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Climate Stripes of annual mean temperature for Bajo station-1996

Climate stripes are a simple visual representation of-ldagn
temperature change over time. Each vertical stripe represents the
average temperature for a specific year relative to a- loegn
reference period. Cooler years are shown in shades of blue, while
warmer years are shown in shades of red.

They clearly illustrate how temperatures have shifted from cooler
conditions in earlier decades to warmer conditions in recent years. This
visualization provides an intuitive summary of letgrm temperature
trends and helps readers quickly understand the magnitude and
direction of climate change over the study period.

These climate stripes were produced using the daily maximum and
minimum temperatures to compute the daily mean temperature. A
reference climatology was calculated using the 128020 baseline
period, and temperature anomalies were obtained by subtréang
baseline mean from each corresponding annual or monthly value.

The anomalies are visualized as climate stripes, where each vertical
stripe represents a single year (or month) in chronological order. A
color range of red and blue was applied, with red shades indicating
warmer than average conditions and blue shadedidating cooler

than average conditions relative to the baseline.

2025), top showing annual anomalies and bottom showing monthly

anomalies.



Forward

Bhutands unigue geographi cal s andctammgnicatianofaveahertard rclimate idforrbayion s supmoi of e |
gradients and complex mountain terrain, gives rise to significant spatiahtional development priorities and public safety. This Climate Atlas
and seasonal variations in climate across the country. Understandingntributes to that effort by transforming observational data into
these climatic patterns is essential foiormed planning, sustainable practical knowledge that can support evidehesediecision making
resource management, and strengthening resilience to clirmaed  and climateresilient planning.

hazards. In this context, ti@imate Atlas of Bhutan (19962025):. . . L .
. : . The preparation of this atlas reflects the dedication and collaborative
Climatology of Temperature anBainfall represent an important step : .
: : efforts of the technical tearﬂ at the Centre who have worked Fllllgentelly
t owar d consolidating and communi Ca |neg t.he %oclJntr)Gé).?( C |d’nte
. . : e to complile, analyze, and interpret the data. |1 would like to extend my
information in a clear, accessible, and scientifically robust manner. | L W :
sincere appreciation to all staffhose contributions have made this
This atlas provides a comprehensive analysis of temperature ampdblication possibleAlso, to the Enhancing Climate Resilience of
rainfall patterns across Bhutan based on three decades of observatiobaban Landscapes and Communities in the ThirAdparo Region of
data. By presenting loagterm climatological averages, seasonal Bhutan Project, for funding the Climate Information Mapping

variations, and spatial distributions through maps and visual analysesprkshop in February 2026.

the publication offers valuable insights into the coumté s c | | .mat e : . . .
svstem It is my hope that this Climate Atlas will serve as an authoritative

y ' reference on the countryds cl i mat
Such information is critical for a wide range of users, includingp|l anni ng, and policy devel opment

policymakers, planners, researchers, and practitioners working mesilience to climate variability and change.
sectors such as agriculture, water resources, infrastructure
development, disaster risk reduction, and environmental marggem

As Bhutan continues to experience the impacts of climate variabilit %
and global climate change, strengthening climate services ar...
improving access to reliable climate information have becomeyi.o.tor General

increasingly important. The National Centre for Hydrology andpational Centre for Hydrology and Meteorology
Meteorology remains committed to advancthg science, monitoring, Royal Government of Bhutan
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Introduction

Bhutan is a mountainous landlocked country located in the eastedata alone. Therefore, this climate atlas converts station data into
Himalayas. The country covers an area of 38,394 square kilometers aantinuous gridded climate information, establishing a nationally
of which 70% is under forest cover, 7% under snow and glaciers, 3%onsistent climatological baseline for the period from 129@5. This
under cultivation and agriculture land, and 4% unaeadows and nationally derived observatiebased information will complement the
pastures (NSB, 2025). The country is characterized by rugged terraireharse global climate datasets, which sometimes lack to interpret
with elevation raining from 160 m to more than 7000 m, and can b&atures of mountainous regions.
divided into three distinct climatic zones; cold alpine shoapped . : : . : :

o ) : . The spatial climatology will contribute to the interpretation of extreme
mountain with annualainfall around 400m in the north, cool winter . . " .

: : . w&ather events in relation to local conditions, and will support

and hot summer temperate climate in the central parts, and humid and : . : :

: . . evidence based planning and decistomaking, strengthening the
subtropical with temperature between Bo°C throughout the year

: . . . delivery of climate services by enabling users to access location
with total annualrainfall of 200G 5000 mm in the southern plains . _y : . : y . g_ :
(NCHM, 2024) specific climate information. This will provide reference for climate

monitoring, seasonal assessment, impémtecasting, and sectati
These distinctive climatic zones are due to the topography of thelanning such as for climate sensitive sectors such as hydropower,
country, along with the relative distance from the coast, Bay of Bengahgriculture, and construction, whichheamajor contributors to the
which controls the extent of moisture from the southwest summaemational Gross Domestic Product, with-225%, 14%, 10 15%
monsoon. Furthermore, the control exerted by thewtimer- air mass  respectively (MoF, 20%). Therefore, the atlas is a foundational
from the northern high altitude, western disturbance, and the periodiational product that transforms lenterm observation data into
impacts from the remnants of the cyclonic systems from the Bay dpatial climate knowledge. It will form the baseline for climate change
Bengal contribute to the climate of the country. These climati@ssessment and adaptive planning, and will provide foundation for
conditions give rise to the winter sem from December to February, understanishg of the future climate conditions in the country.

pre monsoon/spring from March to May, summer monsoon from June

Data and Method
to September, post monsoon/ autumn from October to
November. Summer monsoon contributes to 73% of the tctafall The climatologyfor temperature and rainfall was computed from 125
in the country, with winter only 1% (Dorji et al. 2021). and 98observation stationespectivelyFigure 1) under the National

CeIntEe r1;or Haydr?logyr and MeéePr%Io\gyaQ\l.CI:HoM?i Threre are a few

The countryos complex terrain . ) e . ange. r.es
Y P observation stations mgthe higher mountains, however theq network

local climate variability that cannot be adequately described by station ) L .
4 d y y spans a broad range of elevations and climatic zones enabling the



representation of strong topographic controls on temperature ariRhainfall interpolation was prepare using a combination of Generalized
rainfall. Additive Mode (GAM) with kriging. GAM was used to model the
deterministic component of rainfall variability as a function of
topographic predictors, including northness, and topograpisition
index (Hastie et al., 1990; Wood, 201The fitted GAM provided

The climate normals are computed from 199625, in accordance
with standard practice for longierm climatological assessments

(WMO, 2017;Agquilar et al., 2003 WMO, 2025). Daily maximum : . . .
spatially continuous estimates of the largeale rainfall trend, and

temperature, minimum temperature amadhfall were aggregated to . .

. r%5|duals were computed as the difference between observed and
produce the seasonal and annual averages. Only stations wit : : - .

. . . modeled valuesvhich was then interpolated uginrdinary kriging.
sufficiently long and reliable dataset were used for analysis. Data
underwent quality check, consistency and homogeneity check, amd variogram model was used to describe the spatial structure of
missing values were treated using climagidal averages to maintain residuals, and kriging was applied to estimate residual values across
temporal continuity. the grid. The final rainfall estimates were obtained by combining the

GAM- predicted trend with the kriged residuals and b&reiksforming

The spatial interpolation of temperature was performed using kriging[h results to the original scalBoovaerts, 2000; Hengl et al., 2007)
a geospatial technique that takes account for both the distance and ’ ’ ! '

spatial autocorrelation among the observation pdi@tessie, 1993; The analysis has been made for annual, seasonal and monthly spatial
Pebesma, 20040bserved temperature data from the stations, withdistribution for annual mean maximum and minimum temperature, and
their geographic coordinates were firstly qualitgontrolled annual mean rainfall from 19962025, comprising of 30year
harmonizedand concerted into a consistent spatial coordinate systewrlimatological data in the country. Furthermore, relationblefwveen

of WGS84. A high resolution, 1 km, grid covering the country was elevation and temperature has been made for annual and seasonal time
used for interpolation, ensuring spaaltontinuous temperature periods. To determine the trend of temperature and rainfall, interannual
estimates. Elevation as a covariate was incorporated for trend modelimgriability with decadal segregation along with anomaly has been
to include the influence of topography on temperature variability in atudied.

mountainous terrain of the country. Kriging with External Drift (KED)

approach was usets it is suitable for complex terrain where elevation

plays a dominant role is temperature distribution. A variogram was

computed from the residuals of the trend model, which was used in the

Kriging interpolation to estimate temperature values.
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Figure 1: Observation stations used for preparing Climate Atlas

Temperature and rainfall climatology was derived from 125 @hdbservational stations in the country respectively. The network included mant
agrometeorological stations and climatological stations from-12@85. Automatic weather station data were used to compute gridded datasets of 1
resolution.



Temperature Climatology



Annual Mean Maximum Temperature
Bhutan | Baseline climatology | Unit: °C
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Figure 2: Spatial distribution of annual mean maximum temperature of Bhutan-(20256)

The spatial distribution of annual mean maximum temperature across the country fror2AZ®6hows strong influence of topography and elevation
Warmer climates are observed at the southern foothills andyimg valleys, with temperatures running fr&% 30 °C, whereas the northern and higher
elevations see values less than 10 °C. The gradual transition from warmer to cooler temperatures from the southhoithg holth ght s t he ¢

gradient on how temperature decreases with incrgadevation. Warmer temperatures are also along the river values and lower basins indicatin
reduced elevations.



Annual Mean Minimum Temperature
Bhutan | Baseline climatology | Unit: °C
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Figure 3: Spatial distribution of annual mean minimum temperature of Bhutan-(2096)

The spatial distribution of annual mean minimum temperature across the country fron2@2®6€urther highlights the influence of elevation and terrain
of the country. Warmer conditions are evident towards the southern foothills with temperature mamihg 20°C, and colder towards the northern high

altitudes even reaching below 0°C. The nosgbuth temperature gradient can be seen corresponding to the country elevation differences. This i
noticeable along the river valleys and basins.
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Seasonal Mean Maximum Temperature

Bhutan | Baseline climatology | Unit: °C
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Figure 4: Spatial distribution of seasonal mean maximum temperature in Bhutar 20285

The spatial distribution of seasonal mean maximum temperature in the country fron2@29@ighlights the temperature variability throughout the year
The winter season, from December, January and February indicated the lowest temperature in the tFapefdture during the pr@monsoon season

(May- April- May) starts to increase significantly. Warmest conditions are seen using the monsoon season from June to Septembered stagdmtu
decline gradually during peshonsoon seas of October anoMember, with the transition to winter months. The n@tiuth temperature gradient is evident,

v



showing the strong influence of the countryods edamyvaadr river valleys Wheareasecold
prevail over the higher Himalayas regions.

The same observation can be made from the seasonal mean minimum temperature, and monthly mean maximum and minimumvteoiparatsmewn
as follows.

Seasonal Mean Minimum Temperature

Bhutan | Baseline climatology | Unit: °C
a) December—January—February b) March—April-May
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Figure 5: Spatial distribution of seasonal mean minimum temperature in Bhutan QG20
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Figure 6: Spatial distribution of monthly mean maximum temperature in Bhutan-(298%6) a) January, b) February, c) March, d) April
9











































































