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Abstract

An investigation has been conducted on Diurnal Temperature Range (DTR)
variations throughout Pakistan during spring (MAM) and autumn (SON)
from 1980 to 2016 while exploring their relationship with Indian Ocean Sea
Surface Temperature (SST) anomalies. Analysis of seasonal DTR patterns
along with their atmospheric-oceanic drivers required the combination of tem-
perature data (CRU TS4.08) with cloud cover (ERA5), SST anomalies (ERSST
v5), and upper-level wind fields (NCEP/NCAR) through anomaly detection
and Empirical Orthogonal Function (EOF) analysis and regression techniques.
Research data indicates that southern Pakistan experiences higher DTR values
than the northern regions primarily because of geographical features and at-
mospheric cover. The first EOF mode demonstrates its ability to account for
45.5% of the spring DTR dataset and 40.6% of autumn DTR values. Spring ex-
cessive SST's registered in the western Arabian Sea produced an anti-correlated
effect on daily temperature range by approximately —-0.035 which reduced DTR
by -1.2°C for every °C rise in SST. The relationship between SST and DTR
displayed weak but noticeable associations during autumn in 2010 and 2015
with r = 0.011. The relationship between cloud cover and daily temperature
range is clear in spring where the correlation reaches -0.72 and in autumn it
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shows moderate influence at -0.14. Indian Ocean SST anomalies play a sub-
stantial role in controlling Pakistan’s seasonal thermal patterns through tran-
sitional periods thus providing essential knowledge for future climate predic-
tions and sectoral operational planning.
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1. Introduction

The Diurnal Temperature Range (DTR) represents the numerical difference be-
tween Tax and Tmin temperatures which provides key information about surface
energy management along with atmospheric conditions and land-alteration con-
nections (Zhou et al., 2009a; Liu et al., 2016). In the context of climate variability
and environmental change, DTR serves as a sensitive indicator of physical pro-
cesses such as cloud dynamics, soil moisture fluxes, greenhouse gas concentra-
tions, aerosol levels, and land-use transformations (Braganza et al., 2004; Lim et
al., 2012; Xue et al., 2019). DTR variations have immediate impacts on the agri-
cultural sector together with hydrological systems and ecosystem productivity and
human wellness (Na et al., 2022; Yang et al., 2013).

The Diurnal Temperature Range in Pakistan presents significant temporal and
spatial variations because of the country’s different climatic regions extending
from northern highlands with snow over extensive territories until the arid re-
gions in the southern lowlands (Na et al., 2022; Zhai et al., 2022; Wang & Clow,
2020). The past decades have shown decreasing DTR patterns in South Asian re-
gions due to faster Tma growth compared to Tmin Which led to reduced daytime
temperature spans (Khan et al., 2019b; Vose et al., 2005).

The Pakistani territories demonstrate decreased DTR in their rural and urban
zones as urban development grows while irrigation mechanics and deforestation
progress (Sajjad et al., 2022; Nawaz et al., 2020; Zhang et al., 2009). The regional
processes in Punjab and Sindh areas enhance Toi, elevation combined with T
reduction because of heavy agricultural development in these regions. The com-
bination of land management methods with atmospheric feedback loops strength-
ens local and regional elements that affect DTR modification.

Analysts have dedicated research to exploring Daytime Temperature Range
changes significantly in winter (DJF) with summer monsoon (JJA), but there is min-
imal investigation into the seasonal changes in spring (MAM) and autumn (SON)
which manage vital surface and atmospheric operations. The rising solar insolation
along with early convective activity strongly affects temperature extremes through-
out central and northern Pakistan in MAM. SON is characterized by monsoon with-

drawal and decreasing clouds together with strengthened radiative cooling that oc-
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curs primarily in the southern regions (Cao et al., 2022; Haider et al., 2014).

Researchers now acknowledge how Sea Surface Temperature (SST) anomalies
in the Indian Ocean contribute to influencing regional temperature patterns. The
Arabian Sea and western Indian Ocean SST anomalies shape atmospheric mois-
ture availability as well as cloud formation and upper-level circulation patterns
across Pakistan according to Shenoi et al. (2009), Ionita et al. (2012) and Hussain
et al. (2023). The process of evaporation intensifies and cloud formation happens
more frequently when Sea Surface Temperatures are warmer which leads to
higher nighttime temperatures and less daytime heating. The interaction between
these atmospheric phenomena leads to decreased DTR mostly during times of SST
anomaly patterns like 1997-98 and 2010 according to Ullah et al. (2019) and Ba-
baousmail et al. (2023).

A compounding effect occurs between SST anomalies alongside land-surface
processes which especially affects DTR behavior in monsoon agricultural regions.
The excessive irrigation along with surface wetting in southern Punjab and Sindh
makes latent heat flux stronger which enhances humidity and cloud formation
according to Shelton et al. (2022) and Hussain et al. (2023). The northern moun-
tain areas experience clear atmospheric conditions as well as snow accumulations
together with their high elevation creating conditions that strongly affect DTR
responses to changes in upper-atmospheric circulation patterns (Haider et al.,
2014; Nawaz et al., 2020).

The connection between changes in DTR extends to public health results as well
as hydrological effects. Research has shown that extensive day-night temperature
differences in DTR corresponds to greater health risks in rural residents inhabit-
ing elevated regions (Zhai et al., 2022). The water supply together with agricultural
productivity in water-stressed provinces including Baluchistan is affected by mod-
ifications to DTR because these changes impact moisture in the soil as well as

evapotranspiration and glacier melt rates (Nawaz et al., 2019; Zhou et al., 2010).

2. Study Area and Methodology
2.1. Study Area

The research examines Diurnal Temperature Range (DTR) variability patterns
across Pakistan during spring March-May (MAM) and autumn September-No-
vember (SON) seasons from 1980 up to 2016. Pakistan extends from 23.75°N to
37.25°N and from 60.75°E to 76.75°E covering regions that transition from moist
mountainous northern terrain to dry plains alongside maritime coastal areas in
the southern sections and southwestern parts. The diversity of Pakistan’s geogra-
phy creates an excellent context to investigate DTR variations that happen during
spring and autumn while understanding their connections to seasonal patterns
and oceanic changes.

March-May temperatures in northern and central Pakistan lead to increasing
solar radiation and rising surface temperatures with initial convective activity

emerging throughout the period. Southern Pakistan warms up during the pre-
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monsoon season because of accumulating moisture and increased latent heat pro-
cesses. The southern and western areas of Pakistan experience clear skies through-
out SON (September-November) that results in intensified radiative cooling be-
cause of reducing post-monsoonal humidity. The climatic sensitivity together
with land-atmosphere energy balance and ocean-atmosphere coupling through
DTR variability requires analysis during MAM and SON because of seasonal ef-
fects which include spring radiation rise and autumn nighttime cooling.

Figure 1 shows Pakistan experiences varying daytime to nighttime temperature
differences according to spatial location. Favorable conditions of clear skies along
with low humidity led to higher DTR readings within the southern and central
regions of Pakistan which reach their peaks in Sindh Province along with southern
Punjab Province and eastern Baluchistan. The regions characterized by lower
DTR levels exist in the northern highlands because snowfall layers together with
mountaintop elevations limit daytime temperature increases while maintaining

nighttime chill by increasing thermal storage.

DTR Climatology (1980-2016)
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Figure 1. Climatological average of Diurnal Temperature Range (DTR) in Pakistan (1980-
2016), showing higher values in the southern and central regions and lower values in the
northern highlands. This map also represents the spatial extent of the study area analyzed
in this research.

Temperature changes in MAM and SON result mainly from pre-monsoonal

heating followed by post-monsoon radiative cooling across the regions.

2.2. Data Sources and Processing

The main data sources and methods applied in this study appear in Table 1. The

DOI: 10.4236/gep.2025.135014

203 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135014

A. Farooq et al.

research drew its key climate variables from established worldwide datasets
through the 1980-2016 period and included DTR alongside cloud cover and SST
anomalies and upper-tropospheric winds which had spatial resolutions between
0.25° and 2.5°. The CRU TS4.08 dataset analyzed daily Tnax and Trin data to com-
pute DTR anomalies alongside high-resolution cloud fraction measurements
from ERAS reanalysis data. Analysis of Indian Ocean oceanic variability and at-
mospheric circulation patterns used SST anomalies from NOAA ERSST v5 along-
side zonal wind data from NCEP/NCAR reanalysis. The analysis involved remov-
ing outliers through HOMER v2.6 while applying quantile mapping for bias cor-
rection and confirming data accuracy by comparing results to station records

from Pakistani cities.

Table 1. Summary of datasets and methods used in the study.

Variable Description Resolution  Period Source

Diurnal Daily Tmax and Tmin used to s .
. 0.5°x0.5° 1980-2016 CRU TS4.08
Temperature Range compute DTR anomalies

Cloud fraction data used to ) N ERA5
Total Cloud Cover Lo 0.25° x 0.25° 1980-2016 .
assess radiative influence Reanalysis
Indian Ocean SST
Sea Surface . . A 3 NOAA
anomalies used in 2°x2 1980-2016
Temperature (SST) . . ERSST v5
correlation analysis
Upper-Tropospheric Zonal wind data to evaluate . NCEP/NCAR
: , , _ ~2.5 1980-2016 :
Wind (UV200) circulation dynamics Reanalysis

2.3. Methodology

A period analysis of Diurnal Temperature Range (DTR) changes occurred
throughout Pakistan during spring (MAM) and autumn (SON) transitional sea-
sons between 1980 and 2016. The study used CRU TS4.08 dataset at 0.5° x 0.5°
spatial resolution to obtain gridded temperature data for T and T (Harris et
al., 2020). The study obtained Indian Ocean sea surface temperature (SST) anom-
alies through retrieval from NOAA ERSST.v5 (Liu et al., 2021). Total cloud cover
data were obtained through the ERA5 reanalysis at 0.25° x 0.25° resolution (Hers-
bach et al., 2020) while upper-tropospheric zonal winds (200 hPa) originated from
NCEP/NCAR reanalysis (Kalnay et al., 1996).

Data quality assurance involved removing all observations beyond +30 from all
datasets before inspecting them visually. An observational validation process took
place using surface station data monitored in Lahore, Multan, Peshawar, and
Quetta which followed the methods described in Haider et al. (2021) and Hussain
et al. (2021). The HOMER v2.6 software performed dataset homogenization fol-
lowed by quantile mapping for gridded dataset correction against observed station
values according to Sajjad et al. (2022) and Zhou et al. (2010).

DTR Anomaly Calculation

To capture deviations from the seasonal climatological baseline, DTR anoma-

lies were calculated using:
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DTR]

i,jst

=DTR, ,, -DTR,, (1)

where DTR, ;, isthe DTRatgrid point i,/ andyeart,and DTR;; is thecli-
matological mean for the 1981-2010 base period.

t

This equation helps identify interannual anomalies in the DTR field during
MAM and SON.
Seasonal Mean DTR

Seasonal means were calculated to evaluate spatiotemporal trends as follows:

1 N
DTRseason = NZDTRf (2)

t=1

where Nrepresents the number of years in the dataset for each transitional season.
This allowed for comparisons of seasonal means across decades.

Empirical Orthogonal Function (EOF) Analysis

To detect dominant spatial modes and their associated temporal behavior, EOF

analysis was applied to DTR anomalies using:
K
X (i,t)=Y_PC, (t).EOF, (i) (3)
k=1

Here, EOF, (1) are the spatial patterns (eigenvectors), and PC, (t) are the
corresponding time series (principal components). This method revealed that:
EOF-1 primarily reflects variability over the southern and central plains, closely
linked to irrigation and cloud cover (Ionita et al., 2012; Sajjad et al., 2022).

Regression Analysis

To quantify the influence of SST anomalies and upper-tropospheric dynamics

on DTR, linear regression models were used:

DTR, = o.+B-SST, +¢, (4a)

and

DTR, = 0.+ P, -SST, +2- UV, p, & (4b)

200hPa,t“¢t

Where a is the intercept, B, 1, B2 are regression coefficients, ¢, is the residual
error, SST, represents Indian Ocean SST anomalies, and UV,,,,, denotes
the zonal wind at 200 hPa.

These models allow the decomposition of thermodynamic and dynamic forcing
mechanisms acting on DTR across both transitional seasons (Haider et al., 2014;
Cao et al., 2022).

Correlation Analysis

The strength of association between DTR anomalies and climate drivers (e.g.,
SST, cloud cover) was measured using Pearson correlation:

o ¥(DTR, -DTR)(X, - X) )
\/Z(DTR, ~DTR) -%(X, - X

The computed coefficient determines the linear relationship between variables
which include SST anomalies with regional DTR variations (Zhai et al., 2022; Shel-
ton et al., 2022).
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This framework consists of EOF analysis together with regression statistics and
correlations and seasonal averaging to provide an all-encompassing evaluation of
DTR seasonal patterns in Pakistan’s MAM and SON periods and identify their
relations with Indian Ocean Sea surface temperature anomalies and atmospheric

dynamics.

3. Results and Discussion
3.1. Seasonal DTR Patterns: Spatial and Temporal Insights

3.1.1. Spring (MAM)

The spatial pattern of DTR in Pakistan during the spring months (MAM) from
1980 to 2016 is depicted in Figure 2. The southern Punjab and Sindh together
with eastern Baluchistan hold the highest DTR values that surpass 17.5°C. The
combination of clear skies and low water content and minimal cloud cover at these
locations craves high daytime temperature boosts leading to strong DTR readings.
Regionally specific snowfall distribution and higher elevations lead to clear DTR

value minimization across the northern highland’s areas of Pakistan.

DTR (MAM)
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10.50

9.45

8.40

62.5°E 65°E 67.5°E 70°E 72.5°E 75°E 77.5°E

Figure 2. Climatological distribution of Diurnal Temperature Range (DTR) across Paki-
stan during spring (MAM) from 1980 to 2016. Higher values are observed in southern Pun-
jab, Sindh, and eastern Baluchistan.

The study data supports the conclusions of (Makowski et al., 2008) who showed
that areas in continental interiors with higher spring DTR values experience both
increased solar radiation and drier atmospheric conditions. The analysis of cloud

cover in ERAS5 indicates that reduced MAM cloud fractions permit greater incom-
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ing shortwave radiation to raise daytime temperatures and reduce nighttime lows
according to Cao et al. (2022) and Hussain et al. (2023).

The MAM temporal graphs in Figure 3 reveal a positive anomaly period
throughout the 1980s and alternating positive and negative patterns starting in the
mid-1990s. The data indicates that 2001 along with 2005 displayed powerful pos-
itive anomalies yet the years 2013 and 2015 exhibited sizeable negative variations.

DTR Anomalies - MAM

0.6

0.4

0.2

0.0

DTR Anomaly (°C)

-0.2

—0.4 1

—0.6 4

Figure 3. Annual anomalies of Diurnal Temperature Range (DTR) during spring (MAM) from 1980 to 2016.
Positive anomalies dominate the early 2000s, while negative anomalies are frequent after 2010.

The researchers Haider et al. (2021) and Sajjad et al. (2022) established that
growth in irrigation and urbanization and increased vegetation cover throughout
Punjab areas during recent times is responsible for springtime DTR reductions.
Climatic variables boost nighttime evaporative loss whereas strengthening hu-
midity leads to reduced daily temperature difference between high and low points.
Positive SST anomalies in western Indian Ocean and Arabian Sea regions enhance
nighttime cloud warming and degrade daytime solar exposure thus reducing
MAM DTR ranges according to Shenoi et al. (2009), Liu et al. (2021), and Ionita
et al. (2012).

3.1.2. Autumn (SON)
The autumn season spatial climatology for DTR is shown in Figure 4. The south-
western and western areas of Pakistan extending to southern Baluchistan and
Sindh maintain the highest DTR readings that reach almost 20°C. The region ex-
periences both powerful nighttime cooling in addition to day-long heating be-
cause clear skies combined with summer monsoon departure creates extremely
strong radiative effects. Northern KP and Gilgit-Baltistan areas as well as the
northeast region maintain minimal DTR values.

The increased radiative loss observed during SON matches previous reports by
Haider et al. (2021) and Nawaz et al. (2019) who studied the development of in-
creased radiative effects during this post-monsoon period especially in dry surface

areas. After the monsoon season when the Arabian sea cools down oceanic hu-
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midity transfer becomes less frequent while skies remain clearer (Ullah et al., 2019;
Hussain et al., 2023).

DTR (SON)

20.25
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17.55

16.20

14.85

DTR (°C)
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62.5°E 65°E 67.5°E 70°E 72.5°E 75°E 77.5°E

Figure 4. Climatological distribution of Diurnal Temperature Range (DTR) across Pakistan dur-
ing autumn (SON) from 1980 to 2016. The highest values are found in southern Baluchistan and
parts of Sindh.
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Figure 5. Annual anomalies of Diurnal Temperature Range (DTR) during autumn (SON) from
1980 to 2016. Positive anomalies occur mostly before 1995, while negative anomalies are more
common after 2000.

The time series display for SON DTR anomalies appears in Figure 5. During
the early 1980s as well as the late 1980s there were extended periods where radia-
tive cycles performed strongly according to anomaly results. From the mid-

1990s negative anomalies started appearing frequently and continuing persis-
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tently throughout 2010 until 2015 which corresponded to observed SST-induced
moisture surges as well as urban surface modification.

DTR presents negative trends because positive SST anomalies in the equatorial
Indian Ocean amplify atmospheric moisture alongside cloud cover during SON
thereby reducing longwave night time radiation loss (Ionita et al., 2012; Shelton
et al., 2022). Extreme SST events occurring in 1997-98, 2007, and 2010 seem to
have intensified feedback effects according to Babaousmail et al. (2023) and Cao
et al. (2022).

3.2. Influence of Cloud Cover Patterns on Seasonal DTR Changes in
Pakistan

3.2.1. Spring (MAM)

The mean DTR during spring (MAM) reaches values above 17°C in southern and
central Pakistan through Sindh and southern Punjab and Baluchistan regions ac-
cording to Figure 6. Stations in Turbat (17.17°C) Jacobabad (17.35°C) and Sibbi
(17.47°C) support these findings indicating dry air together with strong solar
heating conditions and limited cloud cover result in enhanced daily temperature
variations in their regions. Northwestern highland stations Gilgit, Abbottabad,
and Islamabad experience substantial decreases in DTR values because they oper-

ate in cloudy conditions and elevated terrain and snowmelt processes occur there.

MAM Mean Diurnal Temperature Range (°C)

o
N
36 19.0

17.5
34°N

32°N
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30°N |
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62.5°E 65°E 67.5°E 70°E 72.5°E 75°E 71.5°E

Figure 6. Spring mean diurnal temperature range (1980-2016).

The Total Cloud Cover measurements during MAM period are displayed in

Figure 7 in a spatial distribution. The analysis reveals excessive cloud cover ex-

DOI: 10.4236/gep.2025.135014

209 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135014

A. Farooq et al.

ceeds 45% over northern Pakistan especially in Gilgit-Baltistan combined with
specific locations in Khyber Pakhtunkhwa territories. TCC anomalies show a neg-
ative inverse correlation with DTR anomalies according to Figure 8 which pre-
sents this relationship during the spring season. The negative Pearson correlation
strength of —0.72 demonstrates that cloud cover plays the leading role in reducing
daily temperature range during MAM. Clouds in the atmosphere absorb daylight
rays during daytime while trapping thermal energy from the Earth during nighttime

thus reducing daily temperature contrasts.

MAM Mean Total Cloud Cover (%)

50

46

)

38

DTR (°C)
w
b

w
o
Cloud Cover (%)

26

22

18

L1l

62.5°E 65°E 67.5°E 70°E 72.5°E 75°E T11.5°E

Figure 7. MAM mean total cloud (%).

The study confirms existing evidence presented by Sajjad et al. (2022) and Shen
et al. (2014) about cloud-radiation mechanisms during seasonal transitions. Both
surface radiation balancing and snow-cloud feedback processes caused the dis-
cernible differences in spring DTR patterns throughout Pakistan but particularly

in northern regions.

3.2.2. Autumn (SON)

The figure shows DTR climatology data for summer season in Figure 9. The arid
and semi-arid regions of southern Baluchistan and Sindh show elevated DTR val-
ues since Sibbi reaches 17.41°C and Jacobabad reaches 17.10°C. Smooth climatic
conditions with drying trends combined with radiative heat loss become possible
during post-monsoon periods in these regions. The post-monsoon temperatures
in Sialkot and Lahore and Muzaffarabad range from 13.93°C to 14.28°C to

12.85°C due to persistent residual humidity and cloud coverage in these regions.

DOI: 10.4236/gep.2025.135014

210 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135014

A. Farooq et al.

DTR Anomaly (°C)

TCDC vs DTR Anomalies (MAM)

‘ T T T -
1.0 ® Seasonal Mean Anomalies |
r=-0.72 ° —— y = -0.05x + -0.00
[N
-\-{’:
051 @ L
o o,
° ° °
U
[
0.0
o %0
0.5 ®
1.0 ~ ® °
° °
[
1.5
-15 -10 -5 0 5 10 15 20

TCDC Anomaly (%)

Figure 8. Scatter plot showing a strong negative correlation (r = —0.72) between TCC and
DTR anomalies during spring (MAM), indicating cloud cover’s suppressing effect on DTR.

SON Mean Diurnal Temperature Range (°C)

36°N
19.2
34°N
17.4
32°N
15.6
30°N " 13.8
28°N 120
10.2
26°N
8.4
24°N
62.5°E 65°F 67.5°E 70°E 72.5°E 75°E 77.5°E
Figure 9. SON mean diurnal temperature range ("C).
DOI: 10.4236/gep.2025.135014 211 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135014

A. Farooq et al.

The northern regions of Pakistan maintain substantial mean cloud cover of 28
percent throughout the September to November period according to Figure 10.
The cloudiness level remains lower in SON than MAM because the maximum
TCC reaches only 31.5%. Monsoon atmospheric haze gradually disappears from
various regions of Pakistan especially in elevations above sea level. Nevertheless,
areas like Muzaffarabad and the upper Indus basin exhibit longer-lasting post-

monsoon cloud presence.

SON Mean Total Cloud Cover (%)
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Figure 10. SON mean total cloud cover (%).

A connection between SON DTR anomalies and anomalies of TCC appears in
Figure 11. During the post-monsoon season cloud cover influences daily temper-
ature range less intensively as suggested by a weaker correlation value (r = —0.14).
The combination of radiative effects involving humidity produces nighttime heat-
ing yet daytime illumination remains unaffected in the same way spring did. The
mixture of urban heat retention with surface moisture and aerosol loading pro-
duces additional variability for autumn periods according to Zhou et al. (2009a)
and Shen et al. (2014).

Research by Zhou et al. (2010) and Na et al. (2022) supports the weaker cloud-
DTR relationship established in SON regarding transitional cloud condensation
patterns within northern Pakistan.

Table 2 presents the main DTR and cloud cover patterns across Pakistan’s
MAM and SON transitional period between 1980 and 2016. Southern Punjab,
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Sindh, and eastern Balochistan maintain peak DTR measurements whereas north-
ern areas comprising Gilgit, Abbottabad, and Islamabad exhibit the lowest meas-
urements throughout MAM. During SON southern Sindh and Balochistan stand
as high-DTR areas whereas northern KP and upper Indus maintain the lowest
DTR ratings. Cloud cover exceeding 45% in MAM across northern areas displays
a strong negative correlation with DTR (r = —0.72) indicating cloud-driven cool-
ing impacts predominate. Counterpoint to this trend SON cloud cover descends
to 28% - 31.5% within northern areas resulting in a diminished correlation be-
tween clouds and daily temperature range (r = —0.14). Each transition period
shows different states because humidity conditions together with radiation feed-

backs and heat retention affect regions distinctly.

TCDC vs DTR Anomalies (SON)
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Figure 11. Scatter plot showing a weak negative correlation (r = —0.14) between TCC and
DTR anomalies during autumn (SON), indicating a less significant cloud impact on DTR.

Table 2. Summary of DTR and cloud cover characteristics in Pakistan during transitional seasons (1980-2016).

Feature Spring (MAM) Autumn (SON)
Highest DTR Regions Southern Punjab, Sindh, Eastern Balochistan Southern Balochistan, Sindh
North KP, Gilgit-Baltistan, U
Lowest DTR Regions Northern Highlands (Gilgit, Abbottabad, Islamabad) orfiert I dl ng :,l 1san, Eppet
ndus Basin

Example High DTR Stations Sibbi (17.47°C), Jacobabad (17.35°C), Turbat (17.17°C) Sibbi (17.41°C), Jacobabad (17.10°C)

. Gilgit (10.22°C), Abbottabad (12.07°C), Islamabad Muzaffarabad (12.85°C), Sialkot
Example Low DTR Stations . . .
(13.62°C) (13.93°C), Lahore (14.28°C)
Mean Cloud Cover (High Areas) >45% in Northern Pakistan (Gilgit-Baltistan, KP) ~28% - 31.5% in northern areas
Correlation (TCC vs DTR) Strong negative correlation (r = —0.72) Weak negative correlation (r = —0.14)

Post-monsoon dryness, residual

Key Influencing Factors Low humidity, clear skies, snowmelt, radiation feedbacks . .
humidity, urban retention
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3.3. Leading Modes of Diurnal Temperature Range Variability in
Pakistan
3.3.1. Spring (MAM)
The leading Empirical Orthogonal Function (EOF1) of Diurnal Temperature
Range (DTR) variability in spring (MAM) season over Pakistan explains 45.5% of
the total variability as illustrated in Figure 12. The spatial pattern of DTR varia-
bility shows its greatest signals across Sindh and southern Punjab and Baluchistan
regions at the center and south of Pakistan. The areas display extra sensitivity to
DTR variations because of their combination of intense sunlight exposure com-
bined with dry environmental factors and minimal cloud opacity resulting in sig-
nificant temperature differences between daytime and nighttime periods (Ma-
kowski et al., 2008; Wang et al., 2014).

EOF1 - Explained Variance (45.5%) DTR MAM

.4
62.5°E 65°E 70°E 72.5°E 75°E T1.5°E

Figure 12. Spatial pattern of EOF1 mode of DTR variability during spring (MAM) in Pa-
kistan, explaining 45.5% of total variance with highest variability across southern and cen-
tral regions.

Northern Pakistan experienced minimal variability in the Diurnal Temperature
Range because the region remains covered by cloud decks and exhibits high hu-
midity and temperature fluctuations from snowmelt per (Shen et al. 2014; Sajjad
et al. 2022). The elevation and the landscapes operate together as vital factors that
minimize temperature variations across these areas.

A positive anomaly existed continuously throughout the early to late 1990s
within Figure 13 (PC1) and reached its peak in 1998 and 1999 which shows
higher-than-average DTR during those times. Open skies together with dry at-

mospheric conditions created opportunities for increased daytime heating along-
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side reduced nighttime temperatures. Negative anomalies began to appear in sig-
nificant numbers starting from 2003 until 2011 with emphasized occurrences in
2006 and 2011 that resulted in lowered DTR as a result of higher moisture condi-
tions and atmospheric cloudiness possibly linked to human activities such as in-

creasing urbanization and new irrigation systems.

(b) PC1 DTR MAM
1.0

-1.0 T T T T T T T T T
1983 1987 1991 1995 1999 2003 2007 2011 2015

Figure 13. PC1 time series of MAM DTR variability, showing strong positive anomalies
from 1995 to 2000 and persistent negative anomalies after 2003, reflecting seasonal radia-
tive and surface feedback effects.

Analytical results published by Zhou et al. (2009b) and Hussain et al. (2023)
back up the same argument that adjustments in surface radiation coupling with
aerosol amounts and land use adjustments generate powerful impacts on DTR.
Overall data from EOF1 mode validates that DTR variability in spring operates
through two factors which include Pakistan’s surface energy balance and climate

feedback processes in southern regions.

3.3.2. Autumn (SON)

The leading EOF1 mode of DTR variability reaches 40.6% of the total variance
during the autumn season according to Figure 14. The greatest spatial variability
in Pakistan occurs when combined with Punjab, Sindh and lower Baluchistan so
DTR changes result from post-monsoon radiative recovery as well as decreasing
humidity and reduced cloud cover. The seasonal process creates larger daytime
solar radiation and swift nighttime temperature decreases which strengthens the
DTR signal in this geographic area (Khan et al., 2019b; Nawaz et al., 2020).

The EOF lobes in SON maintain lower values throughout Gilgit-Baltistan to-
gether with the upper portion of KP which indicates the regional post-monsoon
adjustments to diurnal patterns remain subtle. Slower cloud dissipation and per-
sistent moisture retention explain these findings in accordance with Shen et al.
(2014).

From 1982 until 1992 PC1 exhibited positive anomalies which corresponded to
intensified DTR conditions possibly because of strong daytime sun heating com-

bined with clear skies (Figure 15). Negative anomalies prevailed through the late
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1990s to 2015 in which 2002, 2012 and 2015 displayed significant drops relating
to heightened minimum temperatures, increased relative humidity and greater

cloud cover and their suppressive effect on DTR.

EOF1 - Explained Variance (40.6%) DTR SON

P
62.5°E 65°E 67.5°E 70°E 72.5°E 75°E 77.5°E

Figure 14. Spatial pattern of EOF1 mode of DTR variability during autumn (SON) in Pa-
kistan, explaining 40.6% of total variance with maximum expression in central and south-

ern regions.

(b) PC1 DTR SON
1.0

0.5

1983 1987 1991 1995 1999 2003 2007 2011 2015

Figure 15. PC1 time series of SON DTR variability, highlighting enhanced DTR in the early
1980s and sustained suppression from mid-1990s to 2015 due to climatic and anthropo-

genic influences.

The research findings exhibit similar patterns to Ionita et al. (2012) and Ba-
baousmail et al. (2023) who discovered SST anomalies and regional precipitation
contribute to DTR suppression. Research from Sajjad et al. (2022) establishes ur-

ban growth coupled with Punjab irrigation as two principal factors that reduce
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nighttime temperature decreases alongside Zhou et al. (2009a) who demonstrate
cloud-particular longwave radiation and land surface adjustments govern the
changes in DTR.

Table 3 shows how Pakistan’s autumn daily temperature range patterns result
from monsoon withdrawal along with natural and anthropogenic land-atmos-
phere feedbacks particularly in northern plains and southern urban areas. EOF1-
based DTR variability in the table demonstrates the spatial variation alongside

dominant influencing components across both seasons.

Table 3. Summary of EOF1-based DTR variability across Pakistan during MAM and SON, showing variance, key regions, anomalies,

and influencing factors.

EOF1
Season Variance

Regions
(%) &

MAM 45.5%

High Variability Low Variabili

ty Regions  Key PC1 Anomalies Major Influencing Factors

Sindh, Southern Northern Pakistan (Gilgit- Positive in 1995-2000; Clear skies, dry surface, low cloud

Punjab, Balochistan Baltistan, KP Highlands)  Negative in 2003-2011 cover; Urbanization, irrigation

SON 40.6% Punjab, Sindh,
N 0

Lower Balochistan

L Post-monsoon radiative recovery,
. . Positive in 1982-1992; L. .
Gilgit-Baltistan, Upper KP o reduced humidity; SST anomalies,
Negative in 1998-2015

urban growth

3.4. Influence of Indian Ocean SST Anomalies on Seasonal DTR
Patterns in Pakistan

3.4.1. Spring (MAM)

The Diurnal Temperature Range (DTR) across Pakistan experiences large changing

patterns during March-May because of oceanic temperature variations throughout

the western Indian Ocean with emphasis on the Arabian Sea region. The negative

relationship between SST anomalies and temperature shown in Figure 16 displays

strong association through regression coefficients reaching -1.2°C per 1°C SST

midpoint change in the Arabian Sea near Oman and southeastern Yemen.

The upper-tropospheric wind vectors (UV at 200 hPa) show that humid air
masses move northward into Sindh and southern Punjab and eastern Baluchistan
since these regions demonstrate high sensitivity to DTR variations. According to
Shenoi et al. (2009) and Na et al. (2022), elevated western Indian Ocean tempera-
tures lead to enhanced monsoonal circulation in spring.

The SST hotspot displayed in Figure 16 encloses an area linked to Pakistan
whereas dark spots in this figure illustrate SST-DTR relationships that have sta-
tistical significance throughout the country’s southern territories. Storage areas of
agriculture combined with semi-arid territory display close connections between
surface energy-budget and radiative processes because of their spatial relations.

A positive phase of SST leads to increased cloud cover across the northern Ara-
bian Sea according to Figure 17. Surface radiation levels decrease during daytime
due to dense clouds while heat retention increases at night which leads to de-
creased DTR values. Scientific research conducted by Cao et al. (2022) together
with Zhou et al. (2009a) demonstrates that cloud-mediated radiation trapping de-
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livers its best results during transitional seasons.

MAM (SST vs DTR) with UV Wind
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Figure 16. MAM (SST vs DTR) with UV wind.
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Figure 17. MAM mean cloud cover (%) with UV wind.

The data in Figure 18 shows major SST peaks causing swift reductions of DTR
anomalies during 1998, 2005, and 2010 which backs up solar-mediated signal

DOI: 10.4236/gep.2025.135014 218 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135014

A. Farooq et al.

The physical mechanism linking Indian Ocean SST anomalies to reduced diur-
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transmission from ocean to land areas. The correlation map in Figure 19 shows
(r = -0.035) spatial connection between these effects mainly in Sindh and south-

nal temperature range (DTR) during spring (MAM) is explained in Figure 20.

ern Punjab although the strength of connection remains small overall.
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Figure 18. MAM time series of SST and DTR anomalies. Years 1998, 2005, and 2010 show high SST's linked with reduced DTR.

Figure 19. Correlation between MAM DTR and SSTs, with negative values concentrated near Pakistan’s coastal zones. Black

dots show significant areas.
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Mechanism of DTR Reduction During
Spring (MAM)
ATMOSPHERIC

MOISTURE -~~~
2 ,/ tTmin | Tmax
! MOISTURE !
SST \ TRANSPORT /
ANOMALIES o

PAKISTAN

SST
ANOMALIES DTR
REDUCTION

Figure 20. Mechanism of DTR reduction during spring (MAM). SST anomalies enhance

atmospheric moisture and cloud formation over Pakistan, leading to increased Tmin and
decreased Tmax, resulting in reduced DTR.

SST warming in the western Indian Ocean leads to greater evaporation which
raises the amount of water vapor in the atmosphere. Strong zonal and meridional
wind sections at the 850 hPa level bring moisture into Pakistan during the mon-
soon season according to our wind field composite analysis. The arriving humid-
ity results in augmented cloud generation that affects the southern and central
regions of Pakistan. Cloud cover functions as a radiative modifier because it low-
ers the daytime high temperature by blocking sunlight while it heats the nighttime
low temperature through its trapping of longwave radiation thus decreasing the
daily temperature range.

The observed results confirm previous academic findings. Research conducted
by Nawaz et al. (2019) showed that areas below 2000 meters in Pakistan experi-
enced pronounced T, elevation from SST effects but Sajjad et al. (2022) verified
that early spring cloud formation occurred during times of warm Indian Ocean
conditions.

The data from our regression maps supports the findings which show direct
correlations between SSTs and DTR and SSTs with cloud levels. The studies per-
formed by Xue et al. (2019) and Manatsa et al. (2015) have heavily substantiated
how cloud cover directly regulates DTR values because it changes daytime heat
levels and nighttime heat differently.

An extensive analysis shows that ocean-atmosphere coupling at a climate scale
influences DTR in Pakistan by sustaining high humidity and creating cloud feed-

backs while transporting moisture through atmospheric winds.

3.4.2. Autumn (SON)
The relationship between India Ocean sea surface temperature anomalies and
daily temperature range over Pakistan remains active during autumn months after
monsoon withdrawal however the link weakens relative to the spring season.
Figure 21 reveals a remarkable negative SST-DTR link of -0.6 degrees Celsius for
every Celsius change in sea surface temperature across the Indian Ocean equator
especially within the Maldives zone and near Seychelles alongside the Sri Lanka to
Madagascar area. The atmospheric flow from southeast to northwest brings mois-
ture into Pakistan which mainly affects the western regions of Baluchistan and cen-
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tral Punjab together with upper Sindh. The areas experience continued exposure to

moisture after the monsoon season that reduces daytime temperature drops.

SON (SST vs DTR) with UV Wind
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Figure 21. SON (SST vs DTR) with UV wind.

The Arabian Sea together with adjacent Pakistan areas experience a persistent
cover of moderate clouds ranging from 35 to 50 percent during SON as observed
in Figure 22. The prolonged cloudiness produces higher than average low tem-
peratures which prevents nighttime cooling so that the daytime-nighttime tem-

perature difference becomes smaller.
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Figure 22. SON mean cloud cover (%) with UV wind.
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40

According to Figure 23 the outcomes from correlation patterns allow detection
of a minimal positive alignment (r = 0.011) through many sections of the Indian
Ocean yet do not represent an exclusive impact. The positive sign of correlation
results represents the complex nature of regional conditions which show that SST
anomalies within certain western and central Indian Ocean areas sometimes
match local increases in DTR but the reasons include differing regional climate

conditions during specific years.
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Figure 23. Correlation of SON DTR with SSTs. Weak overall correlation (r = 0.011), with significant
points near the northern Arabian Sea.

The inconsistent relationship between SON-season SST influence and DTR ex-
ists because various drivers including land-surface moisture and urban heat re-
tention and elevation factors now play a more dominant role in altering the DTR
signal. The localized atmospheric circulation patterns including subtropical jet
displacement along with Rossby wave anomalies can cancel out SST-induced ef-
fects during post-monsoon periods and lead to the present weak and inconsistent
relationship.

The link between Indian Ocean Sea surface temperature anomalies and daily
temperature difference responses differently in the Indian peninsula’s SON (au-
tumn) season compared to MAM season according to Figure 24. Strong mon-

soonal winds at the post-monsoon stage hinder the movement of atmospheric
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moisture caused by positive SST anomalies (Xue et al., 2019). The SST-DTR direct
relationship observed in spring experiences reduced influence because of these
events.

The DTR variability in Punjab and Sindh expresses mainly through terrestrial
feedback mechanisms. The combination of summer monsoon-derived soil mois-
ture and urban warming and extended cloud cover reduces daytime T, while
raising nighttime T, which together creates a smaller DTR (Khan et al., 2019a;
Nawaz et al., 2019); Recent studies by Nawaz et al. (2019) and Sajjad et al. (2022)
found this pattern. The surface interactions of land dominate temperature

changes compared to SST variations.

Mechanism of DTR Reduction

During SON
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Figure 24. Mechanism of DTR reduction during SON. SST anomalies, urban heat, and

residual cloud cover lead to higher Twmin and slightly lower Tmax, causing moderate DTR
reduction in Punjab and Sindh.

During the SON season weak statistical linkages exist between climate phenom-
ena even though physical atmospheric activities continue to operate. Liu et al. pro-
vide supporting evidence for this statement. Cloud-radiation interactions and
land-atmosphere coupling produce effective changes in T, and Tra despite low
levels of linear SST-DTR correlations according to Liu and Zeng (2004). Research
conducted in the region by Sajjad et al. (2022) supports these findings. Khan et al.
(2019b), and Nawaz et al. (2020) and other urban climate researchers attributed
most of the SON-time T, increases to urban heat effects combined with residual
humidity.

Global studies (Xue et al., 2019; Liu et al., 2016) along with other researchers
support the conclusion that non-linear multiple-factor drivers produce Daytime
Temperature Range variations that cannot be measured through linear correlation
methods. The physically meaningful and supportive of climatological knowledge
moderate decrease in daytime temperature range in SON proves valid despite
weak SST anomaly correlations.

Several black dots indicative of statistical significance appear in the geograph-

ical region surrounding Pakistan during periods of elevated SST-DTR correlation
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SON SST & DTR Anomalies

even though the correlation value remains low. This demonstrates localized SST-
DTR coupling occurs in specific locations of the northern Arabian Sea.

A detailed examination of SST variation relationships with DTR anomalies
through Figure 25 presents evidence during individual years. Observed subdued
DTR levels occurred after elevated SST anomalies during 1994, 2010 and 2015
thus establishing physical SST-DTR relationships beyond weak linear correla-

tions.
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Figure 25. SON time series of SST and DTR anomalies. Reduced DTR observed during high SST years like 1994, 2010, and 2015.

The research connects with previous reports by Ionita et al. (2012) and Ba-
baousmail et al. (2023) since these scholars emphasized the value of anomaly study
at seasonal transitions when significant atmospheric interactions obscure the fun-
damental processes linking heat transfer to boundary-layer clouds and topo-
graphic elements.

Weak statistical correlations between sea surface temperature anomalies and
diurnal temperature range do not affect the validity of discovered results. Physical
evidence including elevated T levels caused by residual cloud cover remains
consistent with SST-related effects even through complicated nonlinear mecha-
nisms. Observations from the region and additional evidence from worldwide lit-
erature reveal powerful DTR variations even though direct statistical relationships
prove limited. The study maintains robust findings through the unified analysis

of statistical, physical and conceptual evidence.

4. Conclusion

Using SST anomaly data from the Indian Ocean, the researchers analyzed DTR

DOI: 10.4236/gep.2025.135014

224 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135014

A. Farooq et al.

variations across Pakistan throughout spring (MAM) and autumn (SON) seasons
from 1980 to 2016. The research combines high-resolution climate data with
cloud observations to identify the spatial as well as temporal and atmospheric fac-
tors that influence DTR fluctuations during transition seasons.

DTR data in Pakistan exist as patterns that exhibit significant varying distribu-
tion across geographic regions. Higher DTR readings were noticed in southern
and central Pakistan including Sindh and southern Punjab and eastern Baluchi-
stan during MAM and SON, primarily because of dry atmospheric conditions and
intense surface heating together with restricted cloud cover. The northern moun-
tainous locations experienced reduced DTR values because of weather patterns
that created cloud cover and snow accumulation while high elevations made tem-
peratures decrease.

During MAM, there existed a powerful negative connection between DTR and
Indian Ocean SST anomalies which spread across the region in a consistent man-
ner. The relationship between SST and DTR produced a negative correlation co-
efficient of r = -0.035 throughout southern Pakistan while the regression slope
surpassed —1.2°C per 1°C increase in SST. The relationship found strong support
through widespread significant statistical areas which spanned Sindh province to
southern Punjab province and eastern Baluchistan province where warmer SST's
led to increased humidity levels and cloud cover, thus reducing daytime heating
and daily temperature range. SST patterns in spring showed both steady increases
and corresponding decreases in DTR throughout the 1998, 2005 and 2010 seasons.
Ocean-atmosphere interactions display a close tie to spring DTR fluctuations be-
cause of their robust cloud dependability (r = -0.72). The spring DTR variance
could be explained through airflow-driven and surface-radiation processes which
accounted for 45.5%, so MAM represented the season with the strongest DTR-
SST connection.

The DTR variability patterns during the autumn season (SON) exhibited com-
plicated behavior patterns. The SST-DTR correlation maintained a weak relation
(r=0.011) but showed moderate negative influence that originated from central
Indian Ocean near the Maldives and Seychelles regions. The moisture effect
from SST resulted in delayed seasonal cloud maintenance together with higher
nighttime heat levels across central Punjab and upper Sindh and western Baluchi-
stan during autumn seasons. The correlation value remained weak, but three years
including 1994, 2010 and 2015, clearly demonstrated SST-DTR suppression pat-
terns. The seasonal relationship between clouds and DTR remained weak (r =
—0.14) because the surface-atmosphere recovery occurred at a slower pace in this
season than in the spring season. The main drivers of SON DTR variability origi-
nate from local land-atmosphere feedbacks which SST influences moderately
through a secondary effect.

Indian Ocean SST anomalies from the Arabian Sea and western equatorial belt
demonstrate essential influence on Pakistan’s transitional season climate because

of their significant statistical connection with diurnal temperature range in spring
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season. The anomalies affect cloud formation patterns while steering upper-air
circulation as well as surface heat interactions that eventually produce seasonal
changes in daytime-to-nighttime temperatures. Such robust spring coupling ena-
bles the utilization of oceanic signals for warning systems and climate prediction
in agricultural areas which need thermal management for crop development and
water conservation.

The research proves that Indian Ocean Surface Temperature anomalies create
a significant impact on temperatures across Pakistan during the transitional sea-
son periods. National climate models should incorporate SST monitoring because
DTR variability affects agricultural production and water resources and health
systems in the country. Climate resilience planning in Pakistan’s vulnerable re-
gions needs SST-based surface thermal regime predictions because of growing

ocean warming caused by climate change.
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