ǘȅƳ ŎȊŀǎƛŜ ǇƻƪǊȅǘŜ ǊƻǏƭƛƴƴƻǏŎƛŊΦ 

Luvisols sŊ ŘƻƳƛƴǳƧŊŎŊ ƎǊǳǇŊ ƎƭŜōƻǿŊ ǇƻŘ ǳǇǊŀǿŊ ǿ hŎŜŀƴƛƛΣ ŀ ƴŀǎǘťǇƴƛŜ Planosols, Solonetz 

i Vertisols. 
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1. Introduction 

1.1. Arable land 

1.1.1. Arable land around the world 

Arable land can be defined in a couple of ways; according to the Oxford English 

Dictionary (2013), the word arable comes from the Latin word arabilisΣ ƳŜŀƴƛƴƎ άŀōƭŜ ǘƻ ōŜ 

ǇƭƻǿŜŘέ ŀƴŘ ŘŜǎŎǊƛōŜǎ ƭŀƴŘ ŎŀǇŀōƭŜ ƻŦ ōŜƛƴƎ ǳǎŜŘ ŦƻǊ ƎǊƻǿƛƴƎ ŎǊƻǇǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ 

used by the Food and Agriculture Organization of the United Nations (FAO), as well as the 

World Bank (2018) is quite different; according to them, arable land is land under active 

cultivation of agricultural crops. In that sense, the former definition refers to potential, and 

the latter to the actual use of land. For this thesis, arable land is defined as per the FAO. Arable 

land is made up of two components: vegetation in various development phases and bare soil. 

Globally, just short of 40% of land (about 50 million km2) is used for some kind of agriculture; 

arable land makes up about 29% of all agricultural land (FAO, 2018), with the rest made up of 

pastures (68%) and permanent crops (3%). Therefore, about 12% of total land area in the 

world was arable in 2015, a figure that is steadily growing every year (World Bank 2018), not 

without consequences for the natural environment (Foley et al., 2005). The geographic 

distribution of arable land corresponds to fertile soils and suitable climates (Ramankutty, 

2000), with the major agricultural regions of the world being: the Corn Belt in the United 

States, the Ganges floodplain, the wheat-corn belt in Europe, the Pampas in Argentina as well 

as wheat belts in Australia (Monfreda, Ramankutty and Foley, 2008). In contrast, croplands 

are generally absent in very dry or cold climates, like deserts, highly elevated zones, and in 

higher latitudes.  

1.1.2. Historical changes in arable land 

Changes in global arable land over the last three centuries (XVIII to XX) were analyzed 

by Ramankutty and Foley (1999). It was a period of rapid expansion of agriculture, first in 

Europe and soon after in North America and Russia. Since around the year 1850, exponential 
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growth of arable land was observed in Africa, South and Central Americas, Southeast Asia and 

Australia. During those three centuries, China observed steady growth of its cropland area. 

Even though the total area of croplands increased substantially in the 20th century, the 

cropland base (average area of cropland per person) has diminished from around 0.75 ha per 

person to 0.35 ha per person (Ramankutty et al., 2002). More recently, Beddow et al. (2010) 

have looked at the changes in the cropped area for the years from 1960 to 2000, and the 

overarching theme is a reduction of cropped area in temperate regions, with a simultaneous 

increase in tropical regions. That trend is expected to continue as the growing global 

population, expected to reach about 10 billion people by 2050 (United Nations, Department 

of Economic and Social Affairs, 2017; Thatcher et al., 2018), will lead to an increasing demand 

for food (Regmi, Takeshima and Unnevehr, 2009; Foley et al., 2011; Tilman et al., 2011; 

Alexandratos and Bruinsma, 2012; Valin et al., 2014). Dietary changes induced by the growing 

average wealth, especially the increasing demand for meat and dairy products, will require 

even more farmed land (Trostle, 2008; Godfray et al., 2010; Senker, 2011; Toulmin, 2012), as 

will an expanding interest in biofuels (The Royal Society, 2008; Cassidy et al., 2013; Littlejohns 

et al., 2018). However, changes in the area of arable land are not uniform around the world. 

The overall trend is that arable land is increasing in tropical regions while diminishing in 

temperate ones (Ramankutty et al., 2002). Currently, the greatest potential for an increase in 

arable area exists in Tropical Africa and Northern South America (Buringh and Dudal, 1987), 

mostly at the expense, unfortunately, of tropical rain forests (Carvalho et al., 2001; Skole et 

al., 2006). Regarding the longer perspective, however, at the end of the 21st century the 

changing climate is predicted to hinder the potential for agriculture in those tropical regions 

while improving the conditions for agriculture at higher latitudes (Ramankutty et al., 2002). 

мΦмΦоΦ !ǊŀōƭŜ ƭŀƴŘΩǎ ƛƳǇact on climate 

Various authors have analyzed the historical anthropological land cover changes and 

related climate response (Brovkin et al., 1999, 2006; Diffenbaugh and Sloan, 2002; Matthews 

et al., 2003, 2004; Gibbard et al., 2005; Davin and Noblet-Ducoudre, 2010). During the last 

centuries, the dominant land cover change was the transformation of forests into croplands 

(Ramankutty and A. Foley, 1999; Ellis et al., 2010; Meiyappan and Jain, 2012), with 15% to 30% 

of forests already converted to cropland or pasture, predominantly in temperate regions of 

Eurasia and North America (Goldewijk, 2001). Land cover change is considered to be one of 
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the major culprits of environmental change (Defries, Foley and Asner, 2004; Foley et al., 2005; 

Turner, Lambin and Reenberg, 2007). The past and ongoing transformation of forests into 

croplands has a direct effect on surface physical properties, chiefly on its albedo (a) (defined 

as the ratio between reflected and incoming radiation within the shortwave 0.3ςоΦл ˃Ƴ 

portion of the solar spectrum (Coulson and Reynolds, 1971; Oke, 1987)), and on its roughness 

and evapotranspiration (Bala et al., 2007; Davin, de Noblet-Ducoudré and Friedlingstein, 2007; 

Bonan, 2008; Davin and Noblet-Ducoudre, 2010). Compared to forests, cropland is 

characterized by higher average annual a but lower evapotranspiration and surface 

roughness. The increased a has a cooling effect, which is especially pronounced in temperate 

and boreal regions due to the difference between a values of forest and croplands being 

amplified by the presence of snow in winter (Betts, 2000). On the other hand, warming due 

to reduced evapotranspiration is strongest in tropical regions, especially during the dry season 

(von Randow et al., 2004; Davin and Noblet-Ducoudre, 2010). Taking those cooling and 

warming processes together, the net effect of the replacement of forests by croplands seems 

to be cooling, especially in higher latitudes (Bala et al., 2007). However, when arable land is 

bare, the a can be lower than that of forests.  

1.2. Soil 

мΦнΦмΦ .ŀǊŜ ǎƻƛƭΩǎ ŀƭōŜŘƻ 

As was mentioned earlier, arable land is comprised of two components, vegetation 

cover and bare soil, that feature in various proportions throughout the year. During periods 

when arable land lies bare without vegetation, its a depends mostly on the color of the soil, 

as well as its roughness and moisture content. If plants cover less than 15% of a surface, the 

a values are similar to the a of the soil lying beneath them. When vegetation covers between 

15% and 40% of a surface, the a is  determined by both soil and crop, and when vegetation 

cover increases to more than 40%, the surface inherits the spectral properties of the crop 

(Baumgardner et al., 1986). When the surface a is controlled by a soil component, the major 

factor influencing it is the soil color determined by the presence and quantity of SOM and 

other soil pigments, like carbonates (CaCO3) and iron oxides (Fe2O3) (Mikhajlova and Orlov, 

1986). Raising the content of SOM and Fe2O3 tends to lower the soil a, while increasing the 
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content of CaCO3 leads to lighter soil and lower a values. Besides soil color, which tends to 

remain stable over time, the surface a is also controlled by more dynamic soil properties, 

surface roughness, and moisture. Soil moisture is defined as the water contained in the 

unsaturated soil zone (Hillel, 1998). Increasing the soil moisture tends to make soil darker and 

therefore to lower its a. However, if the groundwater table lies deep beneath the soil surface, 

then the surface quickly reaches air-dried moisture state and the a rises again. A surface 

reaches the lowest a when moisture content increases to the field capacity, with a further 

rise in moisture having no additional significant effect on the surface a level (Liu, Wang and 

Fu, 2008). Going the other way, the surface reaches its highest a level when the moisture 

decreases from field capacity to hygroscopic capacity, where further drying of the surface 

stops having a significant effect on the a level.  

The roughness of soil surfaces is another factor influencing the surface a that is 

considered dynamic over time. The roughness of soil surface is related to its irregularities 

caused by factors like soil texture, aggregate size and shape, infiltration, rock fragments, land 

management and vegetation cover (Thomsen et al., 2015). In actively farmed arable land it is 

predominantly a product of soil treatments and tools that were used on a given surface. 

Reducing the size of soil aggregates and smoothing out irregularities tend to increase the 

overall a level of a surface. Soil surfaces that have large, irregular aggregates, separated by 

deep spaces between them tend to absorb a higher amount of incoming radiation compared 

to surfaces sporting smaller, smoother aggregates (Mikhajlova and Orlov, 1986). The impact 

of surface roughness on the soil a is dynamic and changes together with illumination 

conditions, namely by the proportion of diffuse and direct incident radiation, the severity of 

cloud cover and solar zenith angle (qs). The rate of change of a together with changing qs was 

reported by Monteith and Szeicz (1961), Kondratyev (1969), Pinty, Verstraete et al. (1989), 

Oguntunde, Ajayi, and Giesen (2006), Cierniewski et al. (2015a) and Cierniewski, Ceglarek et 

al. (2018a). If most of the incoming radiation is direct (clear sky conditions), then the a level 

rises together with increasing qs, reaching its maximum just after sunrise and before sunset. 

Consequently, during the local solar noon, when qs is the lowest during the day, the minimal 

values of a are observed. That rate of the a-value rise depends on the roughness of a surface, 

where smooth surfaces observe a rapid increase of a together with rising  qs, whereas for 

very rough surfaces the a level remains mostly unchanged during the day. Higher proportions 
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of diffused solar radiation (especially when cloud cover is high) tend to diminish the effect of 

changing qs on the surface a. The surface roughness affects therefore both the initial level of 

the surface a as well as the rate of its change with the changing of qs.  

Taking into account the three soil surface properties (color, roughness, and moisture 

content) described in the previous subsection, the range of a (during local noon) tends to be 

0.05ς0.15 for rough, wet and dark-colored soils, and 0.35ς0.4 for smooth, dry and light-

colored ones (Oke, 1987; Dobos, 2006).  

1.2.2. Classification of soils 

Soil classification is an attempt to group soils that share similar properties (biological, 

chemical and physical) into units that can be mapped. A number of soil classification systems 

has been developed over the years, and the emphasis on classification criterion has gradually 

shifted from the genetic approach to using soil properties as a base for differentiating 

between soil units. Many countries have developed national soil classification systems, most 

notably the United States (Soil Survey Staff, 1975), Russia (Lev et al., 2001), France (Baize et 

al., 1995), Australia (Isbell, 2016), Brazil (EMBRAPA, 2006) and Poland (Polskie Towarzystwo 

Gleboznawcze, 2011). Over time, a consensus about the classification of major soil units that 

should be distinguished has been developed, taking several stages into account. Early soil 

classifications focused on soil-forming factors and environment, dividing classified soils into 

zonal (determined mainly by climate and vegetation) and azonal (determined mostly by 

parent material and time) categories. Subsequent systems focused on the processes (e.g., 

leaching, salinization, ferrallitization or accumulation) occurring in the soil, characterized 

roughly by soil properties. Starting with the 7th Approximation of the USDA (United States 

Department of Agriculture) Soil Taxonomy, the modern approach to soil classification was 

conceived, where soil properties had to be precisely defined and quantified in order to define 

diagnostic soil horizons. Postmodern soil classification can be distinguished, making use of 

statistics and fuzziness, and include numerical classification systems. The objective of the 

latter system is to minimize within-class variance while between-class variance is maximized, 

based on some objective criteria. It can, therefore, be summarized by stating that the 

development of soil classification systems evolved, from being preconception driven and 

arbitrary, into objective information of soil units (FAO, 2019).  
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1.2.3. Contemporary soil classification systems 

Among the current, most widely and globally used soil classification systems are: the 

USDA Soil Classification System, also called Soil Taxonomy; the FAOςUNESCO Soil 

Classification System; and the World Reference Base; and they are briefly summarized below. 

1.2.3.1. USDA Soil Classification System 

The USDA Soil Classification System has its roots in the late fifties when it was 

conceived by the Soil Conservation Service of the United States Department of Agriculture. 

The system was subject to several approximations, starting with the 7th Approximation, which 

ŀŦǘŜǊ ŎƻƴǎƛŘŜǊŀōƭŜ ǊŜǾƛǎƛƻƴǎ ǿŀǎ ǇǳōƭƛǎƘŜŘ ƛƴ мфтр ŀǎ ά{ƻƛƭ ¢ŀȄƻƴƻƳȅΥ ! .ŀǎƛŎ {ȅǎǘŜƳ ƻŦ {ƻƛƭ 

Classification for Making and Interpreting Soƛƭ {ǳǊǾŜȅǎέ (Soil Survey Staff, 1975). The system 

sports multiple categories of classification, in hierarchical order. From the most general, 

highest categories to lower, more detailed categories those are: order, suborder, great group, 

subgroup, family, and series, and they are briefly described below.  

Orders are the highest category in the Soil Taxonomy. Currently, there are 12 distinct 

soil orders (Soil Survey Staff, 1998), up from 10 when the system was introduced. The soils are 

classified into orders based on the existence or lack thereof of major diagnostic horizons or 

features displaying the forming process. The processes themselves are not distinguished at 

that level; the distinction is based on markers left by processes that are dominant factors in 

the formation of soil. Classification at this level is useful in understanding the global patterns 

of soil distribution. 

Suborders are one hierarchical level below orders and currently include 64 variants, 

with various soil orders being divided into a varying number of suborders. The basis of this 

division changes between different soil orders; however, they are focused on soil moisture 

regimes and diagnostic horizons. The suborder level also tries to distinguish important 

properties that influence soil genesis.  

Great Groups sit at one level below suborders, numbering more than 300 individual 

great groups. Whereas order and suborder levels are quite generic and do not allow for 

detailed consideration of more than a few of the most important horizons, at the great group 
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level all the horizons present are taken into account. Temperature and moisture regimes are 

considered as properties of a soil, as well as a cause of said properties.  

 Subgroups include more than 2,400 distinct variations. In contrast to orders, suborders 

and great groups that focus on features or properties dominant in a given soil unit, subgroups 

emphasize the description of secondary soil properties. The processes described at that level 

include either processes that are dominant in other orders, suborders or great groups, or 

those properties that are a criteria for any soil unit above subgroup level. 

 Families are a somewhat unusual level, created with the intent to both group and 

subdivide the soils belonging to higher categories. The main principles behind family level 

were the usefulness for growing plants and the management of soil. Examples of such families 

include particle-size, mineralogy, cation exchange activity, and soil temperature among 

others. A given soil unit can belong to various families, depending on which properties were 

used for classification. 

 Series make up the lowest, most homogenous category level, with over 19,000 

individual series identified in the United States alone. The differentiae used at this level are 

generally the same as in the previous ones; however, the range of values for selected 

properties is narrower than those used in families and other higher levels. Similar to the 

families level, this division has mostly pragmatic meaning, focused on interpretative 

applications of a system. 

1.2.3.2. The FAOςUNESCO Soil Classification System 

The system of soil classification proposed by FAOςUNESCO was an attempt at making 

a truly international and universal system. The system was developed in 1974 in order to 

create a soil map of the world (FAOςUNESCO 1974). This system was not supposed to replace 

any national systems, but to provide a common framework for the transfer of experience, 

making a first ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǎƻƛƭ ŀƴŘ ǘƻ ǇǊƻƳƻǘŜ ŎƻƳƳƻƴ ǎƻƛƭ ƴƻƳŜƴŎƭŀǘǳǊŜΦ CƻǊ 

those reasons, the system is relatively simple and the soil units are broad. When it was first 

conceived, the FAOςUNESCO system had two levels; the first level comprised 26 Major Soil 

Groupings and the second level consisted of 106 Soil Units. FAO has been revising the system 

since it was published; the revision of 1988 increased the number of units to 28 and 153 in the 
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1st and 2nd level, respectively (FAO 1988). Soil Subunits, the third hierarchical level was 

introduced to the system in the 1990 revision; however, at that level the subunits were not 

defined, but guidelines about naming and identification were provided instead. The 

introduction of this system has led to the creation of a global map of soil, at a scale of 

мΥр ллл ллл ǘƘŀǘΣ ŀƭǘƘƻǳƎƘ ǾŜǊȅ ƎŜƴŜǊŀƭΣ ǿŀǎ ŀ ǳǎŜŦǳƭ ǊŜǎƻǳǊŎŜ ǘƻ ƳŀǇ ǘƘŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ǎƻƛƭǎ 

around the world.  

1.2.3.3. The World Reference Base  

Building on top of and replacing the existing FAOςUNESCO Soil Classification System 

as an international standard, the World Reference Base (WRB) was first presented in 1998 as 

an attempt to correlate local and national systems (FAOςUNESCO 1988). Besides being based 

on the FAOςUNESCO system, the WRB was also heavily influenced by Soil Taxonomy, and the 

French and Russian national soil classification systems. The WRB started as a tool for 

correlating soil resource information at a world scale; it subsequently became a de facto global 

soil classification system. Since its inception, the WRB has seen a couple of revisions, the 

second edition appearing in 2006 and the third and current edition in 2014. The WRB is a two-

level hierarchical classification system, the first level sports 32 Reference Soil Groups (RSG) 

and the second is constructed by combining RSG with qualifiers that allow for more precise 

characterization of soil.  

1.2.4. Remote sensing of soils 

Remote sensing (RS) is the art of getting information about an object without 

interacting with it directly. In soil science, the sources of remotely sensed information are 

sensors carried by satellites, airplanes and recently unmanned aerial vehicles or drones 

(Melesse et al., 2007). The principles of RS are the detection and discrimination of objects by 

measuring radiant energy reflected or emitted by the surface (Aggarwal, 2006). The radiation 

reflected or emitted from soil depends on the range of its chemical and physical properties, 

so it is possible to discriminate between different soil surfaces and properties based on that 

radiation (Mulder et al., 2011; Dewitte et al., 2012). Among the soil properties that are 

estimated using RS are soil quality (Obade and Lal, 2013), soil moisture (Lakshmi, 2013; Das 

and Paul, 2015), soil fertility (Du et al., 2009; Tinti et al., 2015), soil salinity (Metternicht and 
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Zinck, 2003; Asfaw, Suryabhagavan and Argaw, 2016) or occurrences of bare soil (Dematte et 

al.Σ нллфΤ [ƛ ŀƴŘ /ƘŜƴΣ нлмпΤ /ƛŜǊƴƛŜǿǎƪƛΣ YǊƽƭŜǿƛŎȊ ŀƴŘ YŀȋƳƛŜǊƻǿǎƪƛΣ нлмтΤ /ƛŜǊƴƛŜǿǎƪƛΣ 

/ŜƎƭŀǊŜƪ ŀƴŘ YŀȋƳƛŜǊƻǿǎƪƛΣ нлмуb). There are five types of resolution in RS: spatial (how fine 

details can be distinguished in photos), temporal (observation frequency; how often photos 

are taken in the same area), spectral (ability to define fine wavelength intervals), radiometric 

όŀƭǎƻ ŎŀƭƭŜŘ ŎƻƴǘǊŀǎǘΤ ǘƘŜ ǎŜƴǎƻǊǎΩ ŀōƛƭƛǘȅ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ ƻōƧŜŎǘǎ ǿƛǘƘ ǎƛƳƛƭŀǊ 

reflectance), and angular (the capacity to observe the same area from different angles); and 

each sensor has to balance them due to technical limitations. The main trade-off is between 

spatial and spectral resolution; a high spatial resolution is associated with low spectral 

resolution. The use of RS in gathering information about soil on a global scale is limited due to 

most methods being developed and calibrated for regional scales (Wulf et al., 2015). The 

accuracy deterioration of RS methods at the global scale is attributed to sensor noise (Phillips 

et al., 2009), and topographic and atmospheric distortions (Richter and Schläpfer, 2002). 

A common way of obtaining useful information from remotely sensed images is 

through spectral indices (Xue and Su, 2017) that try to capture vegetation properties as a 

single value. Coming back to the fact that different surface features vary in their spectral 

response, proper manipulation of spectral channels can highlight desired features (Jiang et al., 

2008; Kuzucu and Balcik, 2017). Among the most widely used satellite data are those obtained 

from the family of Landsat satellites, from which various indices are derived (Vermote et al., 

2016). Among these are Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation 

Index (EVI), Soil Adjusted Vegetation Index (SAVI) or Normalized Difference Moisture Index 

(NDMI). NDVI is probably the most well known and widespread of the spectral indices; it 

combines response from red and near-infrared bands to estimate the amount of vegetation 

for a given pixel (Rouse, Haas and Deering, 1973). EVI is functionally similar to NDVI as it is 

also used for studying vegetation; however, in addition to the two bands used in NDVI, blue 

band is also used. Whereas NDVI is chlorophyll sensitive, EVI cares about the structural 

properties of canopy and leaf areas, making the two indices complementary. A version of EVI 

that omits blue band has been proposed (Jiang et al., 2008) in order to extend the usability of 

the index to the images of the first satellites that lacked blue band. SAVI is a modified version 

of NDVI that introduces an adjustment factor to the formula, shown to minimalize the 

influence of soil brightness on the index variation (Huete, 1988). NDMI was developed in order 
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to monitor changes of water content in vegetation, making use of near-infrared and 

shortwave infrared spectral bands (Gao, 1996). The increasing availability of sensors with very 

high spectral resolution prompted the development of hyperspectral indices (Thenkabail and 

Lyon, 2011). Taking advantage of narrower spectral bands allows for the distinguishing of 

plant species and various stress factors inhibiting their growth (Roberts, Roth and Perroy, 

2011).  

1.3. Types of agriculture 

In this section, conventional-till, reduced-till and no-till agricultural practices related 

to soil preparation are listed and explained briefly. The factor differentiating these tillage 

regimes is the share of the surface covered by crop residue after tillage. Tillage refers to the 

mechanical preparation of soil and includes practices such as plowing, harrowing, cultivating 

or rototilling. Reduction of tillage practices and an increase in residue cover tends to diminish 

soil erosion.  

1.3.1. Conventional and intensive agriculture 

In conventional agriculture, less than 15% of plant residue cover remains after 

planting. Conventional tillage generally involves plowing and harrowing, leading to a rough 

surface. This tillage type generally leads to numerous tillage trips, resulting in substantial fuel 

consumption and carbon emissions. The techniques employed in this tillage method are based 

on mechanical soil manipulation, starting with plowing and subsequent harrowing. These 

operations result in the loosening and aeration of the top layers of the soil, mixing nutrients, 

plant residues, and organic matter, as well as the removal of weeds. The intensive till is an 

extreme version of conventional agriculture, characterized by numerous field operations, as 

well as usage of tools such as the disk or chisel plow, the rolling basket or soil cutter. In 

conventional tilling methods, bare soil occurs mostly around the dates of planting and 

harvesting. The soil stays bare before the planting as it is being prepared for the sowing of 

crops; after planting it stays bare for as long as the crops take to develop; the soil is also bare 

after the harvest. The soil is at increased risk of wind- and water-based soil erosion during 

those periods. 
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1.3.2. Reduced tillage 

Reduced tillage is an intermediate step between conventional and conservation tillage. 

In this system, between 15% and 30% of residue remains on the surface (CTIC 2004). A 

reduction in tillage can be achieved by the reduction in the number of tilling trips and the 

implementation of multifunction farming tools. Tillage operations are reduced to only those 

deemed necessary under given conditions (Gajri, Majumdar and Sharma, 2009). Land 

preparation and seeding are combined into one operation, and plowing is often eliminated. 

The soil erosion caused by wind or rain is reduced due to the crop residue left on the surface.  

1.3.3. Conservation agriculture 

Conservation agriculture (CA), however, is becoming ever more popular, and under 

such a regime, occurrences of bare soil are minimalized (Derpsch et al., 2010; Friedrich, 

Derpsch and Kassam, 2012). In order to achieve CA benefits, more than 30% of the soil surface 

must remain covered by crop residue after any tillage and planting operations (CTIC 1993). 

The focus is put on avoiding the mechanical disturbance of soil, keeping soil cover and using 

varied cropping systems (Kassam, Derpsch and Friedrich, 2014). In conservation systems the 

soil erosion due to water and wind is diminished, the accumulation of SOM in the soil is 

increased and soil biological activity is enhanced (Busari et al., 2015). Weed control is usually 

achieved by the use of herbicides. The following tillage methods are classified under CA: no 

tillage, reduced tillage, mulch tillage, and ridge tillage.  

1.3.3.1 No tillage 

In the most radical form of CA, the no-tillage system the soil is left undisturbed from 

harvest to planting, barring nutrient injections. The need for tillage is avoided by directly 

depositing a seed in the soil, made possible by using special seeding equipment such as seed 

drills and seed openers that create soil openings only of sufficient width and depth to allow 

proper seed coverage (Midwest Plan Service, 2000). No-till agriculture often uses crop 

rotation as an additional form of weed control. Due to permanent residue on the soil, carbon 

sequestration is improved compared to conventional agriculture and SOC accumulation in the 

soil is increased (Stagnari, Ramazzotti and Pisante, 2009; Corsi et al., 2012). 
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1.3.3.2. Mulch tillage 

The mulch till is another variant of CA in which the soil surface is disturbed by tillage 

and crop residue is mixed with the soil, leaving some amount of residue on the surface (SCSA 

1987). It is usually achieved by replacing chisel plows, sweep cultivators or disk cultivators by 

moldboard or disk plows in tillage (Lal, 2016). The effect is that the residue is buried only 

shallowly, maintaining good aeration in the soil.  

1.3.3.3. Ridge tillage 

In ridge tillage, crops are planted on ridges formed by shallow cultivation equipment 

during the preceding and current planting seasons. The soil is left undisturbed between 

harvest and planting, barring eventual nutrient injections (Gajri, Majumdar and Sharma, 

2009). The crop residue remains in the rows between the ridges. Ridge tillage is especially 

favorable on level fields, in soils that have poor drainage and are therefore often too wet (Shi 

et al., 2012). 

1.4. Crops 

1.4.1. Major farming crops 

Among many plant species existing in nature, humans mostly cultivate less than 70 of 

them, a staggeringly low number in comparison to natural ecosystems, with estimates of over 

100 species of trees alone found within one hectare of tropical rain forests (Fowler and 

Mooney, 1990; Perry, 1994). Among those crops, there are 12 cereal crops, 23 vegetable 

crops, and some 35 nuts and fruits. Taken together, cultivated areas of just wheat, maize, rice, 

and barley constitute over half of the total cultivated areas in the world (Leff, Ramankutty and 

Foley, 2004).  

1.4.2. Geographic distribution of major farming crops  

The first attempts at mapping the global geographic distribution of major crops were 

made by the United States Department of Agriculture/Joint Agricultural Weather Facility 

(USDA/JAWF) in 1981, with revisions in 1987 and 1994. The authors divided the world into 

major agricultural areas and provided data about growth cycle, area, and yield of selected 
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crops, aggregating data coming from censuses. In the late 1990s, a new approach arose; the 

census data began to be fused with maps of agricultural land cover obtained from satellite 

imagery (Ramankutty and Foley, 1998; Frolking et al., 1999; Hurtt et al., 2001). The geographic 

distribution of major crops was prepared by Leff, Ramankutty, and Foley in 2004. Using such 

an approach presents data for 18 crops. The authors use census data from various countries 

and the FAO and combine it with the global land use dataset (Ramankutty and Foley, 1998). 

This approach has led to a gridded map, where each cell shows the area under cultivation for 

each of the selected crops. Heistermann (2006) created a dataset showing distributions of 17 

crops. Like Leff before him, he fused census data at various administrative levels with a land 

cover map, but instead of showing fractions of the farmed area under crop, cells in his dataset 

show just the dominant crop in each cell. In 2008, Monfreda, Ramankutty, and Foley used a 

similar approach of fusing census data with an updated global cropland map (Ramankutty et 

al., 2008) producing gridded maps for 175 crops (M3), also including their average yields in 

addition to the farming area. Based on the M3 dataset, combined with crop calendars 

supplemented by the FAO, Portmann et al. (2008) developed a dataset showing the monthly 

farming area of 26 irrigated crops. To record the monthly irrigated and rainfed crop areas 

around the year 2000 (MIRCA2000), the global dataset was subsequently developed by 

Portmann, Siebert et al. (2010). In this version, the authors focused on distinguishing between 

rainfed and irrigated farming areas, again presenting data in monthly periods. The Global 

Agro-Ecological Zones (GAEZ) dataset was created by the FAO (Fischer et al., 2012), combining 

the existing M3 dataset with socio-economic data such as population density and location of 

markets. This dataset provides information on area, yield, and production for 23 crops, 

separating rainfed and irrigated ones. The most recent attempt at mapping geographic crop 

distribution in the year 2000 is the spatial production allocation model (SPAM), proposed by 

You et al. (2014). The SPAM extends the methodology used in M3 and MIRCA by incorporating 

informed prior spatial distribution of crop areas into the entropy-based model, creating a 

dataset of 20 major crops, disaggregated into four classes (high-input irrigated, high-input 

rainfed, low-input rainfed and subsistence). Wood-Sichra, Joglekar, and You (2016) published 

an updated crop distribution database in 2005 based on SPAM. Beyond updating the year, the 

main differences compared to the previous SPAM dataset are an increased number of 

analyzed crops from 20 to 42 and improvements to the entropy equations. All of the gridded 
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models mentioned above have a cell size of 5 arc min, which equals to around 9.2 km at the 

equator.  

1.4.3. Plant development and growing degree days 

Phenology is the study of the life cycle of plants and animals, and in the case of crops 

is mostly concerned with the dates of first occurrences of bud burst, leaf expansion, flowering, 

fertilization, fruiting, seed dispersal and germination in their annual cycle (Fenner, 1998). One 

way of monitoring and predicting phonological phases is through the use of growing degree 

days (GDD) (McMaster and Wilhelm, 1997). GDD is a cumulative measure of heat 

accumulation, calculated using average daily temperatures and the baseline temperature that 

differs among various crops (eq. 1).   

    '$$
2

 Ὕ      (1) 

where Tmax and Tmin are maximum and minimum daily air temperatures, and Tbase is the 

baseline temperature for a given crop. For days when GDD was a negative value, it was set to 

zero instead.  

1.4.4. Crop calendars 

Crop calendars are an attempt at showing optimal planting and harvesting dates of 

crops in particular regions (FAO, 2010). Timing of sowing and harvest affects the simulation of 

crop growth and yields and on the impact of croplands on water and energy balance (Twine, 

Kucharik and Foley, 2004). The selection of crop planting dates is a balancing act; planting too 

early might lead to frost damage during flowering and increase the risk that the crop will use 

up available moisture before the reproductive stage begins, whereas planting late can lead to 

heat stress during the crop maturing phase (Ortiz, Tapley and Santen, 2012). Crop calendars 

are usually created using either satellite remote sensing (Zhang, Friedl and Schaaf, 2006; 

Roerink et al., 2011; You et al., 2013) or by compiling data from observers around the world 

(e.g., USDA 2006; FAO 2010). Both approaches have their limitations; in the case of remotely 

sensed data, the ground resolution is typically 1 km or greater, which happens to be too coarse 

to distinguish between individual crops in many parts of the world, whereas the scale of the 

observations is usually presented at a national-level, and commonly in graphic format. To the 
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ōŜǎǘ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ǘƘŜǊŜ ƛǎ ƻƴƭȅ ƻƴŜ Ǝƭƻōŀƭ ǎŎŀƭe crop calendar to date (Sacks et 

al., 2010). Those authors compiled data from six sources, mostly from the aforementioned 

FAO and USDA datasets to produce calendars covering planting and harvesting dates of 19 

individual crops. The resulting calendars present data at the national level, with some large 

countries being divided into subnational units, and relate to the late 1990s and early 2000s.  

1.5. Aim of the study 

This work is focused on estimating the occurrences of maximum areas of bare soil 

resulting from the planting of major crops throughout the year on arable land, as well as 

acreages of major soil groupings that are without vegetation. Bare soil was defined as having 

less than 15% of the surface covered by plants. Periods of bare soil were estimated starting 

with the planting dates of crops obtained from the planting calendar and ending when the 

crop covered the aforementioned proportion of surface. The plant phenological development 

was estimated using GDD accumulation starting at the day of planting. The global aspect of 

the problem was tackled by dividing the globe into six super regions, which were further 

divided into subregions. The result of this work, described in a later chapter was a world 

divided into 33 regions, and for all of them, maps showed the location of their croplands, 

together with the annual variation of bare soil area, divided into soil groupings according to 

FAOςUNESCO classification. Additionally, for each region, the area under cultivation for each 

of 13 major crops was summarized while excluding areas under conservation agriculture. This, 

in turn, allowed the estimation of potential shortwave solar radiation that could be reflected 

from arable land throughout the year, according to various scenarios concerning farming 

practices, taking into account the a of the bare soil.  
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2. Study area and methods 

In this chapter, the way that the study area was divided into regions and the procedure 

leading to obtaining annual bare soil area for each of them is explained. The procedure is also 

summarized in the flowchart presented below (Figure 1).  Maps throughout this thesis were 

created using ArcGIS software by Esri. 

Figure 1. Flowchart illustrating the steps taken in the procedure. 

2.1. Selection and creation of agricultural regions 

The study area encompasses all of the arable land in the world, as delimited on 

άGeographic distribution of global agricultural lands in the year 2000έ (Ramankutty et al., 

2008). In order to tackle the global aspect of the study, the agricultural lands were first divided 

into agricultural regions. That division was inspired by the division proposed by USDA in Major 

World Crop Areas and Climatic Profiles and was further subdivided into smaller regions. The 

regions were selected in such a way as to contain continuous agricultural lands. In the first 

step, the farmed areas related to each of the 13 major farming crops (Monfreda, Ramankutty 

and Foley, 2008) were summed for each pixel of the earth. Those selected crops were barley, 
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cassava, cotton, groundnuts, maize, millet, potato, rapeseed, rye, sorghum, soybeans, sugar 

beet, and wheat. The arable areas for all of those crops were stored in raster files, where each 

pixel was the size of 5 arc minutes. Using ArcMap software from ESRI, all of those 13 

aforementioned rasters were summed, producing one raster showing a farmed area all in 

pixels covering the whole earth. The polygons representing the regions were drawn on top of 

a map of the summed farmed area. In the next step, all of the previously mentioned maps 

showing the farmed area of each of the selected major crops were divided by the regions in 

such a way that for each region one dataset for each major crop was obtained. Additionally, 

the geographical center of each agricultural region was selected, in order to be used in a 

further step. The final division encompasses 33 regions, which for ease of presentation were 

grouped together into six super regions on a continental scale.  

2.2. Applying crop calendars to regions 

The procedure performed in the following steps was repeated for all of the regions. 

The Crop planting dates: an analysis of global patterns dataset, published by Sacks et al. in 

2010, was introduced in the next step, and will henceforth be called crop calendar. The crop 

calendar presents data about planting and harvesting dates, among other things, for 19 major 

crops, including the 13 that were selected for this work. The planting dates dataset that will 

be of use in this step was presented in the form of rasters, where each cell shows data about 

the average planting day of the crop of interest in a given area, separately for all of the crops. 

Those calendars were transformed into a vector dataset, where polygons were created 

spanning continuous regions with the same planting date. Using ArcMap, the farmed area of 

each crop was superimposed on the planting date from the crop calendar related to that crop. 

Then, by applying a zonal statistic tool, with each distinct planting date serving as a zone, all 

of the pixels with a farming area within such a zone were summarized. The example of this 

procedure is shown in Figure 2. As each of the pixels contained information about the farming 

area of a given crop within the said pixel, by summing pixels found within each zone, the 

number of hectares on which a crop is planted on a particular date in the region was obtained. 

That step was repeated for each crop present in a given region. The final result of this 

operation was a table, showing dates of planting together with the area being planted, 

separately for all of the crops.  
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Figure 2. An example of combining calendar planting dates with farming area: Aτfarmed area of maize in hectares, each 

pixel represents area being farmed; Bτthe crop calendar converted into polygons, the numbers inside refer to the day of 

year in which the maize is planted; Cτexport of data into tabular format, where each unique instance of planting date 

within region is summarized together with the total area of maize being planted on that day. 

2.3. Predicting the periods of bare soil 

In this work, periods of bare soil were assumed to start with planting and stay that way 

until a crop develops enough to cover a significant portion of the surface (15%), thereby 

changing the spectral properties of the field. In order to predict the rate of phenological 

development, growing degree days were implemented. GDD is based on heat accumulation 

and is calculated based on average daily temperatures. At this stage of the procedure, the 

average daily temperatures for each day of the year, measured over the period of ten years 

(1990ς2000) were estimated. The temperatures were obtained from the National Center for 

Atmospheric Research (NCAR, 2018) for the centers of the regions, which were selected during 

the first step. Consequently, for each day of the year, the mean temperatures from ten-year 
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periods were averaged, resulting in an annual course of average daily temperatures for each 

region. Using the formula:  

       '$$
2

 Ὕ     (1) 

where Tmax and Tmin  are the maximum and minimum daily temperatures, respectively and 

Tbase is a baseline temperature required for phenological processes, and is related to the crop 

in question and obtained from the works of Miller, Lanier, and Brandt (2001), Lee (2011) and 

Worthington and Hutchinson (2005). The GDD value for any day cannot be lower than zero, 

so for days when the average daily temperature was below the baseline, the GDD was set to 

zero. The annual GDD course was obtained by cumulating values for each subsequent day.  

2.4. Estimating annual bare soil variation 

In this step, the periods for when the agricultural land stayed bare of vegetation after 

planting were calculated. In the three papers mentioned in the previous paragraph, besides 

finding the baseline temperatures for the crops, the number of GDD required by the crops to 

reach their phenological phases was also found. Having the planting dates together with the 

farmed area for each crop, the annual accumulation of GDD was added to the table. For each 

unique planting date and crop combination, the number of GDD required for a crop to reach 

a phenological stage sufficient to cover the surface by at least 15% was added to the already 

accumulated GDD on that day. This value was used to find a date matching that number of 

accumulated GDD, which was considered as a date when soil stopped being bare due to 

planting the given crop on a given date. This step resulted in recording the periods of bare soil 

together with their areas. Performing this step for every crop present in a given region and 

afterward summing the farmed areas related to those periods resulted in obtaining the bare 

soil course for the whole region.  

The impact of conservation agriculture was also taken into account. Since the database 

containing a farmed area of major crops makes no distinction about the type of agriculture, 

the impact of conservation agriculture on the area of bare soil was estimated in a three-step 

procedure. First, all of the farmed areas in a region were summed giving a total farmed area 

in a region. Next, taking the area under CA from the works of Derpsch et al. (2010), Friedrich, 

Derpsch, and Kassam (2012) and data from EUROSTAT the proportion of CA to total farmed 

area in each region was calculated. Afterward, the bare soil area was multiplied by the 
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proportion of the surface being farmed in a conventional way, effectively subtracting the area 

under CA.  

2.5. Major soil grouping areas in the regions 

In this step, the composition of soil used in agricultural units within each region was 

obtained. Two datasets were used in this procedure, the Digital Soil Map of the World (DSMW, 

FAOςUNESCO 2007) and the global land cover map (Arino et al., 2012). The DSMW is a global 

soil map in vector format, presenting soil units classified according to the FAOςUNESCO 

system at ŀ ǎŎŀƭŜ ƻŦ мΥр ллл000. GlobCover is a raster map with a resolution of 300 m, 

containing 22 land cover types. In order to delimit soils to croplands, three classes from 

GlobCover were selected: Post-flooding or irrigated croplands, Rainfed Croplands and Mosaic 

Cropland (50ς70%)/vegetation which taken together cover 12% of the land surface. Those 

three classes served as a mask to extract the area occupied by particular soil units within the 

extent of all of the regions. This was achieved in ArcMap, employing the Intersect tool; the 

soil units within the extent of the mask and a region were selected, then using the calculated 

geometry area of each, the soil units were calculated. This step was repeated for all of the 

regions. The proportion of FAOςUNESCO soil units at a major soil grouping level was required 

in further steps of the project, of which this thesis is one part.
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3. Results 

3.1. Regionalization of the study area 

The study area was divided into 33 regions, which will be presented after aggregation into 

six super regions at a continental scale. The regions selected for the procedure are listed 

below: 

¶ Africa (AF)τ consisting of five regions: Northwestern (AFnw), Western (AFwe), Central 

(AFce), Eastern (AFea), Southern including Madagascar (AFsm); 

¶ Asia (AS)τbeing the largest super region, this was split into ten parts: the former 

republics of the Soviet Union in Central Asia (Kazakhstan, Uzbekistan, Kyrgyzstan, 

Turkmenistan, Tajikistan) (AScr), the Middle East and Egypt (ASme), China and 

Mongolia (AScm), Western India (ASwi), Eastern India (ASei), Southern India (ASsi), 

Indonesia and Malaysia (ASim), Japan and South Korea (ASjk), the Philippines (ASph) 

and Southeast Asia (ASse); 

¶ Europe (EU)τmade up of four parts: the European Union and its associated countries 

(Switzerland and Norway), plus the countries of the former Yugoslavia outside the 

European Union, divided into three subregions: Western (EUwe), Central (EUce) and 

Southern (EUso), and the Russian Federation with the former republics of the Soviet 

Union (Belarus, Ukraine, Azerbaijan, Armenia, Georgia) (EUrr); 

¶ North and Central America (NA)τdivided into eight regions: Canada (NAca), the 

United States (West (NAwe), Midwest (NAmw), Northeast (NAne) and South (NAso)), 

Mexico (NAme), Central America (NAce) and the Caribbean (NAca);  

¶ South America (SA)τcovering three regions: Brazil (SAbr), the Andean States (SAas) 

and the Southern Cone (SAsc); 

¶ Oceania (OC)τwhich includes 3 regions: Australia (East (OCae) and West (OCaw)), 

New Zealand (OCnz) (Figure 3).  
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Figure 3. Division of the world into the agricultural super regions. Colored abbreviationsτ 

names of the regions as in Study Areas and Methods  
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3.2. Global annual variation of bare soil 

The annual variation of bare soil as a result of the planting of barley, cassava, cotton, 

groundnut, maize, millet, potato, rapeseed, rye, sorghum, soybean, sugar beet, and wheat is 

presented in Figure 4. The maximum of almost 1.5 million km2 is reached around the 140th 

day of the year (DOY) and is flanked by two peaks, one of around 900,000 km2 preceding the 

maximum around the 95th DOY and the other one occurring after the maximum around the 

180th DOY and reaching about 700,000km2 (Figure 4). This period, related to summer in the 

northern hemisphere, is then followed by a period of relatively low amount of less than 

200,000 km2 of bare soil starting around the 220th DOY and lasting until the 320th DOY, when 

the amount of bare soil rises again, to just short of 700,000 km2 which is related to the planting 

happening mostly in the southern hemisphere.  

Figure 4. Annual variation of the bare soil area on a global scale. 

Globally, among the 13 crops included in this work, the largest farmed area belongs to 

wheat, followed by maize, taking 34% and 21%, respectively (Table 2). After these, barley is 

farmed on 8.5% of analyzed land, sorghum and soybeans each making just short of 6%, then 

millet and cotton having each around 5%. Rapeseed is being farmed on shy of 4% of the area, 

groundnuts on a little more than 3%, followed by other crops, right up to the moment that 

their development covers more than 15% of the surface, which are also listed.. Note that in 
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cases of millet and groundnuts those periods were estimated only as a number of days, as the 

GDD values were not found.  

 

Table 1. Both relative and absolute areas being farmed for 13 major crops, and baseline and  

target GDD values used to predict periods of bare soil after planting. 

 Area GDD 

Crop (%) (thousands km2) baseline (°C) target 

Wheat 34.6 2218.78 5 170ï220 

Maize 20.8 1334.02 10 264ï476 

Barley 8.5 541.64 5 145ï184 

Sorghum 5.9 376.63 10 500ï575 

Soybean 5.8 369.21 10 250ï300 

Millet  5.1 327.61 NA 35ï45 (days) 

Cotton 4.9 313.11 0 400 

Rapeseed 3.7 240.09 8 411ï463 

Groundnuts 3.3 208.49 NA 21ï28 (days) 

Potato 3.0 190.01 8 500ï600 

Cassava 2.1 135.90 10 220ï300 

Rye 1.4 88.91 5 170ï200 

Sugar beet 1.0 62.62 1 335ï476 

 

The soil units used for agriculture presented here are classified according to FAOς

UNESCO on the 1st level (Table 2). The soil unit most commonly used in agriculture is Luvisol, 

covering over 16% of arable land, and can be found on every continent. With its good 

drainage, rich nutrient content and mixed mineralogy, it is suitable for a wide range of 

agriculture. Chernozems are one of the most fertile soils, rich in humus, phosphorus, ammonia 

and have high moisture-storage capacity and are the second most used soil in agriculture, 

making up just more than 10% of arable land. The third most widely farmed type of soil is 

Lithosol, found predominantly in mountainous regions, with almost 10% coverage of arable 

land. Even though Lithosols are shallow, poorly mineralized soils, they can be productive and 

fertile (Tekwa and Shehu, 2011). Cambisols is the fourth most commonly found soil grouping, 

with a share of almost 10%. They are characterized by favorable aggregate structure and high 

quantities of weatherable minerals, making them very desirable for agriculture. They occur in 
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a range of climates, most notably in temperate and boreal regions that were covered by 

glaciers, as well as in regions with active geologic erosion. Kastanozems is a soil grouping 

characterized by rich humus and calcium content, found mostly in dry climates. Making up 

over 6% of arable land, they are commonly used in agriculture but usually require irrigation. 

Gleysols are an example of azonal soils present in nearly any climate, found in depressions and 

low landscape. Naturally occurring Gleysols are wet soils, but after artificial drying, they are 

fertile and useful for agriculture. Arenosols are sandy soils, characterized by poor water-

holding capacity and are poor in nutrients. Nonetheless, they can be productive if treated with 

proper fertilization and are therefore farmed on around 5% of arable land. Phaozems, 

constituting over 4% of arable land, are valuable in agriculture for their rich content of humus 

and calcium. Fluvisols is another example of azonal soil, in this case, found in alluvial deposits 

along rivers and lakes, which cover short of 5% of the arable land surface. The high fertility of 

alluvial soil is known to humanity since the beginnings of agriculture. Xerosols that are found 

on over 4% of arable land is a soil grouping found in arid climates, with the potential to be 

highly fertile if proper irrigation is implemented. Acrisols make up about 4% of arable land, 

occurring mostly in humid, tropical regions. They are acidic soils rich in clay content, adopted 

for the farming of acid-tolerant crops. They make up around 6% of global arable land. Vertisols 

are a product of vertical mixing of soil particles due to repeating patterns of wetting and 

drying. With their high level of nutrients, they have potential to be fertile, but require 

intensive management due to high clay content. They make up less than 4% of arable land. 

Similar to the aforementioned Xerosols, Yermosols, found on about 3% of arable land, is a soil 

grouping found in arid climates, with high fertility if irrigated. Ferrasols are characteristic red 

soils found most often in tropical, humid climates. Their color and name are both the result of 

the high content of metal oxides, principally iron and aluminum. In global agriculture, they 

make up around 3% of arable land. Histosols, which is found on about 2.5% of arable land, is 

a soil grouping rich in organic matter. Nitosols is the soil group that is found mostly in tropical 

and subtropical areas, and perhaps the most fertile soil group in such regions; despite 

frequently low quantities of phosphorus, these can be productive if properly managed. The 

last two soil groupings that have a share in global arable land higher than 1% are Regosols and 

Podzoluvisols. All the other soil units were found in less than 1% of arable land globally, but 

their contribution to arable land in particular regions can be higher.  
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Table 2. Absolute and relative areas of major soil groupings  

found on arable land at the global scale. 

Soil  

Grouping 

Area 

(%) (thousands km2) 

Luvisol 16.93 1078.9 

Chernozem 10.12 645.2 

Lithosol 10.06 641.3 

Cambisol 9.43 601.15 

Kastanozem 6.35 404.9 

Gleysol 5.43 346.2 

Arenosol 4.69 299.2 

Phaeozem 4.33 276.2 

Fluvisol 4.30 273.9 

Xerosol 4.28 272.8 

Acrisol 4.04 257.3 

Vertisol 3.90 248.8 

Yermosol 3.08 196.5 

Ferrasol 2.85 181.5 

Histosol 2.55 162.5 

Nitosol 1.80 115 

Regosol 1.64 104.8 

Podzoluvisol 1.40 89 

Solonetz 0.86 54.9 

Planosol 0.76 48.4 

Podzol 0.51 32.8 

Rendzina 0.28 18.1 

Andosol 0.20 12.7 

Ranker 0.19 12.4 

 

  



Results 
 

38 
 

3.2.1. Northern hemisphere 

The entirety of arable land found in the super regions of Europe and North America, 

all of the Asian regions except ASim, parts of the SAas from South America and the whole 

African region of AFnw with parts of AFce and AFea are encompassed in the northern 

hemisphere. The annual variation of bare soil area of arable land (Figure 5) found in that 

delimitation is dominated by an episode starting on the 92nd DOY and ending on the 200th 

DOY (beginning of April until end of July). Three distinct peaks are noticeable during that 

period, the highest one on the 140th DOY (second half of May) coincides with extensive 

planting in Europe, Asia and North America resulting in almost 1.5 million km2 of bare soil. 

Almost 900,000 km2 of arable land is bare around the 100th DOY (beginning of April) as a 

consequence of planting primarily in Asia and Europe. The last of the three major peaks 

achieves just short of 750,000 km2 between the 185th and the 196th DOY (first half of July), 

caused primarily by planting in Asia and reinforced by planting in arable land located in parts 

of Africa lying in the northern hemisphere.  

Wheat is the crop with by far the largest share of area dedicated for its cultivation, 

with almost 40% of analyzed land sporting this plant (Table 3). A bit over half of that area is 

used for maize with a share of over 20%; halving this area again gives us the share of land used 

for the cultivation of barley (9%). Plantations of cotton, sorghum, and millet occupied similar 

areas of land between them, each found on about 5% of arable land in the northern 

hemisphere. A significant share of the area was also dedicated to rapeseed, potatoes 

groundnuts and soybeans with a share of around 4%, 3%, 3%, and 2%, respectively. Rye, 

cassava, and sugar beet were present but each of these was farmed on less than 2% of the 

analyzed area.  

Similar to the results for the whole globe, the most common soil grouping used in 

agriculture is Luvisol, with over 15% of arable land in the northern hemisphere belonging to 

that grouping (Table 4). Chernozems are also used extensively, with an eighth of arable land 

encompassed by that grouping, largely due to Europe and North America. Cambisols and 

Lithosols both have a share of about 11%, followed by Kastanozems and Gleysols that occupy 

around 7% of arable land in the northern hemisphere. Similar shares of about 4% were 

observed for Xerosols, Fluvisols, and Acrisols, while Yermosols, Vertisols, Histosols, Phaozems 

and Arenosols each occupied around 3% of that area. The remaining soil groupings had an 
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individual share of lower than 2%, while Planosols were not found at all on arable land in this 

hemisphere.  

  

Figure 5. Annual variation of bare soil area of arable land in the northern hemisphere

Table 3. Area and share of major crops on arable  

land in the southern hemisphere. 

Major Area Area 

crop 
(thousands 

km2) 
(%) 

Wheat 1960 37.6 

Maize 1063.9 20.4 

Barley 487.1 9.4 

Cotton 279.8 5.4 

Sorghum 266.6 5.1 

Millet 241.6 4.6 

Rapeseed 229 4.4 

Potato 176.5 3.4 

Groundnut 164.2 3.2 

Soybean 123 2.4 

Rye 87.8 1.7 

Cassava 67.8 1.3 

Sugar beet 61.8 1.2 
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Table 4. Area and share of major soil groupings on  

arable land in the southern hemisphere. 

Soil Area Area 

groupings 
(thousands 

km2) 
(%) 

Luvisol 813.65 15.62 

Chernozem 645.2 12.39 

Cambisol 595.85 11.44 

Lithosol 585.8 11.25 

Kastanozem 362.35 6.96 

Gleysol 345.5 6.63 

Xerosol 238.45 4.58 

Fluvisol 230 4.42 

Acrisol 223.8 4.30 

Yermosol 187.5 3.60 

Vertisol 181.3 3.48 

Histosol 162.5 3.12 

Phaeozem 157.5 3.02 

Arenosol 154.35 2.96 

Podzoluvisol 89 1.71 

Nitosol 82.8 1.59 

Regosol 63.2 1.21 

Podzol 32.8 0.63 

Rendzina 18.1 0.35 

Solonetz 14.1 0.27 

Ferrasol 11.45 0.22 

Andosol 7.9 0.15 

Ranker 6.2 0.12 

Planosol 0 0 
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3.2.2. Southern hemisphere 

Arable land in the southern hemisphere spreads over the majority of the South 

American super region, southern parts of Africa, the whole of Oceania and the ASim region in 

Asia. Compared to the acreage of bare soil in the northern hemisphere, the maximal area of 

bare soil is over three times smaller, reaching 400,000 km2 between the 335th and the 346th 

DOY (first half of December)(Figure 6). That peak is preceded by a period of increasing acreage 

of bare soil that starts around the 275th DOY (beginning of October) during which the area 

slowly rises to about 100,000 km2 by the 327th DOY (second half of November) after which it 

quickly skyrockets to the aforementioned maximum, resulting primarily from the planting of 

maize in South America, after which it falls again. The other distinct peak occurs between the 

15th and the 25th DOY (second half of January), with the bare soil area at that time just below 

100,000 km2. Other instances of bare soil were spotted around the middle of the year, 

between the 141st and the 170th DOY (middle of May to middle of June), caused mostly by 

the planting of wheat in Australia.  

 Three major crops dominate the agriculture of the southern hemisphere: maize, wheat 

and soybeans, each of them with a share of arable land of over 20% (Table 5). Maize, which is 

the crop with the greatest area under cultivation in this hemisphere is planted primarily in 

South America and Africa, while the share of wheat is elevated by extensive farming in 

Oceania, with large areas also in South America and Oceania. Sorghum and Millet are farmed 

on about 10% and 7%, respectively, both largely due to farming areas in Africa. Unlike in the 

northern hemisphere, significant areas are dedicated to the cultivation of cassava (about 6%), 

mostly in Africa but also in South America. A similar area of about 5% is used for growing 

barley, mostly in Oceania. The farming of groundnuts results in their share of arable land 

reaching about 4%, largely due to Africa. The last major crop with a significant share of arable 

land is cotton, farmed both in Africa and South America. 

 As in the case of the northern hemisphere, the Luvisols are the most dominant major 

soil grouping in agriculture, making up almost 30% of arable land in the southern hemisphere 

(Table 6). Ferrasols with a share of almost 20% is the second most common grouping, 

recognized for its characteristic reddish color, especially common in South America. Arenosols 

and Phaozems have respective shares of about 16% and 13%, the former mostly in Africa while 

the latter is found extensively in Argentina. Vertisols, Lithosols, and Planosols have each a 
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share of between 10% and 5%, while Fluvisols, Kastanozems, Regosols, and Solonetz all occupy 

similar areas, with a share of just below 5%. The remaining arable area is divided almost 

equally between Xerosols, Acrisols and Nitosols, each with a share of over 3%, and the 

remaining soil units have a minuscule share: Yermosols, Rankers, Cambisols, Andosols, and 

Gleysols. The soil groupings not listed above were not found within arable land in the southern 

hemisphere; those are Chernozems, Histosols, Podzosols, Podzoluvisols, and Rendzinas.  

  

Figure 6. Annual variation of bare soil area of arable land in the southern hemisphere.

Table 5. Area and share of major crops on arable  

land in the southern hemisphere. 

Major Area Area 

crop 
(thousands 

km2) 
(%) 

Maize 270.2 22.6 

Wheat 258.8 21.6 

Soybean 246.2 20.6 

Sorghum 110 9.2 

Millet 86.1 7.2 

Cassava 68.1 5.7 

Barley 54.6 4.6 

Groundnut 44.3 3.7 

Cotton 33.4 2.8 

Potato 13.5 1.1 

Rapeseed 11.1 0.9 

Rye 1.2 0.1 

Sugar beet 0.8 0.1 
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Table 6. Area and share of major soil groupings on 

 arable land in the southern hemisphere. 

Soil Area Area 

groupings 
(thousands 

km2) 
(%) 

Luvisol 265.25 29.47 

Ferrasol 170.05 18.89 

Arenosol 144.85 16.09 

Phaeozem 118.7 13.19 

Vertisol 67.5 7.50 

Lithosol 55.5 6.16 

Planosol 48.4 5.37 

Fluvisol 43.9 4.87 

Kastanozem 42.55 4.72 

Regosol 41.6 4.62 

Solonetz 40.8 4.53 

Xerosol 34.35 3.81 

Acrisol 33.5 3.72 

Nitosol 32.2 3.57 

Yermosol 9 1.00 

Ranker 6.2 0.68 

Cambisol 5.3 0.58 

Andosol 4.8 0.53 

Gleysol 0.7 0.07 

Chernozem 0 0 

Histosol 0 0 

Podzol 0 0 

Podzoluvisol 0 0 

Rendzina 0 0 
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3.3. Africa 

The continent of Africa is a great landmass that comprises an area of around 30 million 

km2, of which 38% is used for agriculture; however, most of that is used as pasture for grazing 

ƻŦ ŎŀǘǘƭŜ ŀƴŘ ƻǘƘŜǊ ŀƴƛƳŀƭǎΣ ŀƴŘ Ƨǳǎǘ у҈ ƻŦ !ŦǊƛŎŀΩǎ ƭŀƴŘ ƛǎ ŀǊŀōƭŜΦ ¢ƘŜ ƴƻǊǘƘςsouth extent of 

the continent is over 8,000 km, spanning both northern and southern hemispheres, resulting 

in a diverse range of climates. The African continent was divided into five agricultural regions 

(Figure 7): 

¶ Northwestern (AFnw)τalso called the Maghreb, concentrated around the 

northwestern coast of Africa. The farming areas in this region are found along the 

Atlantic and Mediterranean coasts, and in the south are bordered by the immense 

Sahara desert; 

¶ Western (AFwe)τthe western region consists of land found along the Gulf of Guinea, 

bordered in the north by the Sahara, and is flanked in the east by the tropical rain 

forest of central Africa; 

¶ Central (AFce)τthis region is occupied predominantly by tropical rain forests and is 

therefore not favorable for agriculture. The notable exception to this is the Congo River 

and arable land can be found along it; 

¶ Eastern (AFea)τa region spanning eastern Africa, bordered by the Sahara in the north, 

and in the south by the lakes Tanganyika and Malawi; 

¶ Southern, including Madagascar (AFsm)τthe southernmost region delimited in Africa. 

Bordered in the north by the central and eastern regions, it is the only African region 

located fully in the southern hemisphere.  

The variation of bare soil in the whole of the African region (Figure 8) is dominated mostly 

by the major crops farmed on the continent (Table 3). Those are maize, sorghum, and millet, 

each consisting of about 20% of the analyzed crops in the region. Other crops farmed in 

significant numbers include cassava, groundnuts, and wheat, with shares of 10%, 9%, and 8%, 

respectively. Cotton and barley are farmed on around 4% of arable land each, while soybeans 

and potato on about 1%. Due to the continent stretching over northern and southern 

hemispheres, as well as the equatorial region, there are three distinct peaks of bare soil 

throughout the year. The most notable one reaches around 350,000 km2 and starts around 

the 150th DOY, increases until the 190th DOY and then decreases until the 230th DOY, 
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together lasting for more than two and a half months, with the largest area of bare soil lasting 

for around three weeks from the 180th to the 193rd DOY. Another considerably smaller peak 

of around 120,000 km2 lasts for close to a month, from the 90th to the 115th DOY. The last 

notable peak is the smallest of the three, reaching close to 60,000 km2, and was found starting 

around the 318th DOY and lasting all the way to the 3rd day of the following year. This last 

peak is attributed mostly to the southern region and to spring planting around that time. The 

contribution of particular crops to those values is presented while analyzing each region in 

detail.  

 

Figure 7. Arable land in Africa super region divided into regions. 
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Figure 8. Annual variation of bare soil area in Africa super region. 

Table 7. Area and share of arable land of major crops  

farmed in Africa. 

Major crop Area 

 
(thousands 

km2) 
(%) 

Maize 211.1 23.4 

Sorghum 190.8 21.1 

Millet 171.5 19 

Cassava 93.2 10.3 

Groundnut 79.9 8.8 

Wheat 68.4 7.6 

Cotton 34.9 3.9 

Barley 34.7 3.8 

Soybean 9 1 

Potato 8.4 0.9 
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3.3.1. Northwestern Africa 

Agriculture is limited in northwestern Africa, found only along the Mediterranean and 

Atlantic coasts in any significant acreage, being limited by the Sahara Desert and Atlas 

Mountains (Figure 9). Most of the arable land in this region belongs to either Morocco or 

Tunisia, with both countries practicing CA, but only on 8,000 and 4,000 ha, respectively, so it 

has no significant influence on the bare soil variation (Figure 10).  

 

Figure 9. Distribution of arable land in the Northwestern Africa region.  

The major soil groupings used for agriculture in AFnw are Cambisols, occupying almost 

a third of arable land, followed by Luvisols and Kastanozems, each taking about 14%, then 

Xerosols, Fluvisols, and Vertisols with 11%, 8%, and 6% area coverage, respectively (Figure 11). 

The remaining 15% is split between nine more soil groupings, none of which occupy a 

significant portion of arable land in the region. Among the analyzed crops, all but cassava was 

found being farmed (Figure 12). The overwhelming majority of arable land is used for farming 

of two cereals, wheat (60%) and barley (33%), followed by much smaller areas of maize (3%) 

and potatoes (2%). The remaining 2% is split between all the other crops except cassava. The 

point used for obtaining average daily temperatures used to calculate GDD was located at 

34°north and 5°east, which is located in the Moroccan agricultural heartland, some 150 km 

south of the Strait of Gibraltar. Those daily Tavg (average daily temperatures) oscillate between 

15°C in winter and 25°C in summer, making the accumulation of GDD quite rapid, therefore 
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resulting in brief periods of bare soil (Figure 13). The biggest share of the area is dedicated to 

farming wheat, which is sown as early as the 45th DOY; however, the majority of wheat is 

sown between the 91st and the 94th DOY, resulting in almost 70,000 km2 of bare soil at that 

time. The planting days of barley are similar to those of wheat, with some barley being planted 

around the 46th DOY, but most barley is planted between the 80th and the 88th DOY, one to 

two weeks before the planting of wheat. Those two crops explain most of the bare soil 

variation in the region, with the wheat taking longer to develop. Around the time the crops 

are planted, wheat requires around three weeks to cover bare soil, while barley takes around 

two weeks. The first bump of bare soil found around the 45th DOY is slightly reinforced by the 

sowing of maize, which happens mostly around the 46th DOY with the crop taking around 

eight weeks to cover the surface. The majority of potatoes are planted around the 76th DOY, 

and with them taking about ten weeks to cover the surface, they raise the bare soil maximum 

found on the 95th DOY slightly. The effect of the remaining crops on regional bare soil 

ǾŀǊƛŀǘƛƻƴ ƛǎ ŀƭƳƻǎǘ ƴŜƎƭƛƎƛōƭŜΦ ¢ƘŜ ǊŜƎƛƻƴΩǎ ƻǾŜǊŀƭƭ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ Ǝƭƻōŀƭ ƻǊ ŜǾŜƴ ŎƻƴǘƛƴŜƴǘŀƭ 

bare soil variation is relatively small.  

 

  



Results 
 

49 
 

 

Figure 10. Annual variation of bare soil area in Northwestern Africa region. 

 

Figure 11. Share of major crops in the Northwestern Africa region. 



Results 
 

50 
 

Figure 12. Share of major soil groupings in the Northwestern Africa region. 

  

Figure 13. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the 
Northwestern Africa region. 
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3.3.2. Western Africa 

The AFwe has the highest acreage of arable land of all the African regions, having 

almost as much land dedicated to agriculture as all the other African regions combined. 

Separated from the AFne region by the Sahara Desert, arable land can be found in the general 

vicinity of the Gulf of Guinea, along the Niger River, in the northern parts of Nigeria and along 

the Gambia River in the western part (Figure 14). No instances of CA were reported in this 

region.  

Figure 14. Distribution of arable land in the Western Africa region. 

The most common soil groupings used in agriculture in AFwe (Figure 15) are Luvisols, 

followed by Arenosols and Regosols, which occupy around 37%, 19% and 14% of arable land 

in the region, respectively. The other two notable soil units are Lithosols and Vertisols, 

covering 9% and 6%. The other soil units were only found to occupy small areas. Between the 

major crops analyzed, two that are farmed on the most arable land are millet and sorghum, 

farmed on 30% and 26% of analyzed arable land. Both crops are cereals that are well suited 

to the subtropical climate, characterized by decent drought resistance and tolerance for high-

temperature conditions. About 15% of arable land is dedicated to the cultivation of maize, 

followed by groundnuts and cassava, both with a 10% share of the area. The area used for 

planting cotton makes up around 5%, and soybeans and wheat, with a share of about 1% each, 

round up the list (Figure 16). The average daily temperatures were obtained from a spot 

ƭƻŎŀǘŜŘ ŀǘ мнϲ ƴƻǊǘƘ ŀƴŘ уϲ ŜŀǎǘΣ which correlate to the extensive agricultural region located 
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in northern Nigeria. With the region located so close to the equator, the temperatures were 

somewhat stable throughout the year, ranging between 22°C and 32°C, which resulted in 

rapid GDD accumulation (Figure 17). The variation of bare soil in the AFwe region (Figure 18) 

is dominated by two crops: millet and sorghum. The main period when soils are bare as a 

result of planting occurs between the 150th and the 230th DOY, reaching its peak around the 

187th DOY, reaching 255,000 km2 at its maximum. The beginning of that period is marked with 

the planting of maize and cassava, as well as first batches of millet and sorghum. The planting 

of millet occurs on various days during that period, with the latest planting observed on the 

212th DOY, with the majority of millet being planted between the 167th and the 185th DOY, 

and requiring from 35 to 40 days to cover the surface. The planting pattern of sorghum in the 

region is similar to that of millet, with planting occurring between the 152nd and 213th DOY, 

the biggest share is planted on the 167th DOY. Sorghum was found to take similar, albeit 

slightly less time to grow than millet, with the field staying bare between 28 and 34 days after 

planting. That big area of bare soil is preceded by a smaller peak found between the 90th and 

the 112th DOY, reaching almost 50,000 km2, or around 20% of the biggest peak. That earlier 

period of bare soil is caused primarily by the planting of maize, groundnuts, and cassava.  
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Figure 15. Share of major soil groupings in the Western Africa region. 

Figure 16. Share of major crops in the Western Africa region. 
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Figure 17. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Western 

Africa region. 

 

Figure 18. Annual variation of bare soil area in the Western Africa region. 
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3.3.3. Central Africa 

The AFce has the smallest acreage of arable land found among the African regions. The 

region is located around the equator and almost entirely covered by tropical rain forest. Most 

of the arable land is found around the Congo River and its tributaries, with a notable 

concentration around the cities of Kinshasa, Mbuji-Mayi, and Bangui (Figure 19). CA was not 

found to be practiced in the region. 

Figure 19. Distribution of arable land in the Central Africa region. 

 Over half of the arable land in the region is composed of Nitosols, with their share of 

51% of arable land, the highest of any region. Rankers are the next soil unit, constituting 21% 

of arable land; worth noting is the fact that AFce is the only agricultural region where Rankers 

were found to be farmed. The composition of soils is rounded off by Ferrasols, Lithosols, 

Luvisols, and Gleysols, whose contribution to arable land is around 6% for Ferrasols and 5% 

for each of the remaining three (Figure 20). Among the analyzed crops, almost half of the 

arable land was dedicated to the cultivation of cassava, which has a share of 47%. About a 

third of arable land is occupied by maize, a share of 33%. Groundnuts are farmed on about 

13% of arable land in the region, with a remaining couple of percent split between cotton, 

sorghum, and millet, taking around 3%, 2% and 1%, respectively (Figure 21). The point which 

served for the acquisition of average daily temperŀǘǳǊŜǎ ǿŀǎ ƭƻŎŀǘŜŘ ŀǘ тϲ ǎƻǳǘƘ ŀƴŘ нпϲ ŜŀǎǘΣ 
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which is in the southern part of the region in the middle of the biggest concentration of arable 

land. With its location so close to the equator, average daily temperatures are very stable 

throughout the year, oscillating between 22°C and 28°C; therefore the accumulation of GDD 

has a very linear shape (Figure 22). In the annual variation of bare soil in the region three peaks 

can be distinguished (Figure 23). The biggest area of bare soil occurs between the 349th DOY 

and 3rd day of the following year, reaching up to 16,000 km2, and is caused primarily by the 

planting of cassava, which takes about three weeks to develop and end the bare soil period. 

The other two significant peaks occur around the middle of the year. The first lasts between 

the 160th and the 186th DOY and is caused mostly by sowing cassava, and reinforced by the 

sowing of groundnuts, maize and sorghum. Together, the bare soil area in this period reaches 

up to 11,000 km2. The last significant peak occurs around a month and a half later, between 

the 213th and the 258th DOY. At that time, the soil stays bare after the planting of groundnuts 

on the 213th DOY, followed by the planting of maize around the 227th DOY. When those two 

periods overlap, the area of bare soil reaches 14,000 km2. 
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Figure 20. Share of major soil groupings in the Central Africa region. 

Figure 21. Share of major crops in the Central Africa region. 
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Figure 22. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Central 

Africa region. 

Figure 23. Annual variation of bare soil area in the Central Africa region. 
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3.3.4. Eastern Africa 

The acreage of agriculture in the AFea region is second only to AFwe in the continent. 

The region stretches from the arable land of southern Sudan in the north all the way to Lake 

Malawi in the south. The western border rests on the line of lakes, from Lake Albert in the 

north to Lake Tanganyika in the south. The arable land is more dispersed in the region, the 

highest concentration is found in a belt spanning southern Sudan and Ethiopia, with other 

significant concentrations located around the African Great Lakes, primarily around Lake 

Victoria. Arable land also occupies eastern parts of the region, along the Somali Basin, 

however in lesser concentration that previously mentioned zones (Figure 24).  

 

Figure 24. Distribution of arable land in the Eastern Africa region. 
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Among the soil units found in arable land (Figure 25), the most widespread are 

Arenosols and Vertisols, with a share of 22% and 19%, respectively. Nitosols occupy around 

10%, while Cambisols and Lithosols are both found on 8% of arable land. The remaining soil 

units that have significant shares are Luvisols, Acrisols, and Ferrasols, with their respective 

shares of 6%, 6%, and 5%. Between the analyzed crops (Figure 26), the largest area was 

dedicated to farming sorghum, making up 33% of arable land in the region. A quarter of the 

area was used for planting maize (24%), followed by millet with a share of 15%. The remaining 

crops were farmed on a smaller area; those were 8% groundnuts, followed by wheat and 

cassava with 5% each, and cotton and barley rounding off the list, each occupying close to 3%. 

Average temperatures used for estimating annual GDD accumulation were extracted from a 

point located at 12° north and 33° east, right in the middle of the biggest concentration of 

agriculture in the region. The mean daily temperatures ranged between 22°C and 32°C, very 

similar to ones in AFwe. The accumulation of GDD was therefore rapid and stable throughout 

the year (Figure 27). The shape of the annual variation of bare soil in the region (Figure 28) 

consists of one big and sharp peak, as well as a period of a gradual increase in bare soil area. 

The maximum peak reaches about 90,000 km2 and occurs between the 182nd and the 214th 

DOY. The peak is caused by the planting of sorghum, millet, and groundnuts, all of which occur 

at a similar time. Out of those, the biggest area was covered by sorghum, which takes around 

32 days to cover the surface, followed by millet, which takes one week longer, and groundnuts 

taking a similar time to sorghum. The other period of bare soil spans around three months, 

between the 75th and the 160th DOY, and has an irregular shape, rising and falling repeatedly, 

reaching around 40,000 km2 at the maximum. The majority of crops farmed in the region are 

planted on various days throughout this period.  
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Figure 25. Share of major soil groupings in the Eastern Africa region. 

Figure 26. Share of major crops in the Eastern Africa region. 



Results 
 

62 
 

Figure 27. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Eastern 

Africa region. 

 

Figure 28. Annual variation of bare soil area in the Eastern Africa region. 
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3.3.5. Southern Africa and Madagascar 

AFsm is the last region included in the African super region. The borders of AFwe and 

AFea limit the northern extent, while oceans envelop the region from the other sides. 

Compared to other African regions, the area of arable land is in the middle, smaller than in 

AFea and larger than in AFnw. The arable land is spread around the region, with the higher 

concentration found in the eastern parts of South Africa, close to the capital of Pretoria. Other 

significant regions include the southwestern tip of the continent, around the city of Cape 

Town, at the Zimbabwean highlands, around Lake Malawi. In Madagascar, agriculture is 

concentrated around eastern and northern coasts (Figure 29).  

Figure 29. Distribution of arable land in the South Africa and Madagascar region. 

The most commonly farmed soil unit in the region (Figure 30) is Luvisols, which 

occupies 34% of arable land, followed by Arenosols that are present on 20%. Fluvisols can be 

found on around 16% of farmed land, with Ferrasols and Cambisols rounding off the list of 

major soil units with their shares of 8% and 7%, respectively. Over half of the analyzed arable 

land in the region is dedicated to the cultivation of maize, which occupies 55% of it. No other 

crop in the region comes even close to that value, with the next being cassava with its 13% 

share. Shares of the remaining crops are expressed in single digit values, those are wheat 7%, 
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groundnuts and sorghum 6% each, millet 5% and cotton 4% (Figure 31). Mean daily 

ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ŀ Ǉƻƛƴǘ ƭƻŎŀǘŜŘ ŀǘ нтϲ ǎƻǳǘƘ ŀƴŘ нуϲ ŜŀǎǘΣ ǿƘƛŎƘ ǊŜƭŀǘŜǎ ǘƻ 

the biggest agricultural concentration found within the region, between Pretoria and Lesotho. 

The average daily temperatures range between 11°C and 26°C (Figure 32). The annual 

variation of bare soil (Figure 33) is characterized by a stable rise in area, starting around the 

281st DOY, reaching its maximum around the 335th DOY, and steady falling until bare soil 

disappears around the 40th day of the following year. The beginning of this period correlates 

to the planting of maize on the 281st DOY and is regularly reinforced by additional batches of 

maize planting, happening all the time until the 15th day of the following year. The peak, 

occurring on the 335th DOY results from the planting of maize and sorghum on this date. A 

significant portion of arable land is bare following the planting of cassava on the 350th DOY. 

Maize planted on the aforementioned dates was found to take between four and five weeks 

to cover the surface, sorghum taking a bit longer, between five and six weeks, and for cassava 

planted at the end of the year it was two and a half weeks.  
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Figure 30. Share of major soil groupings in South Africa and Madagascar region. 

 

Figure 31. Share of major crops in South Africa and Madagascar region. 
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Figure 32. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in South Africa 

and Madagascar region. 

 

 

Figure 33. Annual variation of bare soil area in South Africa and Madagascar region. 
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3.4. Asia 

The Asian continent is by far the largest super region and contains the highest area of 

arable land required to support its humongous and constantly growing population. The 

continent extends 8,700 km from north to south and 9,700 km from west to east, spanning a 

range of environments and climates. Over half of the land surface (53%) is dedicated to some 

kind of agricultural activity, divided into pastures, permanent crops and arable land. The latter 

occupies around 30% of agricultural land or 15% of the total land area. The Asian continent 

was divided into ten agricultural regions (Figure 34): 

¶ Former republics of the Soviet Union in Central Asia (AScr)τa landlocked region, 

ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀǊŀōƭŜ ƭŀƴŘ ōŜƭƻƴƎƛƴƎ ǘƻ άǎǘŀƴέ ŎƻǳƴǘǊƛŜǎ ƻǘƘŜǊ ǘƘŀƴ !ŦƎƘŀƴƛǎǘŀƴ ŀƴŘ 

Pakistan; 

¶ Middle East and Egypt (ASme)τwhich technically encompasses parts of northern 

Africa, but Egyptian agriculture is geographically closer to Middle Eastern than to 

Northwestern Africa; 

¶ China and Mongolia (AScm)τa region with extensive acreage of arable land, especially 

in the eastern parts; 

¶ Western India (ASwi)τa region including western parts of the Indian subcontinent, 

Afghanistan and Pakistan, characterized by a hot and dry climate; 

¶ Eastern India (ASei)τthe eastern part of the Indian subcontinent, including countries 

situated on the southern slopes of the Himalayan Mountains; the climate here is 

predominantly humid, subtropical; 

¶ Southern India (ASsi)τthis region encompasses parts of the Indian subcontinent south 

of ASwi and ASei, including the countries of Bangladesh and Sri Lanka. The effect of 

the monsoon on climate is strongest in this region;  

¶ Indonesia and Malaysia (ASim)τthe arable land in this region is dispersed between 

numerous islands, dominated by the tropical season with rain all year round; 

¶ Japan and South Korea (ASjk)τagriculture in Japan suffers from land shortage; 

however, what arable land is available is intensively cultivated; 

¶ Philippines (ASph)τwas distinguished as a separate agricultural region, as the climate 

is divided into wet and dry periods. The arable land is disjointed, as the country is 

situated on more than 7,000 islands;  
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¶ Southeast Asia (ASse)τthis region focused around the Indochinese Peninsula includes 

mainland parts of southeastern Asia. 

Figure 34. Arable land in the Asian super region divided into regions. 

Each of the major crops analyzed was found to be cultivated in the Asian super region 

(Table 8). Among them, the largest share of the area was dedicated to wheat, which occupied 

almost 40% of analyzed arable land. The area occupied by maize is about twice as low, as it is 

cultivated on 18% of arable land. The next two crops occupy significantly lesser areas; those 

are cotton and millet, with a share of about 8% and 6%, respectively. Areas, where 

groundnuts, barley, rapeseed, sorghum, and soybeans are sown are similar, each of them 

occupying around 5% of arable land. The list is closed off by crops that have a share of area 

lower than 1%; those are cassava, sugar beet, and rye. The planting days of those crops are 

responsible for the variation of bare soil area within the super region (Figure 35). The Asian 

super region stretches both into the northern and southern hemispheres; however, the 

majority of arable land is located in the northern one. When analyzed as a whole, there are 

only around three months during the year when bare soil resulting from planting crops is 

almost nonexistent, in the period between the 231st and the 318th DOY. Three peaks of the 

area of bare soil were found between the spring and summer period, the biggest one around 

the 140th DOY, preceded by one around a month and a half earlier, on the 90th DOY and 



Results 
 

69 
 

followed by a smaller one two months later, around the 196th DOY. One, although way smaller 

peak can be distinguished on the 334th DOY, relating to planting around that time in southern 

parts of the region, including the Indian subcontinent.  

Table 8. Area and share of arable land of major crops farmed in Asia. 

Major Crop 

Area 

(thousands 

km2) 
(%) 

Wheat 943.3 39.5 

Maize 428.5 17.9 

Cotton 184.9 7.7 

Millet 143.4 6 

Rapeseed 132 5.5 

Groundnut 117.2 4.9 

Sorghum 115.4 4.8 

Barley 115.3 4.8 

Soybean 102.7 4.3 

Potato 72.3 3 

Cassava 19.1 0.8 

Sugar beet 11.9 0.5 

Rye 1.9 0.1 

 

 

Figure 35. Annual variation of bare soil area in Africa super region. 
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3.4.1. The former republics of the Soviet Union in Central Asia  

The AScr is one of the few completely landlocked regions, and a unique region in the 

Asian super region. Such conditions result in a low amount of annual rainfall and big amplitude 

of temperatures throughout the year. The arable land situated in northern Kazakhstan 

suffered erosion and nutrient loss as a consequence of the Virgin Lands Campaign initiated by 

Nikita Khrushchev in the 1950s. The climate conditions make the region more favorable for 

herding cattle than farming, and so the majority of the agricultural area in the region is used 

as pastures. Nonetheless, there are still considerable amounts of arable land, especially in 

northern Kazakhstan, but smaller areas can be found in each of the countries (Figure 36). 

Figure 36. Distribution of arable land in the Asian region of Former republics of the Soviet Union. 

There is no soil unit used in farming that has an overwhelming majority in the region 

(Figure 37); rather there are five soil groupings that have a share of between 13% and 20%; 

those are, ordered by decreasing shares: Chernozems, Kastanozems, Gleysols, Lithosols, and 

Xerosols. Together, those soil units have a share of about 80%. Two more soil units were 

distinguished, Yermosols and Fluvisols, each with a share of around 7%. Among the cultivated 

major crops (Figure 38), the biggest area by far is dedicated to the cultivation of wheat, which 

is almost 70%. The other crops farmed in the significant area are cotton and barley, with a 

share of almost 15% and 12%, respectively. Potatoes and maize are each farmed on less than 
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н҈ ƻŦ ŀǊŀōƭŜ ƭŀƴŘΦ !ƭƭ ǘƘŜ ƻǘƘŜǊ ŎǊƻǇǎΩ ƛƴŘƛǾƛŘǳŀƭ ǎƘŀǊŜ ƛǎ ƭƻǿŜǊ ǘƘŀƴ м҈Φ ¢ƘŜ ŀǾŜǊŀƎŜ Řŀƛƭȅ 

ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ǘƘŜ Ǉƻƛƴǘ ƭƻŎŀǘŜŘ ŀǘ рнϲ ƴƻǊǘƘ ŀƴŘ суϲ ŜŀǎǘΣ ǿƘƛŎƘ ƛǎ 

located in northern Kazakhstan. During the coldest months, mean temperatures can be as low 

as -17°C, while in the summer they reach about 21°C. The annual accumulation of GDD is 

therefore uneven (Figure 39), commencing in April, growing quite rapidly during summer, and 

stopping between the middle of September and October. After that, it is nonexistent until it 

starts again in the April of the following year. The annual variation of bare soil area (Figure 40) 

is dominated by wheat and is ǾŜǊȅ ŦƻŎǳǎŜŘΦ ¢ƘŜ ǇŜŀƪΣ ƻŦ ŀƭƳƻǎǘ мрлΣллл ƪƳ2, occurs around 

the 138th DOY and lasts for around three weeks. That maximum peak is preceded by a lesser 

one, around five times smaller, occurring around the 120th DOY and caused mostly by earlier 

planting of barley and cotton a few days later. 
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Figure 37. Share of major soil groupings in the Asian region of Former republics of the Soviet Union. 

Figure 38. Share of major crops in the Asian region of Former republics of the Soviet Union. 
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Figure 39. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Asian 

region of Former republics of the Soviet Union. 

 

Figure 40. Annual variation of bare soil area in the Asian region of Former republics of the Soviet Union. 
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3.4.2. Middle East and Egypt 

This agricultural region stretches from the floodplains of the Nile in the west, to the 

Anatolian Peninsula in the north, all the way to eastern parts of Iran in the east and the Arabian 

Peninsula in the south. The agriculture in this region has a long history; in fact, the region was 

among the first where agriculture began. The concentration of arable land is found along the 

Nile, as well as at its delta, on the Anatolian Peninsula, in western and northern parts of Iran 

and along the eastern Mediterranean coast, including Syria, Lebanon, and Israel. Arable land 

is scarce and dispersed in the Arabian Peninsula (Figure 41).  

Figure 41. Distribution of arable land in the Middle East and Egypt region. 

Of all the arable land in the region (Figure 42), a quarter comprises Xerosol soil units. 

Other soil units that are widespread in the region are Fluvisols and Lithosols, each constituting 

about 20% of the arable land. Luvisols, with their share of around 10%, exist in half of the area 

where the aforementioned ones are present. The list is rounded off by Cambisols that were 

found on 6%, followed by four soil units that each occupy close to 3%; those are Yermosols, 

Vertisols, Regosols and Solonchaks. Agriculture is dominated by the cultivation of cereals 

(Figure 43), especially wheat, which is farmed on over 60% of the land analyzed, followed by 

barley that was found on around three times less. Maize and cotton are other significant crops 

ƛƴ ǘƘŜ ǊŜƎƛƻƴΩs agriculture, each occupying around 5% of arable land. Among the remaining 
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crops farmed in the region, a noticeable area of around 2% each was used for the cultivation 

of sugar beet, sorghum, and potatoes. The mean daily temperatures used for the calculation 

of GDD were extracted from a point situated at 37°ƴƻǊǘƘ ŀƴŘ плϲeast, close to the border 

between Turkey and Syria. The temperatures showed seasonality, oscillating between 10°C 

and 28°C, which caused GDD accumulation to vary in intensity throughout the year (Figure 

44). With such a heavy share of wheat compared to other crops, the annual variation of bare 

soil (Figure 45) was dominated by its planting. The maximum amount of bare soil occurs 

around the 90th DOY and reaches over 220,000km2. Due to the rapid accumulation of GDD 

at that period and the general rapid phenology of wheat, the majority of soils just stayed bare 

ŦƻǊ ŀ ǇŜǊƛƻŘ ƻŦ ōŜǘǿŜŜƴ ǘǿƻ ŀƴŘ ǘƘǊŜŜ ǿŜŜƪǎΦ ! ǎƳŀƭƭŜǊ ǇŜŀƪΣ ǊŜŀŎƘƛƴƎ Ƨǳǎǘ ƻǾŜǊ олΣллл ƪƳ2, 

occurred around the 120th DOY and was caused by the later planting of wheat in eastern parts 

of the region, as well as the planting of maize. Barley was found to be planted on similar days 

as wheat and reinforced those peaks.  
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Figure 42. Share of major soil groupings in the Middle East and Egypt region. 

 

Figure 43. Share of major crops in the Middle East and Egypt region. 
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Figure 44. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Middle 

East and Egypt region. 

 

Figure 45. Annual variation of bare soil area in the Middle East and Egypt region. 
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3.4.3. China and Mongolia 

As of the day of writing, China is still the most populous country in the world, and its 

arable land is accordingly extensive. Among the regions delimited inside the Asian super 

region, it has by far the largest area classified as arable land; however, if the Indian 

subcontinent was not split into three regions, it would have a larger area. Nonetheless, arable 

land found in China represents around 10% of all arable land in the world. Traditionally, 

Chinese agriculture was focused in the eastern parts of the country, with efforts made to 

extend it to the west and the north. Two great rivers, the Yellow and Yangzi Rivers, support 

that intensive agriculture. Smaller pockets of arable land were also located in western parts 

of China, and in Mongolia; however, those regions are more suited for pastures and herding 

όCƛƎǳǊŜ псύΦ ¢ƘŜ ǇǊŀŎǘƛŎŜ ƻŦ /! ǿŀǎ ǊŜǇƻǊǘŜŘ ƻƴ ƻǾŜǊ срΣллл ƪƳ2, which makes up around 8% 

of analyzed arable land.  

Figure 46. Distribution of arable land in the China and Mongolia region. 



Results 
 

79 
 

The soil unit that is found most commonly in arable land (Figure 47) in the region is 

Lithosols, occupying roughly a third of the area. A slightly smaller share of the area is taken by 

Gleysols, which have a share of almost 27%. The next two soil units combined occupy a similar 

area; those are Acrisols and Cambisols that make up around 15% and 11%, respectively. The 

remaining area is split between Yermosols, Vertisols, Fluvisols and Kastanozems, each of them 

occupying roughly 3%. Among analyzed crops (Figure 48), the biggest farmed areas were 

occupied by wheat and maize, each of them had a share of just short of a third of arable land. 

Soybeans and rapeseed were each found on around 10%. Following that, three crops were 

cultivated each on about 5% of analyzed land; those crops are potatoes, groundnuts, and 

cotton. The average daily temperatures were extracted from a point located at 32° north and 

113° east. The obtained temperatures ranged between -3°C in the coldest period and 27°C in 

the warmest. The rate of accumulation of GDD throughout the year was increasing toward the 

warmest month and decreasing toward winter (Figure 49). The annual variation of bare soil 

shows the major periods during the first half of the year (Figure 50). The peak amount of bare 

ǎƻƛƭ ƻŎŎǳǊǎ ŀǊƻǳƴŘ ǘƘŜ ммнǘƘ 5h¸ ŀƴŘ ǊŜŀŎƘŜǎ ƳƻǊŜ ǘƘŀƴ отрΣллл ƪƳ2. The first major wave 

of planting occurs between the 72nd and the 88th DOY and the majority of bare soil in this 

period is a result of sowing wheat and maize. Soils tend to stay bare until around the 158th 

DOY when the majority of maize, cotton, and potatoes that were planted later start to cover 

the fields.  
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Figure 47. Share of major soil groupings in the China and Mongolia region. 

Figure 48. Share of major crops in the China and Mongolia region. 
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Figure 49. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the China 

and Mongolia region. 

 

Figure 50. Annual variation of bare soil area in the China and Mongolia region. 
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3.4.4. Western India 

Western India is the first of three regions that make up the Indian subcontinent; the 

region constitutes western parts of India, together with Pakistan and Afghanistan. As in those 

other regions, there is a significant quantity of arable land. In the western parts, located in 

Afghanistan, agriculture is dispersed and less intensive due to the mountainous terrain; in the 

central parts of the region, situated in Pakistan, arable land can be found all along the Indus 

River Valley; and in the remaining part of the region, which is located in western India, 

agriculture is omnipresent, with the exception of the Thar Desert (Figure 51). Around 

мрΣллл ƪƳ2 of CA were reported around India, and most of them were found in this western 

region.  

Figure 51. Distribution of arable land in the Western India region. 

The share of soil units in arable land in the region (Figure 52) shows that the dominant 

soil unit was found to be Yermosols, with a share of below 30%. A similar area is occupied by 
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the next two soil units, Cambisols and Xerosols, each occupying between 15% and 17%. 

Lithosols were found on more than 10% of arable land, and the remaining soil units with 

notable shares are Arenosols and Fluvisols, with 9% and 7%, respectively. Among the analyzed 

major crops (Figure 53), the biggest area in the region was dedicated to wheat, which was 

farmed on almost half of the arable land. Areas three times smaller were dedicated to millet 

and cotton, each of them farmed on roughly 16%. Rapeseed was cultivated on around 8% of 

the area, and another 9% was split evenly between maize and groundnuts. The temperatures 

used for the estimation of GDD were obtained from a point located at 27° north and 74° east 

(Figure 54). In this dry and warm region, the mean daily temperatures ranged between 15°C 

during the coldest days and 36°C during the hottest. The annual variation of bare soil in the 

region (Figure 55) shows the first and the highest peak occurring around the 138th DOY. The 

peak is caused by the sowing of wheat; however, in that condition, the soil stayed bare for 

only a week and a half. Another period of bare soil occurs around a month later, starting 

around the 168th DOY and gradually increasing until it reaches a maximum around the 186th 

DOY. After that, the amount of bare soil decreases until the 217th DOY. Most of the crops 

cultivated in the region are planted during this extended period. The last notable occurrence 

of bare soil is noted between the 317th and the 252nd DOY and relates to the late planting of 

rapeseed.  
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Figure 52. Share of major soil groupings in the Western India region. 

Figure 53. Share of major crops in the Western India region. 
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Figure 54. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Western 

India region. 

 

Figure 55. Annual variation of bare soil area in the Western India region. 
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3.4.5. Eastern India 

The second region distinguished on the Indian subcontinent contains land east of the 

previous region; besides parts of India, it includes the countries of Nepal, Bhutan and northern 

parts of Bangladesh. In contrast to the previous region, the climate is more humid, being 

situated on the Himalayan foothills. Arable land is found around the whole region, most 

notably along the Ganges and Brahmaputra Rivers and the fertile plains of Uttar Pradesh 

(Figure 56). 

Figure 56. Distribution of arable land in the Eastern India region. 

Not surprisingly for a region that depends on major rivers for its agriculture, the two 

most commonly farmed soil units (Figure 57) are Cambisols and Luvisols, having a share of 

37% and 25%, respectively. The share of Vertisols and Fluvisols is roughly 10% for each of 

them. The other notable soil units include Gleysols and Acrisols, each of them with a share of 

over 5% of arable land. Similar to the previous Indian region, the major crop that was most 

commonly farmed was wheat (Figure 58), which was found on over 60% of arable land. An 

area roughly four times smaller was dedicated to maize, with its share short of 15%. Almost 

one-tenth of arable land was used for the cultivation of rapeseed, followed by around 7% for 
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the cultivation of millet. Barley, potatoes, and sorghum were each found on a bit more than 

2% of arable land. The central point used for obtaining annual mean daily temperatures was 

ƭƻŎŀǘŜŘ ŀǘ нсϲ ƴƻǊǘƘ ŀƴŘ унϲ ŜŀǎǘΦ ¢ƘŜ ƻōǘŀƛƴŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ƻƴŜǎ ƛƴ !{ǿƛΣ 

ranging between 16°C and 36°C, resulting in similar GDD accumulation (Figure 59). One 

ƳŀȄƛƳǳƳ ǇŜŀƪ ƻŦ ōŀǊŜ ǎƻƛƭ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ŀǊƻǳƴŘ ǘƘŜ мфсǘƘ 5h¸Σ ǿƛǘƘ ƻǾŜǊ мплΣллл ƪƳ2 of 

soil being bare, mainly after the planting of wheat (Figure 60). This area stayed bare for around 

ŀ ǿŜŜƪ ŀƴŘ ŀ ƘŀƭŦΣ ŘǳŜ ǘƻ ǿƘŜŀǘΩǎ ǊŀǇƛŘ ǇƘŜƴƻƭƻƎȅ ŀǘ ǘƘƛǎ ǘƛƳŜ ŎŀǳǎŜŘ by warm temperatures. 

¢ǿƻ ǎƳŀƭƭŜǊ ǇŜŀƪǎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ǇǊŜŎŜŘƛƴƎ ǘƘŜ Ƴŀƛƴ ƻƴŜΣ ōƻǘƘ ƻŦ ŀǊƻǳƴŘ рлΣллл ƪƳ2, around 

the 135th and the 182nd DOY. Planting of wheat at an earlier date caused the first of them, 

while the second one was caused primarily by the planting of millet. One delayed period of 

bare soil was also found between the 317th and the 350th DOY, this one reaching up to 

нрΣллл ƪƳ2 and resulting from the sowing of rapeseed.  
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Figure 57. Share of major soil groupings in the Eastern India region. 

Figure 58. Share of major crops in the Eastern India region. 
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Figure 59. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Eastern 

India region. 

 

Figure 60. Annual variation of bare soil area in the Eastern India region.  
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3.4.6. Southern India 

The third and last of the regions delimited from the Indian subcontinent, the ASsi, is 

bordered in the north by ASwi and ASei, and from other directions by the Indian Ocean. The 

southern parts of Bangladesh and the island country of Sri Lanka are also included in the 

region. Compared to the other two regions comprising the Indian subcontinent, ASsi 

experiences the greatest influence of monsoon seasons on its climate. The arable land is found 

across the whole region, intermixed with patches of forests and shrubs. Huge agricultural 

concentrations were observed in western parts of the region, in the states of Karnataka and 

Maharashtra, another one along the Krishna River that flows into the ocean through the 

eastern part of the region. Huge swaths of terrain are also adopted for agriculture in the 

eastern parts of the region, including Bangladesh, which is a result of the high fertility of soils 

along the Brahmaputra and Ganges Rivers. The most notable inland concentration of arable 

land in the region is found around the state of Chhattisgarh, located in the northern part of 

the region (Figure 61). 

Figure 61. Distribution of arable land in the Southern India region. 
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Just four soil units constitute more than 80% of arable land in the region; those are: 

Luvisols with a share of over 40%, Vertisols that have roughly 25%, Nitosols found on about 

10%, followed by Cambisols occupying around half of the area of Nitosols (Figure 62). Among 

other notable soil units are Lithosols with a share close to 5%, and Fluvisols and Gleysols, each 

having a share of roughly 4%. The composition of major farming crops in the region differs 

from those of other Indian regions (Figure 63). The most commonly farmed crop was sorghum, 

which was cultivated on almost one-third of analyzed land. The areas dedicated to millet, 

groundnuts, and cotton were all similar and each of them made up close to 15% of arable 

land. The areas occupied by wheat and maize were also similar to each other, with 11% and 

9% dedicated to them, respectively. The last crop with significant acreage was rapeseed, 

found on almost 3% of arable land. The average daily temperatures were extracted from the 

Ǉƻƛƴǘ ƭƻŎŀǘŜŘ ŀǘ муϲ ƴƻǊǘƘ ŀƴŘ ттϲ ŜŀǎǘΦ ¢ƘƻǎŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ǿŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ ǘƘŀƴ 

ones found in two other Indian regions. Having a location closer to the equator, the annual 

temperatures showed a much smaller amplitude, ranging between 22°C and 32°C, resulting in 

quite smooth GDD accumulation throughout the year (Figure 64). The annual variation of bare 

soil in the region shows a simpler structure than other Indian regions (Figure 65). The 

maximum acreage of bare soil is reached around the 182nd DOY when it reaches almost 

мфлΣллл ƪƳ2. Prior to that peak, the increase in bare soil starts around the 158th DOY, which 

is when examples of the planting of every major crop in the region occur. After the 

aforementioned peak, the amount of bare soil decreases steadily until around the 225th DOY, 

when the areas of the late sowing of sorghum and millet are covered by developed vegetation. 

The overall shape of bare soil variation is almost symmetrical, centered on the peak on the 

182nd DOY. 
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Figure 62. Share of major soil groupings in the Southern India region. 

 

Figure 63. Share of major crops in the Southern India region. 
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Figure 64. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Southern 

India region. 

 

 

Figure 65. Annual variation of bare soil area in the Southern India region. 
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3.4.7. Indonesia and Malaysia 

The ASim is an archipelago region, consisting of over 13 thousand islands belonging to 

Indonesia and almost a thousand Malaysian ones, and the country of East Timor. The region 

is circled by seas from all directions: by the South China Sea from the north, the Pacific Ocean 

from the northeast, and from the south and west by the Indian Ocean. The region also includes 

the Strait of Malacca, linking both oceans and being one of the most important shipping 

channels in the world. The arable land found in this region was spread between the numerous 

islands, with the biggest concentration on the island of Java. On the island of Sumatra, the 

arable land is located especially in the south and north, with the interior parts covered by rain 

forests. Agriculture is less developed on the island of Borneo, where arable land was found in 

pockets at the southern, western and northeastern tips, with the majority of the interior 

occupied by tropical rain forests. Arable land was also found on the southern tip of the island 

of Sulawesi and on the chain of small islands located in southeastern parts of Indonesia and 

in East Timor (Figure 66). However, the overall acreage of arable land is quite small compared 

to mainland Asian regions.  

Figure 66. Distribution of arable land in the Indonesia and Malaysia region. 

The most commonly found soil unit in agriculture (Figure 67) was Acrisols, which is a 

soil associated with humid and tropical regions. Almost 15% of arable land was located on 

Fluvisols, followed by another 15% split almost evenly between Histosols and Luvisols. The last 
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two notable soil units are Cambisols and Ferrasols, each of them found on around 5% of arable 

land. Out of the 13 analyzed major crops, only six were reported as being planted in the region 

(Figure 68). Over half of the arable land was dedicated to farming maize, followed by cassava 

that was sowed on one-fifth of analyzed land. Relatively similar areas were used for soybeans 

and groundnuts, which had a share of 13% and 10%, respectively. The values used for the 

ŜǎǘƛƳŀǘƛƻƴ ƻŦ ŀƴƴǳŀƭ D55 ŀŎŎǳƳǳƭŀǘƛƻƴ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ŀ Ǉƻƛƴǘ ŎŜƴǘŜǊŜŘ ŀǘ мϲ ǎƻǳǘƘ ŀƴŘ 

млмϲ ŜŀǎǘΣ ǿƘƛŎƘ ƛǎ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ƛǎƭŀƴŘ ƻŦ {ǳƳŀǘǊŀΦ ²ƛǘƘ ǘƘŜ ǊŜƎƛƻƴ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ŜǉǳŀǘƻǊΣ 

the mean daily temperatures showed very low annual variability, ranging by only 2°C, between 

26°C and 28°C, resulting in a very stable accumulation of GDD (Figure 69). The resulting annual 

variation of bare soil possesses three distinct peaks (Figure 70). The biggest one reaches 

ŀƭƳƻǎǘ нуΣллл ƪƳ2 and occurs around the 349th DOY, and results from the planting of maize 

around the 334th DOY, followed by the sowing of cassava. The second largest peak is smaller 

ōȅ ŀǊƻǳƴŘ нр҈Σ ǊŜŀŎƘƛƴƎ ŀ ōƛǘ ƳƻǊŜ ǘƘŀƴ нмΣллл ƪƳ2, and is found between the 204th DOY 

and the 231st DOY. The surface remains uncovered due to the planting of maize followed by 

groundnuts. The last and the smallest significant peak reaches only around 7,500km2. That 

last period occurs between the 16th and the 30th DOY as a result of the planting of soybeans.  
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Figure 67. Share of major soil groupings in the Indonesia and Malaysia region. 

Figure 68. Share of major crops in the Indonesia and Malaysia region. 
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Figure 69. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Indonesia 

and Malaysia region. 

 

Figure 70. Annual variation of bare soil area in the Indonesia and Malaysia region. 

  


















































































































































































































