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सार — भारत के मौसम संबधंी डिवीज़न के क्लाइमेट ज़़ोन, क़ोपेन-गीगर क्लाइमेट क्लाससफिकेशन के आधार पर 

छह क्लाइमेट क्लास में बटें हैं। हाल ही में, लंबे समय तक क्लाइमेट में बदलाव के कारण इन क्लाइमेट ज़़ोन में बड े
बदलाव हुए हैं। यह स्टिी 1951-2020 की अवधध में देखी गई बाररश और अधधकतम व न्यनूतम तापमान का इस्तेमाल 
करके भारतीय मौसम संबधंी डिवीज़न में हुए बदलावों का आकलन करती है। 30 साल का मूववगं क्लाइमेट़ोलॉजिकल 
औसत हर दशक में अपिेट फकया िाता है, जिससे पता चलता है फक 1961-1990 और 1991-2020 की ऐततहाससक 
अवधधयों में शषु्क स्टेपी-गमम और समशीत़ोष्ण (टेम्परेट) क्लाइमेट में बड ेबदलाव हुए हैं। भारतीय एकसमान क्षेत्र का 
इलाका उत्तर-पजचचम भारत और उत्तर-पवूम भारत में सूखे क्लाइमेट ज़़ोन की ओर बदलाव ददखाता है - क्रमशः समशीत़ोष्ण 
से शुष्क स्टेपी-गमम और ट्रॉवपकल सवाना से समशीत़ोष्ण क्लाइमेट में। यह बदलाव भारत के कुल क्षेत्रिल का लगभग 
7% है, ि़ो तापमान में बढ़ोतरी और बाररश में कमी के कारण हुआ है; यह बदलाव ववक्ट़ोररया म़ोि (VM) के नेगेदटव 
िेज़, नमी के ट्रांसप़ोटम में कमी और उत्तरी भारत के इंि़ो-गैंगेदटक प्लेन पर िायविेंस से तनयतं्रत्रत ह़ोता है। क्लाइमेट ज़़ोन 
में यह बदलाव भववष्य में उत्तरी भारत के एग्ऱो-क्लाइमदैटक ज़़ोन में खेती पर बरुा असर िाल सकता है। कुल समलाकर, 
यह स्टिी क्लाइमेट ज़़ोन में बदलाव और इससलए IMD के ि़ोरकाजस्टंग ससस्टम के बारे में िानकारी बढाती है। 

 

 

ABSTRACT. The climate zones of meteorological subdivisions of India consist of six climate classes based on the 

Köppen-Geiger climate classification. Recently, these climate zones have undergone significant changes due to long-term 

climate variability. Present study assesses the changes in Indian meteorological subdivisions using the observed rainfall, 
and maximum and minimum temperatures in the period of 1951-2020. The 30-year moving climatological mean is 

updated every decade revealing that there have been major changes in the Arid Steppe-hot and Temperate climate in the 

historical periods 1961-1990 and 1991-2020. The area of the Indian homogeneous region depicts a shift to the drier 
climate zone in North West India and North East India from Temperate to Arid steppe hot and Tropical savannah to 

Temperate climate respectively. The change is nearly 7% of the total area of India due to an increasing trend in 

temperature and a decreasing trend in rainfall which controlled by the negative phase of Victoria Mode (VM) decrease in 
moisture transport and divergence over Northern India Indo-Gangetic Plane. This climate zone shift could adversely 

impact the agriculture in the Northern India Agro-Climatic Zone in the future. Overall, this study enhances the knowledge 

about climate zone change and therefore the IMD forecasting system. 
 

 

Key words  –  Climate change, Climate zone, Meteorological subdivision, Homogeneous region. 

 

 

1. Introduction 

 

Climate change has emerged as one of the most 

pressing global challenges of the 21st century. 

Characterized by a sustained increase in global average 

surface temperatures, this phenomenon is largely driven 

by anthropogenic greenhouse gas (GHG) emissions. Since 

the mid-20th century, the Earth has warmed at an 
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unprecedented rate, with recent decades being the 

warmest in recorded history. According to the 

Intergovernmental Panel on Climate Change (IPCC), 

global surface temperature has increased by 

approximately 1.1 °C above pre-industrial levels by                  

the end of the 20th century, with cascading effects on 

regional climates, hydrological cycles, ecosystems,                  

and human systems. Beyond global averages, the               

impacts of climate change manifest distinctly at                

regional and local scales (Folland et al., 2001, Zhang et 

al., 2007, Rubel and Kottek 1884, 4. Mahlstein et al., 

2013). One of the more nuanced consequences of                  

long-term climate change is the modulation of climate 

zones (Loarie et al., 2009, Sandel et al., 2011, Williams et 

al., 2007), which are typically defined based on 

temperature and precipitation regimes. Changes in these 

zones can alter the ecological and agricultural landscape, 

redefine biogeographical boundaries, and affect human 

livelihoods and infrastructure planning. As a result, 

understanding spatial and temporal shifts in climatic zones 

is essential for both climate science and policy 

formulation. 

 

Among the various climate classification systems, 

the Köppen–Geiger classification (Koppen 1936) remains 

the most widely adopted. Developed on the basis of 

empirical thresholds of temperature and precipitation, it 

divides the globe into five major climate types, further 

subdivided into 30 sub-types. These classifications serve 

as a proxy for understanding climatic conditions and their 

relation to vegetation types, hydrological behavior, and 

ecosystem functioning (Feng et al., 2012). Recent studies 

have highlighted that these climate zones are not static; 

rather, they are dynamically responding to ongoing 

climatic variability and change specially based on 

temperature and rainfall changes (Folland et al., 2001, 

New et al., 2001, Alkama 2014). 

 

In a recent book (Krishnan et al., 2020), it was 

shown that India has experienced an average temperature 

increase of approximately 0.7 °C in the past 120 years due 

to greenhouse gas-induced warming, anthropogenic 

aerosols, & other factors. It also displayed that the 

temperature of the warmest day of the year has risen by 

approximately 0.63 °C. This indicates that the peak 

temperature recorded annually, likely during the summer 

months, has increased over this period. The temperature of 

the coldest night of the year has risen by about 0.4 °C. 

This suggests that even during the coldest periods of the 

year, typically during winter nights, temperatures have 

shown an upward trend. Further, this book discusses that 

the RCP8.5 projection underscores the potential 

intensification of heat wave events in India under a high 

emissions scenario, highlighting the importance of climate 

mitigation and adaptation measures to reduce the impacts 

of extreme heat on human health, agriculture, and 

ecosystems. 

 

In the current study, we investigate historical records 

of shifts in climate zone modulation across Indian 

meteorological subdivisions, aiming to uncover the 

underlying drivers and patterns that have shaped India's 

climate landscape. By examining a wealth of historical 

data, including meteorological observations, proxy 

records, and historical accounts, we seek to unravel the 

complex behaviour of climate variability within the Indian 

subcontinent. Our exploration begins by examining the 

climatic zones defined by the India Meteorological 

Department (IMD), which divides the country into several 

subdivisions based on distinct meteorological 

characteristics. 

 

Recent evidence suggests that India's climatic 

regions have undergone significant transitions in response 

to long-term climate variability. The "Assessment of 

Climate Change over the Indian Region" (MoES, 2020) 

reports that India’s average temperature has increased by 

approximately 0.7 °C over the last 120 years. Notably, the 

maximum temperatures during summer months and 

minimum temperatures during winter nights have both 

shown a consistent upward trend. Rainfall trends, on the 

other hand, exhibit strong spatial heterogeneity. While 

regions such as the Western Ghats and Northeast India 

have seen declines in monsoonal precipitation, some 

coastal and northwestern regions have experienced modest 

increases. Several studies (Kumar et al., 2010, Sankaran et 

al., 2021) analysed these trends using long-term 

observational datasets. For instance, a century-scale 

analysis of rainfall by the India Meteorological 

Department (IMD) revealed increasing trends over 

Northwest India and the Peninsular region, and decreasing 

trends over Central India. Moreover, machine learning 

techniques applied to IMD’s gridded rainfall datasets have 

recently identified significant negative trends in seasonal 

and annual rainfall across multiple meteorological 

subdivisions, including Chhattisgarh, Vidarbha, and parts 

of Northeast India. 

 

Many previous studies have identified global climate 

classes and mapped them onto the Indian map. Peel et al., 

2007 redraw the Köppen-Geiger world map using global 

long-term monthly precipitation and temperature station 

data. The Köppen-Geiger climate classification system is 

one of the most widely used methods to classify climates. 

It categorizes climates into five main classes based on 

temperature and precipitation patterns, which are further 

divided into 30 subtypes. These classifications are based 

on empirical data such as average monthly temperatures 

and precipitation totals. Further, Kriticos et al., 2012 

produced the Köppen-Geiger world map by using high-
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TABLE 1 

 

Different Climate Classes description and criterion 

 

Climate Class Description Criterion 

Tropical (A) 

 Not Arid & Tcold ≥ 18 

Monsoon (m) 
Not Pdry ≥ 60 &  

Pdry ≥ 100 – MAP/25 

Savannah (w) 
Not Pdry ≥ 60 &  

Pdry < 100 – MAP/25 

Arid (B) 

 MAP<10xPthreshold 

Desert hot (Wh) MAP<5xPthreshold, MAT≥18 

Steppe hot (Sh) MAP≥5xPthreshold, MAT≥18 

Dessert Cold (Wk) MAP<5xPthreshold, MAT<18 

Temperate (C) 

 
Not Arid & Thot>10 &  

0 < Tcold<18 

Dry Winter (w)  Pwdry< Pswet/10,  

Hot Summer (a) Thot ≥ 22 

Cold (D) 

 Thot>10 & Tcold ≤ 0 

Dry summer (s) Psdry<40 & Psdry<Pwwet/3 

Warm summer (b) Not Thot ≥ 22 & Tmon10≥4 

Both Cold climate regions (BWk and Dsb) are considered as Cold Mountain here 

 

 

resolution temperature and rainfall data. Beck et al., 2018 

draw global Köppen-Geiger climate classification maps at 

1-km resolution. Raju et al., 2013 studied a district- level 

climate classification in India using the Moisture Index for 

the period 1971-2005 and displayed the climate classes 

based on the Moisture Index. 

 

It is clear from previous studies that India, like many 

other regions globally, is experiencing changes in 

temperature and rainfall patterns due to climate change. In 

response to these trends, adaptation strategies including 

water management, agricultural practices, urban planning, 

and disaster preparedness are crucial to mitigate the 

adverse effects of climate change on India's society and 

economy (Kothyari and Singh 1996, Singh et al., 2020). It 

is well-evident from past studies that a Global climate 

shift occurred during 1976/77 period and some researchers 

have proved that the climate shift affected the pattern of 

Indian Summer Monsoon (Miller et al., 1994, Sahana et 

al., 2015). In this changing rainfall and temperature 

scenario, a persistent pattern of rainfall shifts is observed; 

for example, India might have experienced a shift in 

climate class over the past few decades. Despite these 

findings, the relationship between the climate class shift 

and global teleconnections needs to be clearly understood. 

While those examine climate zone transitions without 

explicit dynamical attribution or connection to global 

teleconnection, neither addresses the role of climate 

variability in long-term climate reorganization. The 

present study focuses on this gap area. This study provides 

a process-based framework linking climate zone shifts to 

the oceanic modes and examines the responsible 

mechanism for it. By integrating long-term observations 

(1951–2020), Köppen–Geiger classification, and 

dynamical diagnostics, this work establishes a direct 

connection between large-scale climate variability, 

physical mechanisms, and agro-climatic impacts. 

 

From the Himalayan foothills in the north to the 

coastal plains in the south, each subdivision presents a 

unique climatic profile, influenced by factors such as 

latitude, altitude, proximity to the ocean, and the seasonal 

migration of weather systems. In this study, we investigate 

the historical archives, tracing back centuries to uncover 

evidence of climate variability and modulation within 

these subdivisions. Furthermore, this study examines the 

role of natural climate drivers and the Indian Summer 

Monsoon in shaping India's climate zones over time. By 

understanding the interactions between these large-scale 

climate phenomena and regional climatic dynamics, we 

gain valuable insights into the mechanisms driving climate 

variability within Indian territories. 

 

2. Data and methodology 

 

2.1. Climate data 

 

In this study, we used IMD gridded rainfall and 

maximum and minimum temperatures for 1951-2020. The 

whole historical period from 1951-2020 of moving annual
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Fig. 1. Koppen-Griger classification of India subdivision 

 

 

climatological mean 30-years updated every decade, in 

this way 5 climatological epochs a) Epoch1 (1951-1980), 

b) Epoch2 (1961-1990), c) Epoch3 (1971-2000), d) 

Epoch4 (1981-2010) and e) Epoch5 (1991-2020) are 

analysed thoroughly. The gridded rainfall data is 

0.25ox0.25o resolution (Pai et al., 2014) and the 

temperature data is 1ox1o resolution (Srivastava et al., 

2009). In this study to compute the classification criterion 

the temperature data is re-gridded to same as rainfall 

0.25ox0.25o resolution. According to Peel et al., 2007           

The Köppen-Geiger different climate classes description 

and criteria are described in Table 1. Further, to 

understand the oceanic teleconnection between the change 

in climate class and Indo-Pacific the monthly 1ºx1º SST 

dataset used the Ocean Centennial in Situ Observation-

Based Estimates of the Variability of SST and          

Marine Meteorological Variables (Hirahara et al., 2014) 

(COBE 2 SST). 

 

2.2. Methods 

 

We follow the Köppen–Geiger climate classification 

as described in Peel et al., 2007 which was also used by 

Kriticos et al., 2012 (Table 1). This classification is 

identical to that presented by Köppen in 1936 with three 

differences. First, temperate climate is distinguished using
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Fig. 2. Bar diagram of six climate zones in percentage (%) area over India 

 

 

a 0 °C threshold instead of a 3 °C threshold. Second, the 

arid sub-climates desert and steppe were identified 

depending on whether 70% of precipitation occurred in 

summer or winter. Note that the tropical, temperate and 

cold climates are mutually exclusive but may intersect 

with the arid (B) class. To account for this, Arid climate 

was given precedence over the other classes. For each 

epoch yearly and monthly mean temperature and rainfall 

were calculated for 30 years from maximum and 

minimum temperature and rainfall. Further trend analysis 

for rainfall, maximum and minimum temperature 

computed for all climatological epochs. The statistical 

significance of the estimated trends was calculated using 

the Student’s t-test at the 95% confidence level. 

 

3. Results and discussion 
 

3.1. Climate classification of India 
 

The different climate classes description and their 

criterion are described in Table 1 according to Peel et al., 

2007 and Beck et al., 2018. India spans main four climate 

classes with a total of seven climate sub-classes as follows 

Tropical Monsoon (Am), Tropical Savannah (Aw), Arid 

Desert Hot (BWh), Arid Steppe Hot (BSh), Temperate 

Dry Winter Hot summer (CWa), Arid Steppe Cold (BSk) 

and Cold Dry Summer Warm Summer (Dsb). Here both 

cold climate regions (BWk and Dsb) are considered as 

Cold Mountain.  

 
𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 2 × 𝑀𝐴𝑇 𝑖𝑓 𝑎𝑡𝑙𝑒𝑎𝑠𝑡 70% 𝐴𝑛𝑛𝑢𝑎𝑙  

𝑃𝑟𝑒𝑐𝑖𝑝 𝑖𝑛 𝑤𝑖𝑛𝑡𝑒𝑟   
 

  2 × 𝑀𝐴𝑇28 𝑖𝑓 𝑎𝑡𝑙𝑒𝑎𝑠𝑡 70% 𝐴𝑛𝑛𝑢𝑎𝑙  
𝑃𝑟𝑒𝑐𝑖𝑝 𝑖𝑛 𝑆𝑢𝑚𝑚𝑒𝑟 

 

                  2 × 𝑀𝐴𝑇 + 14  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

 

MAP = Mean Annual Precipitation, MAT = Mean Annual 

Temperature, Thot = the air temperature of the warmest 

month (℃), Tcold = the air temperature of coldest month 

(℃), Pdry = precipitation in the driest month (mm/month), 

Pwdry = Precipitation in the driest month in winter 
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Figs. 3(a-o). The spatial patterns of the linear trend in (a-e) Tmax, (f-j) Tmin and (k-o) rainfall during epoch-1 - 5. The stippling indicates the 

regions with statistically significant at 95% confidence level 

 
 

 

 

(mm/month), Pswet = precipitation in the wettest month in 

summer (mm/month). Psdry = precipitation of the driest 

month in summer, Pwwet = precipitation of the wettest 

month in winter. Tmon10 = number of months where the 

temperature is above 10. 

 

Fig. 1 shows the climate classification of India in 

five climatological epochs from 1951-2020. The six 

climatological zones span the meteorological subdivisions 

of India. Interestingly the Arid desert zone has             

increased at epoch3 (1971-2000) for the Gujrat 

subdivision. Arid Steppe-hot zone has increased 

progressively for northern India subdivisions from  

epoch1 to epoch5.  This climate zone has increased from 

West UP to East UP from Epoch1 to Epoch5. It is             

noticed that there are major changes on the Arid and 

Semi-Arid climate zones in the historical periods                

1961-1990 and 1991-2020. The western Saurashtra and 

Kutch sub-division is changed from Arid region to Semi-

Arid region in the recent climate period. Apart from it 

during current climate period (1991-2020) the eastward 

extension of Arid Steppe Hot zone extended till East Uttar 

Pradesh which was till West Uttar Pradesh in past period 

(1961-1990). In 1991-2020 west Vidarbha and 

Marathawada subdivision are in Semi-Arid climate zone 

however during 1961-1990 it was mostly in Tropical 

Savannah zone. There is a progression in the                  

Tropical Monsoon zones over the sub-divisions Konkan  

& Goa, Coastal Karnataka and Kerala & Mahe from 

previous to recent period. The change in Arid and Semi-

Arid zone is mainly due to the variation in maximum 

temperature and minimum temperature. Another 

noticeable shift in climate zones observed from Tropical 

Savannah to Temperate in Gangetic West Bengal 

subdivision during 1991-2020. 

 

3.2. Relation with temperature and rainfall 

 

To understand the exact area under each climate 

classes the percentage of area under each climate zone has 

over India. The bar diagram of Fig. 2 describes the six 

climate zones area percentage over India. From the bar 

diagram Fig. 2, both Arid regions are increased for 

Epoch3 (1971-2000).  
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Fig. 4. Climatology maximum and minimum temperature and rainfall difference for each climatological epoch from its previous epoch 

 

 

 
To better comprehend the changes in area percentage 

here four Indian homogeneous regions are calculated 

separately (Table 2). From Table 2 climate zones in 

percentage over North West homogeneous region display 

a clear increase of Arid Steppe Hot region and decrease in 

temperate region by nearly 7% from the earlier epoch to 

the recent epoch. Central India homogeneous region 

shows 2% increase in Tropical monsoon from the past to 

recent epoch (Table 2).  North East homogeneous region 

converted from Tropical Savannah to Temperate climate 

class in recent climate epoch which indicates the 

increasing of highest air temperature over this region. 

However, Peninsular India homogeneous region transform 

to Arid Steppe Hot to Tropical Savannah ~15% which 

indicate the increase in Annual Rainfall or it’s trend. 

 

Further, trend analysis in Fig. 3 of maximum and 

minimum temperature and rainfall for each epoch support 

reflects the reason of typical growth and reduction of 

dryness for northern and southern India respectively. The 

maximum and minimum temperature has an increasing 

trend from epoch1 to epoch5 likewise Rainfall has a 

decreasing trend for northern India. 

To understand the epochal modulation of 

temperature & rainfall than its previous one climatological 

difference   for   each   epoch   from   its   previous   epoch 

calculated (Fig. 4). The Fig. 4 describes the gradual 

increase in maximum and minimum temperature from 

epoch 1 to epoch5 in contrast the rainfall shows the 

reduction in northern India but intensified for the southern 

India. In general, the changes over the climatic zone 

modulation for northern part of India is more alarming 

than the southern one as the northern part where the arid 

region has increased (west UP and east UP subdivision) is 

agriculturally active region for India. 

 

3.3. Teleconnection with the North Pacific Ocean 

 

Previous study suggests that knowing the phase of 

different oceanic variability of Indo-Pacific Ocean may 

lead to better long-term prediction of the seasonal 

monsoon rainfall (Krishnamurthy and Krishnamurthy 

2014, Watanabe and Yamazaki 2014, Chowdary et al., 

2023, Kawamura et al., 2005, Zhang et al., 1997). In our 

study to understand the dryness of Northern India (NI) 

subdivisions regressed SST on the region rainfall. Fig. 5a  
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Figs.5(a-c). a) The yearly rainfall time series (in black) for Northern India Agro-Climatic Zone (West UP, East UP, Bihar, Gangetic West 

Bengal subdivisions) and The yearly SST anomaly time series (in red) for North Pacific for recent two climate epochs 1981-2020, 
b) Regressed SST on Nothern India subdivision Rainfall and c) regressed vertically integrated (1000–300-hPa) moisture flux 

(shaded; mm/day) and vertically integrated moisture transport (vectors; kg/m/s) anomalies and the streamlines (in green contour) 

on second mode of North Pacific (PC2) SST anomaly 
 

 

 

 

is the yearly rainfall time series from 1981 - 2020 for 

West UP, East UP, Bihar, and Gangetic West Bengal 

subdivisions where the pick of dryness in climate zone 

obseved. To better understand the reason behind the 

rainfall deficit over NI, Indo-Pacific SST anomaly 

regressed on NI rainfall. This indicated the SST anomaly 

pattern as negative phase of Victoria mode (VM) which is 

the second mode of north pacific EOF analysis (19%, 

PC2) shown in Fig. 5b. It has been proved that the 

enhanced VM variability in recent decades which 

surpasses the PDO’s variability in recent decades, 

signifying a notable shift (Zhang et al., 2024a). Recent 

study shows that A positive phase of the VM is linked to 

reduced rainfall, which can result in a later arrival of the 

ISM (Zhang et al., 2024b), impacting the agricultural and 

livelihoods dependent on timely rainfall. Further Zhang et 

al., 2024b showed the excitation of equatorial Rossby 

waves and the establishment of anomalous winds in the 

northern Indian Ocean. So, there is always a 

teleconnection with the VM and ISM rainfall. Further 

establish the relation regression analysis of vertically 

integrated moisture divergence/convergence and moisture 

transport (integrated from 1000 to 300 hPa), on PC2 done 

which revealed the moisture divergence pattern over NI as 

shown in Fig. 5c. It is important to note that weak dipole 

type convergence and divergence moisture transport 

pattern over India regressed on PC2. In addition, the 

regressed streamline analysis on PC2 (Fig 5c (green 

contour line)) show an anomalous anti-cyclonic pattern 

over Gangetic West Bengal and neighborhood. 
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TABLE 2 

 

Climate zones in percentage (%) area over India’s four homogeneous region 

 

North West homogeneous region 

North West India Arid Dessert Arid Steppe-Hot Temperate Tropical Savannah Tropical Monsoon Cold Mountain  

1951-1980 14.51 25.70 25.84 0.22 - 33.73 

1961-1990 15.00 25.65 24.76 0.37 - 34.22 

1971-2000 15.78 27.77 21.79 0.37 - 34.29 

1981-2010 15.63 31.16 19.04 0.44 - 33.73 

1991-2020 14.43 33.11 18.70 0.29 - 33.46 

Central India homogeneous region 

Central India Arid Dessert Arid Steppe-Hot Temperate Tropical Savannah Tropical Monsoon Cold Mountain  

1951-1980 0.33 21.94 23.49 52.25 1.98 - 

1961-1990 2.23 21.03 21.62 52.06 3.06 - 

1971-2000 2.36 25.20 21.42 49.44 1.57 - 

1981-2010 0.19 22.76 20.11 54.48 2.45 - 

1991-2020 - 18.43 22.23 55.94 3.40 - 

North East India homogeneous region 

North East India Arid Dessert Arid Steppe-Hot Temperate Tropical Savannah Tropical Monsoon Cold Mountain  

1951-1980 - 0.59 74.79 18.37 - 1.64 

1961-1990 - - 76.38 16.89 0.15 1.94 

1971-2000 - - 77.94 15.19 0.46 1.79 

1981-2010 - - 79.75 14.43 - 1.19 

1991-2020 - - 82.52 11.77 - 1.05 

Peninsular India homogeneous region 

Peninsular India Arid Dessert Arid Steppe-Hot Temperate Tropical Savannah Tropical Monsoon Cold Mountain  

1951-1980 - 30.27 0.12 61.61 7.52 0.48 

1961-1990 - 26.60 0.12 67.58 5.45 0.24 

1971-2000 - 26.19 - 67.26 6.43 0.12 

1981-2010 - 21.93 - 70.06 7.89 0.12 

1991-2020 - 16.39 - 75.73 7.76 0.12 

 
 

 

3.4. Discussions 

 

The epochal modulation of the surface extent of 

Indian climate zones, as defined by the Köppen–Geiger 

criteria, is analyzed in this study for the period from 1951 

to 2020 using IMD gridded temperature and rainfall data. 

Two significant findings came out of this analysis:  

 

(1) Over the historical period 1951–2020, the major 

change in climate zone is the shift to the drier region i.e,. 

Temperate to Arid steppe, hot and Tropical Savannah to 

Temperate hot summer for the North West and North East 

homogeneous region, respectively (Fig. 1). The 

percentage area transformed to the drier region is nearly 

7% in both homogeneous regions (Table 2). This  

modulation is mainly associated with the increasing trend 

in temperature and decreasing trend in rainfall (Fig. 3). 

For the Peninsular India homogeneous region, the climate 

zones shift towards the wetter zone, from Arid steppe hot 

to Tropical savannah by 15% (Table 2) due to a mainly 

increasing trend of rainfall (Fig. 3) in recent epochs              

(Fig 4). 
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(2) Finally, the climate classes shift to the drier climate 

zone in the Northern India Agro-Climatic Zone, which 

may affect paddy cultivation in the future. So, in terms of 

the cropping pattern agriculture calendar, the change is 

very important, and it needs to be monitored closely. Now 

it is vital to analyze how climate variability could lead to 

this dryness across meteorological subdivisions. Previous 

studies have already established the relation between the 

Indian Summer Monsoon and Indo-Pacific SST variability 

observed in the sea surface temperature (SST) of the 

North Pacific Ocean (Krishnamurthy and Krishnamurthy 

2014, Watanabe and Yamazaki 2014, Chowdary et al., 

2023, Kawamura et al., 2005). In recent papers (Zhang et 

al., 2024a, Zhang et al., 2024b) the positive phase of the 

Victoria Mode can delay the Indian Summer Monsoon 

onset by both tropical and extratropical pathways. A 

recent study shows that a positive phase of the VM is 

linked to reduced rainfall, which can result in a later 

arrival of the ISM (Zhang et al., 2024b), impacting the 

agricultural calendar and livelihoods dependent on timely 

rainfall. Further this study showed the excitation of 

equatorial Rossby waves and the establishment of 

anomalous winds in the northern Indian Ocean. It has 

been shown that the enhanced VM variability in recent 

decades surpasses the PDO’s variability, signifying a 

notable shift. In this study, for a better understanding of 

the reason behind the rainfall deficit over NI (West UP, 

East UP, Bihar, Gangetic West Bengal subdivisions), 

Indo-Pacific SST anomaly was regressed on NI rainfall. 

This indicated the SST anomaly pattern as the negative 

phase of the Victoria mode (VM), which is the second 

mode of the North Pacific EOF analysis (19%, PC2), 

shown in Fig. 5b. Further regression analysis of vertically 

integrated moisture divergence/ convergence and moisture 

transport (integrated from 1000 to 300 hPa) on PC2 was 

performed, revealing a moisture divergence pattern over 

NI (Fig. 5c). The main factor responsible for the 

suppression of rainfall over NI subdivisions is moisture 

divergence driven by the negative phase of VM. Overall, 

this study reveals that the negative phase of VM is the 

leading cause of shifting to the drier climate class in the 

northern India Agro-Climatic zone. The current shrinking 

and expected disappearance of the Tropical savannah and 

temperate climate zone will cause numerous problems 

related to food safety and local population displacement. 

This is something that must be taken into account in future 

socioeconomic development plans for the country. 

 

The present study differs from Transition in Köppen 

Climate Zones and Its Impacts on Hydroclimatic Extremes 

Across India and Regional Drought Modulation by ENSO 

and IOD as Indicated by the Standardized Precipitation 

Index in both scope and methodology. While the former 

examines climate zone transitions without explicit 

dynamical attribution, and the latter focuses on drought 

variability driven by El Niño–Southern Oscillation and 

Indian Ocean Dipole, neither addresses the role of              

North Pacific variability in long-term climate 

reorganization. In contrast, this study provides a            

process-based framework linking climate zone shifts to 

the Victoria Mode, highlighting its emerging dominance 

over the Pacific Decadal Oscillation. By integrating long-

term observations (1951–2020), Köppen–Geiger 

classification, and dynamical diagnostics, this work 

establishes a direct connection between large-scale 

climate variability, physical mechanisms, and agro-

climatic impacts. 

 

Overall, the results suggest that the increasing 

influence of the negative phase of the Victoria Mode plays 

a pivotal role in modulating rainfall variability and driving 

the expansion of drier climate classes over Northern India. 

The continued contraction of tropical savannah and 

temperate climate zones poses serious risks to food 

security, water resources, and regional livelihoods. These 

findings underscore the importance of incorporating large-

scale climate variability into long-term agricultural 

planning and climate adaptation strategies in India. 
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