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Plants need to accumalate heat to complete a particular or whole growth period. This accumalation 
depends on temperature thresholds above or below which plant growth ceases, and on air 
temperature. It can be speculated that more heat accumulation is available for plants due to rapid 
warming within three or four decades. This study presents more recent heat accumulation for plants, 
quantified using a useful index called growing degree day (GDD), for five locations (Söke, 
Kuşadası, Aydın, Sultanhisar and Nazilli) in Aydın, Türkiye, during the latest climatic normal 
period from 1991 to 2020. GDD values were calculated both in monthly basis from March through 
October, and in daily basis from March 1st to October 31st. Monthly GDD averages, as expected, 
showed a pattern that increased from March to July or August, then decreased thereafter till October. 
Range and standart deviation showed approximately an opposite pattern, suggesting higher 
uncertainity in relatively colder months. The results are expected to provide farmers or agricultural 
practitioners with the latest averages of GDD to predict plant growth and development.  
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Introduction 

Growing degree days (GDD) concept, also known as 
“thermal time”, “heat units” or “growth units” (Anandhi, 
2016), is a frequetly used proxy to assess crop development 
(Gordon & Bootsma, 1993). It is first postulated as early as 
1735 by René-Antoine Ferchault de Réaumur, stating that 
“organisms need to accumulate a number of heat units 
unique to that organism in order to initiate growth and to 
develop or mature” (Mix et al., 2010). GDD is simply the 
sum of temperature, during growing season or a spesified 
period, above a spesific temperature threshold (i.e., base 
temperature, Tbase), below which crop development ceases. 
There is also an upper temperature threshold (Tupper), above 
which crop is dormant. Tbase and Tupper are spesific for each 
species. GDD is used to estimate or predict plant growth and 
development, occurrences of insects, plant maturity and 
harvest timing (Radzka, 2021; Kadıoğlu & Şaylan, 2001). 

Global surface temperature increased from 1850–1900 
to 2011–2020 by 1.09°C (Arias et al., 2021). Since the 
1980s, each decade has been warmer than the previous one 
(Ansari & Landin, 2022), and the decade 2011-2020 was 
the warmest one on record (United Nations Climate 
Change, 2022). Particularly western Türkiye, along with 
other Mediterranean countries, is considered to be affected 
substantially from present and future warming (Caloiero & 
Guagliardi, 2021; Goubanova & Li, 2007). Previous 
studies have documented that substantial temperature 

increases have been observed in western Türkiye, 
including Aydın and environs (Hadi & Tombul, 2018; 
Çelebioğlu et al., 2021; Yeşilırmak & Atatanır, 2021). 
These results suggest that, if adverse impacts of extreme 
high temperatures are not accounted for, during the most 
recent decades more heat is available for crop 
development. Revealing the accumulated GDD during a 
specified period within a year provides insight into the 
latest status of heat accumulation. It is aimed in this study 
to document average GDD accumulation calculated for the 
latest climatic normal period from 1991 to 2020 in the 
province Aydın, western Türkiye. The results are expected 
to provide agricultural practitioners or farmers the latest 
averages of GDD to predict plant growth and development. 

 
Materials and Methods 

 
Daily maximum and minimum temperature (Tmax and 

Tmin, respectively) data recorded at five weather stations in 
Aydın, Türkiye, were used. Data were supplied from the 
State Meteorological Agency of Türkiye. The weather 
stations are shown on a map in Figure 1 and listed in Table 
1. The stations are located within the administrative 
borders of the povince Aydın. Typical mediterranean 
climate prevails over the study area, characterized by hot 
and dry summers, and mild and rainy winters. 

http://creativecommons.org/licenses/by-nc/4.0/
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Table 1. Weather stations and their geographical coordinates (The State Meteorological Service of Türkiye, 2022) 
No Station No Station name Latitude (N) Longitude (E) 

1 17234 Aydın 37.8402 27.8379 
2 17232 Kuşadası 37.8597 27.2652 
3 17860 Nazilli 37.9135 28.3437 
4 17850 Sultanhisar 37.8843 28.1504 
5 17881 Söke 37.7049 27.3827 

 
 

 
Figure 1. The locations of weather stations 

 
Tmax and Tmin data used in the study cover the period 

from 1991 to 2020. The period 1991 – 2020 is the latest 
climatic normal period, based on the definition of World 
Metetorological Organization (Bonacci, 2022). The 
weather stations are operated by State Meteorological 
Agency of Türkiye.  

Tmax and Tmin records were subjected to a basic quality 
control procedure: Tmin>Tmax and non-existent days (Klein 
Tank et al., 2002). Detected miscodings were set to a 
missing value. Overall, missing data were no more than 
0.15% at any station. Missing data were filled by using data 
of neighboring stations with simple linear regression (Hu 
et al., 2012). Annual mean series of Tmax and Tmin were 
examined for homogeneity using the double mass curve 
method and no apparent breakpoint was detected (Hu et al., 
2012).  

For a specified period, accumulated GDD is calculated 
using the equation 1 (Anandhi, 2016):  

 
𝐺𝐺𝐺𝐺𝐺𝐺 = ∑ �(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚)

2
− 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�   (1) 

 
where Tbase is the base temperature (or, lower threshold 

temperature) below which crop growth does not occur. 
Furthermore, an upper temperature threshold (Tupper) above 
which crop growth ceases is also considered. In cases of 
Tmax or Tmin being above Tupper or below Tbase, Tmax or Tmin 
is set to Tbase or Tupper if they are below Tbase or above Tupper, 

respectively (Paparrizos & Matzarakis, 2017). Five Tbase (0, 
5, 7, 10 and 15°C) and two Tupper (30 and 35°C) were 
selected. Accumulated GDDs were calculated on montly 
basis from March through October, and in daily basis from 
March 1st to October 31st.  

 
Results and Discussion 

 
Mean monthly GDD from March to October are shown 

in Figure 2 as bars, with the respective GDD values being 
presented at tips of bars, which makes the results more 
easily readable. The most prominent pattern is that mean 
GDDs have an increasing tendency from March till mid-
summer, with peak values in July or August, then 
decreasing toward October. This pattern is, with no 
exception, the same for all Tbase and Tupper combinations, 
and consistent with temperature evolution throughout year, 
also with expectation that heat accumulation of a colder 
period is fewer than that of a warmer period. March is the 
month with the lowest heat accumulation, varying roughly 
from 44 to 406°C, depending on thresholds and station. 
March is followed by april and october. The highest heat 
accumulations (i.e., GDD values) take place in july or 
august, which ranges roughly from 300 to 900°C 
depending on station and threshold. One can find or 
calculate, in terms of averages over the latest normal 
climatic period from 1991 to 2020, accumulated heat for a 
desired crop when a particular growth stage is attained.  

As shown in Figure 2 for a given Tbase and station, GDD 
values for both Tupper are the same or very close to each 
other in relatively colder months, namely in march, april 
and october at Kuşadası and Söke, and in march and april 
at other stations. On ther other hand, as time progresses and 
weather becomes hot, the two diverges and the difference 
between them becomes more evident in warmer months 
particularly in july or august. Up to 20% more heat 
accumulation is recorded in case of Tupper=35°C compared 
to Tupper=30°C. The reason, as expected, is that Tmax 
exceeds rarely lower upper threshold (Tupper=30°C) in 
relatively colder months, but frequently higher upper 
threshold (Tupper=35°C) in warmer months.  

For a given Tupper, GDD values decrease as the base 
temperature increases. This is the direct consequence of 
shrinking temperature extent between Tbase and Tmean. As 
an example, for the station Nazilli, the month October and 
Tupper= 30°C, GDD values are 597.1, 442.5, 381.7, 294.1 
and 177.5°C for Tbase values of 0, 5, 7, 10 and 15°C, 
respectively. This decrease is more notable in relatively 
colder months, particularly in March in which there is up 
to ten-fold decrease. For example, in Kuşadası and for 
Tupper=35°C, GDD is 400.2°C for Tbase=0°C, but 44.3°C for 
Tbase=15°C. However, in summer months, particularly in 
July or August, the decrease is about 50%.  
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Figure 2. Monthly GDD values by month and station 

 

 
Figure 3. Ranges of monthly GDD values 
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Figure 4. Standart deviations of monthly GDD values 

 

 
Figure 5. Accumulated GDD from March 1st (Julian day 60) through October 31st (Julian day 304) 

 
 
For given Tbase, station and month, GDD is higher for 

the case with higher Tupper than that the case with lower 
Tupper, particularly in warmer months, due to the fact that 
the temperature interval between Tbase and Tupper is higher 
in the case that the higher Tupper (i.e., 35°C) is used. As an 
example, for Tbase=0°C, August and Nazilli, GDD values 
are 793.3 and 865.1 C for Tupper of 30 and 35°C, 
respectively. However, this may not be the case in colder 
months, yet they are equal or differ very slightly, because 
Tmax exceeding Tupper (30 or 35°C, in this study) does not 

occur in these months. For again Nazilli and Tbase=0°C, 
GDD (377.5°C) is the same in March for both Tupper=30°C 
and Tupper=35°C. On the other hand, in April, which is 
warmer than March, the corresponding values in Nazilli for 
Tbase=0°C are 485 and 486.7°C, representing a slight 
increase between them.  

Variabilities of GDD values over the study period can 
be evaluated through their ranges and standart deviations, 
as shown in Figures 3 and 4, respectively. There exist in 
general decreasing tendencies from spring months toward 
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mid-summer, and then increasing tendencies afterwards. In 
other words, the highest ranges and standart deviations are 
observed in spring or early autumn months, which are 
relatively colder, while the lowest ones occur in summer 
months. This pattern is almost valid at all stations for all 
Tbase and Tupper combinations, and can be easily discernable 
by the lengths of bars in which the corresponding range and 
SD values are located at the tip of bars. The highest range 
and SD values are observed in spring months, particularly 
in March or April. However, the lowest ones exist in 
summer months. Those in September and October lie in 
between those of spring and summer months. This pattern 
of monthly variability in range and SD values is just 
opposite of averages. While spring months have the lowest 
averages, they have the highest range and SD values. 
Similarly, summer months have the highest averages and 
the lowest range and SD values. All these results imply that 
uncertainty is the highest in spring months, and that larger 
departures from averages can be expected in these months. 
Failure in an attempt to estimate crop growth in early stages 
in spring is more likely. Conversely, this is not the case in 
summer months. 

Figure 5 depicts average accumulated GDDs from 
March 1st through October 31st at all stations for all Tbase 
and Tupper combinations. X-axes in each panel represent 
day from Julian day 60 (March 1st) to Julian day 304 
(October 31st), ignoring leap day (February 29th). In each 
panel, all curves are S-like. All lines are steeper in mid-
season (i.e., Julian day 152 through Julian day 243, or June 
through August) than in begining or end. This indicates 
more heat accumulation in mid-season due to higher 
temperatures. For a given Tupper, accumulated GDD 
decreases as Tbase increases. This pattern, as an example, 
can be shown by tracking the values of Aydın for Tupper= 
30°C during the whole study period from March 1st to 
October 21st. The accumulated GDDs in Aydın for 
Tupper=30°C are 5226.6, 4011.5, 3535.3, 2844.2 and 
1800.3°C for Tbase values of 0, 5, 7, 10 and 15°C, 
respectively. 

A few studies were conducted to determine heat 
requirements of various major crops in Aydın. Serter 
(2003) grew six corn varieties as main and second crop in 
2001 and 2002, and determined accumulated GDD values 
during specific phenophases and whole growth period. For 
example, GDD for whole growth period changed for from 
1042°C to 1869°C depending on year, variety and planting 
time. Serter (2003) assumed 10°C as Tbase and 30°C as 
Tupper, and replaced Tmin by 10°C if Tmin is less than Tbase, 
and Tmax by 30°C if Tmax is greater than Tupper. Özkan and 
Kaynak (2009) determined heat accumulations of four 
cotton varieties during specific phenophases and whole 
growth period in 1997, 1998 and 1999 in Aydın, assuming 
15.6°C as Tbase. For whole growth period, accumulated 
GDD values ranged from 1310°C to 1386°C. A farmer or 
agricultural practitioner can estimate timing of a specific 
phenophase or whole growth period for corn or cotton by 
using the results of this study together with that found by 
Serter (2003), and Özkan and Kaynak (2009) in Aydın, or 
for any other crop provided that its heat requirements and 
the threshold temperatures are available. 
 
 
 

Conclusions 
 
This study presents average GDD values for various 

base and upper threshold temperature combinations, 
calculated over the latest climatic normal period from 1991 
to 2020 at five sites in Aydın, Türkiye, to determine the 
time a specific growth phase of a crop is attained. Monthly 
averages show a pattern that increases from March to July 
or August, then decreases thereafter till October. Range 
and standart deviation show approximately an opposite 
pattern, suggesting higher uncertainity in relatively colder 
months. Therefore, more caution is needed when 
incorporating GDDs in month with higher range and SD 
values into heat accumulation. 
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