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Climate change is expected to alter temperature and precipitation patterns,
Revised: with important consequences for water resources, agriculture, urban
07 August 2026

infrastructure, and climate-related hazards. These effects are particularly
important in arid and semi-arid regions such as northeastern Iran, where
water availability is limited, and large urban centers may face both drought
and flooding. The Mashhad Plain in Razavi Khorasan Province includes the
metropolitan area of Mashhad, extensive agricultural lands, and
mountainous terrain with considerable climatic variability. The coarse
spatial resolution and biases of global climate models limit their direct use at
local scales, making model evaluation, bias correction, and downscaling
necessary. The objective of this study was to evaluate selected Coupled
Model Intercomparison Project Phase 6 (CMIP6) models for annual
temperature and precipitation over the Mashhad Plain, identify the best-
performing model, and project future changes under SSP2-4.5 and SSP5-8.5
through the end of the twenty-first century.
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Materials and Methods

Daily observed precipitation and mean temperature data from the Mashhad and Golmakan synoptic stations
were used for the 1990-2014 reference period. Daily outputs from seven CMIP6 global climate models—
MPI-ESM1-2-HR, CanESMS5, BCC-ESM1, CNRM-ESM2-1, EC-Earth3-CC, MRI-ESM2-0, and IPSL-
CM6A-LR were evaluated. Daily precipitation was aggregated to annual totals and temperature to annual
means. Model performance was quantified using root mean square error (RMSE), mean bias (BIAS), and
Pearson’s correlation coefficient (r). The preferred model was selected based on lower RMSE and absolute
BIAS and higher correlation with observations. Its outputs were statistically downscaled and bias-corrected
using CMhyd and the delta change factor method, applying a multiplicative monthly factor to precipitation
and an additive factor to temperature. Projections were generated for 2026-2050, 2051-2075, and 2076-2100
under SSP2-4.5 and SSP5-8.5, and the spatial distributions of annual temperature and precipitation were
analyzed across the Mashhad Plain.

Results and Discussion

Among the seven evaluated CMIP6 models, MPI-ESM1-2-HR showed the best overall performance for both
precipitation and temperature according to the selected statistical criteria. For annual precipitation, the
correlation coefficients at the Mashhad and Golmakan stations were 0.78 and 0.77, respectively; the
corresponding RMSE values were 12.46 and 10.34 mm, and the BIAS values were 9.34 and 8.87 mm. For
annual mean temperature, the correlation coefficients were 0.83 at Mashhad and 0.80 at Golmakan, with
RMSE values of 2.23 and 2.11°C and BIAS values of 1.01 and 1.23°C, respectively. These results indicate
that MPI-ESM1-2-HR provided the most suitable representation of the observed temporal variability and
mean conditions among the models and criteria examined in this study.

Table 1. Performance statistics of the selected MPI-ESM1-2-HR model during the 1990-2014 reference

period.

Variable Station r RMSE BIAS
Precipitation Mashhad 0.78 12.46 mm 9.34 mm
Precipitation Golmakan 0.77 10.34 mm 8.87 mm
Temperature Mashhad 0.83 2.23°C 1.01°C
Temperature Golmakan 0.80 2.11°C 1.23°C

During the reference period, the simulated mean annual temperature varied from approximately 11.1 to
14.7°C and generally increased from the northern to the southern parts of the plain. In contrast, annual
precipitation generally decreased from north to south and ranged from about 189 to 250 mm. Future
projections indicated persistent warming under both SSP pathways, while differences between the scenarios
became increasingly pronounced after the middle of the century. Under SSP2-4.5, projected mean annual
temperature ranged from approximately 12.4—-16.1°C in 20262050, 13.3-17.0°C in 2051-2075, and 14.0—
17.7°C in 2076-2100. Under SSP5-8.5, the corresponding ranges were about 12.9—-16.6°C, 14.5-18.0°C, and
16.6-20.3°C. Relative to the reference climate, warming in the far future was approximately 3°C under
SSP2-4.5 and reached about 5.6°C in some parts of the plain under SSP5-8.5. The spatial projections under
the high-emission pathway clearly show progressively stronger warming toward the end of the century,
particularly in the southern parts of the Mashhad Plain (Fig 1).
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Fig 1. Spatial distribution of mean annual temperature in the Mashhad Plain for 2026-2050, 2051-
2075, and 2076-2100 based on MPI-ESM1-2-HR under the SSP5-8.5 scenario (unit: °C).

Projected annual precipitation also showed an overall increase, although its spatial variability and uncertainty
were greater than those of temperature. In the near future, the maximum projected annual precipitation
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reached approximately 268 mm under SSP2-4.5 and 272 mm under SSP5-8.5. By 2076-2100, annual
precipitation was projected to increase by about 4.4% under SSP2-4.5 and 8.8% under SSP5-8.5 relative to
the historical period. The largest increases were concentrated mainly in the northern and western parts of the
plain, whereas central areas showed limited change or slight decreases. Because the precipitation projections
were derived from the selected MPI-ESM1-2-HR model, they should be interpreted as model-based
projections rather than certain future outcomes. The combination of greater precipitation in mountainous
sectors, rising temperatures, and potentially earlier snowmelt may increase runoff generation and the
potential for flash flooding; however, annual precipitation alone is insufficient for a definitive assessment of
future flood frequency or magnitude.

Conclusion

The findings demonstrate persistent warming in the Mashhad Plain throughout the twenty-first century, with
substantially stronger warming under SSP5-8.5, particularly toward the end of the century. Projected annual
precipitation increases are spatially heterogeneous and more uncertain, with the largest changes in the
northern and western highlands. Increased precipitation should not necessarily be interpreted as reduced
water stress, because higher temperature and evaporative demand, altered snowmelt timing, continued
drought risk, and more concentrated rainfall may offset part of the additional water. The combined changes
may intensify both water scarcity and flood-related hazards. The results emphasize integrated water resources
management, groundwater protection, improved urban drainage, monitoring of heavy precipitation, and
climate-resilient adaptation planning. Future research should incorporate multi-model ensembles, additional
stations, extreme precipitation indices, and rainfall-runoff modeling to better quantify climatic and
hydrological uncertainties.
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Fig 1. Location of the study area and the Digital Elevation Model (DEM) of the Mashhad Plain (unit: m).
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Table 1. Characteristics of the meteorological stations used in the study
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Table 3. Performance evaluation of CMIP6 models in simulating annual precipitation totals in the
Mashhad Plain.

Ol Sty g olnn | Mpao Sty gl 0 Luns | oo
Golmakan Synoptic Station Mashhad Synoptic Station MODEL
r BIAS(mmyr') RMSE@mmyr!) r BIAS(mmyr') RMSE (mmyr")
0.77 8.87 10.34 0.78 9.34 12.46 MPI-ESM1-2-HR
0.67 9.76 15.16 0.65 10.45 19.43 CanESMS5
0.63 -2.45 14.44 0.62 -3.45 17.34 BCC-ESM1
0.59 7.45 19.98 0.54 11.99 21.76 CNRM-ESM2-1
0.62 9.37 17.45 0.59 10.34 18.76 EC-Earth3-CC
0.70 6.65 12.34 0.70 11.23 14.54 MRI-ESM2-0
0.68 9.45 14.34 0.68 11.87 15.54 IPSL-CM6A-LR

MPI- Joe o oolo s 58 o)L gl p a5 jobles
90 2 0l Kian o5 (YL, ESM1-2-HR
A4S Sl (e Hlas cpl ol KIS 5 aguie oS!
5 Sboy sbagsdl ol o 1) QUlg (nye Joe 00
Saie opizran ol b Jow plo b awglis o Les Sl
O™ g 42 30 V)0 ) st o] o Jaw (] BIAS
aS Sl Gugamds Az 0 VYY) LSLS oKis! (o 4
Gl o Ll gl lawgte job & Jow nl wad oo ol
i gadio 4z 3 VYT g V0 ) (S 5 4 ool
QS oo D590 2Bl Jladae

MPL-ESMI1-2- Jow (Jgaz 10 oo &3l )| gls ulul 5
olKnl o Les 851, j0 g5 L......., s,Slee HR
Byl S8 g aguie

g Mo ool 90 ,» 0 35 CNRM-ESM2-1 Jow
Sl 4Bl ls gloo (gl |y 0 Sas o 5ol LS

55 ssalie (F) Joazr 39 olg oo |, lade ol

g job any Joas a5 wes oo Llis BIAS jasls
e lacie s ls alools ()l (dly Hlade I e
Slize 4 ol ghie Jlake 5 (5351 i slixe 4 BIAS
ool Jao (5951 oS

olii 1y Joo glalla> SausTy, ol RMSE a5 Ls
Jo— cdo il S RMSE jlais 4z 10 aes oo
olie ey (N (50 o Kot 30 a3l
ol 1y Jos Jawgi ool conion polie 5 oadodnliv
AR o

Vds SO0y Hlaie g el jmmie V- ot lade
el et 93 G (658 Cute (Sad odimo LA
il 5 ol e sloJas o) @bs «F) Jsox
sl 90 50 Led liue 0591 sl 1, CMIP6 oolgils

Qe oo L a9 Gl S g



)Sad g (950 [ g Mo D (gl 5L g Lad 3)9Ty > CMIPO (sl Jso 3,Shoe o)y

Mein Clsd 30 Lod (53w duis ;0 CMIP6 sl Juo 5 Shos oy g2 .F Jgu
Table 4. Performance evaluation of CMIP6 models in simulating temperature in the Mashhad Plain.
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Fig 4 . Spatial distribution of the mean annual temperature in the Mashhad Plain during the 1990-2014
period based on the output of the MPI-ESM1-2-HR model from the CMIP6 model ensemble (unit: °C).
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Fig 5. Spatial distribution of the mean annual temperature in the Mashhad Plain under future climate
conditions based on the output of the MPI-ESM1-2-HR model from the CMIP6 model ensemble under the
SSP2-4.5 scenario (unit: °C).
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Fig 6. Spatial distribution of the mean annual temperature in the Mashhad Plain under future climate
conditions based on the output of the MPI-ESM1-2-HR model from the CMIP6 model ensemble under the
SSP5-8.5 scenario (unit: °C).
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Fig 7. Spatial distribution of the mean annual precipitation in the Mashhad Plain during the 1990-2014
period based on the output of the MPI-ESM1-2-HR model from the CMIP6 model ensemble (unit: mm).
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Fig 8. Spatial distribution of the annual precipitation in the Mashhad Plain under future climate
conditions based on the output of the MPI-ESM1-2-HR model from the CMIP6 model ensemble under the
SSP2-4.5 scenario (unit: mm).
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Fig9. Spatial distribution of the annual precipitation in the Mashhad Plain under future climate
conditions based on the output of the MPI-ESM1-2-HR model from the CMIP6 model ensemble under the
SSP5-8.5 scenario (unit: mm).
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