From Cause to Consequence: Examining the Historic April 2024 Rainstorm in the United Arab Emirates Through the Lens of Climate Change
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Airport	Location	Elevation	Data Availability
1. Abu Dhabi (Zayed) Airport     	24.432972ºN, 54.651138ºE	26.82 m	01-1983 to present
2. Al Bateen Airport	24.428333ºN, 54.458084ºN	4.87 m	01-1983 to present
3. Dubai Airport	25.254997ºN, 55.364278ºE	10.36 m	01-1983 to present
4. Sharjah Airport	25.328575ºN, 55.517150ºE	33.83 m	04-1976 to present
5. Al Maktoum Airport	24.886110ºN, 55.172220ºE	18.90 m	06-2010 to present
6. Al Ain Airport	24.261667ºN, 55.609167ºE	264.87 m	03-1994 to present
7. Ras Al Khaimah Airport	25.613483ºN, 55.938817ºE	31.08 m	01-1983 to present
8. Fujairah Airport	25.112225ºN, 56.323964ºE	46.32 m	09-1991 to present


Table S1: Airport Stations: List of stations in the United Arab Emirates (UAE) for which daily rainfall data are available. For each station, the location, elevation, and period over which data is availabl are provided.

	Season
	
	
	
	
	
	𝛼

	Spring
	ERA-5
	

-0.001 mm
	

~0.0
	

0.066
	

0.748
	

0.950

	
	CHIRPS
	

-0.022 mm
	

-0.005
	

0.070
	

0.587
	

0.959

	
	MERRA-2
	

0.086 mm
	

0.017
	

0.705
	

0.910
	

0.936

	
	NCEP CFSR
	

-0.196 mm
	

-0.045
	

0.055
	

~0.0
	

~1.0

	
	IMERG
	

0.038 mm
	

0.013
	

0.257
	

0.963
	

0.753

	Summer
	ERA-5
	

-0.062 mm
     	

-0.032
	

-0.002
	

0.243
	

1.001

	
	CHIRPS
	

-0.081 mm
	

-0.042
	

0.008
	

0.033
	

~1.0

	
	MERRA-2
	

0.056 mm
	

0.025
	

0.001
	

0.916
	

0.999

	
	NCEP CFSR
	

-0.083 mm
	

-0.044
	

-0.001
	

~0.0
	

~1.0

	
	IMERG
	

-0.052 mm
	

-0.028
	

0.001
	

0.579
	

0.999

	Autumn
	ERA-5
	

-0.029 mm
	

-0.013
	

0.070
	

0.515
	

0.964

	
	CHIRPS
	

-0.064 mm
	

-0.030
	

0.022
	

0.316
	

0.993

	
	MERRA-2
	

0.002 mm
	

0.001
	

0.041
	

0.699
	

0.971

	
	NCEP CFSR
	

-0.086 mm
	

-0.040
	

0.038
	

~0.0
	

~1.0

	
	IMERG
	

~0.0 mm
	

~0.0
	

0.077
	

0.942
	

0.928

	Winter
	ERA-5
	

0.070 mm
	

0.014
	

0.143
	

0.690
	

0.901

	
	CHIRPS
	

0.170 mm
	

0.033
	

0.127
	

0.794
	

0.899

	
	MERRA-2
	

0.169 mm
	

0.0317
	

0.134
	

0.854
	

0.885

	
	NCEP CFSR
	

-0.244 mm
	

-0.049
	

0.145
	

~0.0
	

~1.0

	
	IMERG
	

-0.062 mm
	

-0.009
	

0.155
	

0.672
	

0.896
     


Table S2: Performance of reanalysis and satellite-derived products against in-situ observations: Daily      precipitation rate bias (mm), normalized bias (𝜇), correlation (𝜌), variance similarity (𝜂) and normalized error variance (𝛼) with respect to ground-based observations at the eight airport stations listed in Table S1, for the ERA-5, MERRA-2, NCEP CFSR reanalysis and the satellite-derived CHIRPS and IMERG products for 1976-2024. For each dataset, the closest grid-point to the location of the station is selected for evaluation. The best performing product for each season, defined as the one which has the lowest normalized error variance 𝛼 that has to be smaller than 1 (; i.e., the dataset must generate skillful forecasts) and for which the bias has to be  not significant (i.e, the absolute value of the normalized bias 𝜇 is less than 0.5, ), is highlighted in yellow. 
`

	CMIP6 Models
	Spatial Resolution
	Number of Realizations
	Reference

	
	
	Historical
	Pre-Industrial
	

	BCC-CSM2-MR
	1.125⁰ × 1.12149⁰
	2
	0
	[1]

	CAMS-CSM1-0
	1.125⁰ × 1.12149⁰
	1
	0     
	[2]

	CESM2
	1.25⁰ × 0.942408⁰
	10
	1     
	[3]

	CESM2-WACCM
	1.25⁰ × 0.942408⁰
	3
	1     
	[4]

	CMCC-ESM2
	1.25⁰ × 0.942408⁰
	1
	1     
	[5]

	CNRM-CM6-1-HR
	0.5⁰ × 0.499306⁰
	1
	1     
	[6]

	CMCC-CM2-HR4
	1.25⁰ × 0.942408⁰
	1
	0
	[7]

	CMCC-CM2-SR5
	1.25⁰ × 0.942408⁰
	11
	1     
	[7]

	E3SM-1-0
	1⁰ × 1⁰
	5
	1     
	[8]

	E3SM-2-0
	1⁰ × 1⁰
	21
	1     
	[9]

	E3SM-2-0-NARRM
	1⁰ × 1⁰
	5
	1     
	[10]

	EC-Earth3
	0.703125⁰ × 0.701754⁰
	70
	1     
	[11]

	EC-Earth3-AerChem
	0.703125⁰ × 0.701752⁰
	3
	1     
	[12]

	EC-Earth3-CC
	0.703125⁰ × 0.701752⁰
	3
	1     
	[11]

	EC-Earth3-Veg
	0.703125⁰ × 0.701754⁰
	6
	1     
	[11]

	FGOALS-f3-L
	1.25⁰ × 1⁰
	3
	0
	[13]

	GFDL-CM4
	1.25⁰ × 1⁰
	1
	1     
	[14]

	GFDL-ESM4
	1.25⁰ × 1⁰
	3
	1
	[15]

	INM-CM4-8
	2⁰ × 1.5⁰
	1
	     
	[16]

	INM-CM5-0
	2⁰ × 1.5⁰
	10
	1     
	[17]

	MPI-ESM1-2-HR
	0.9375⁰ × 0.935062⁰
	10
	1     
	[18]

	MRI-ESM2-0
	1.125⁰ × 1.12148⁰
	11
	1     
	[19]

	NorESM2-MM
	1.125⁰ × 0.942408⁰
	3
	1     
	[20]

	SAM0-UNICON
	1.25⁰ × 0.942408⁰
	1
	1     
	[21]

	TaiESM1
	1.25⁰ × 0.94248⁰
	1
	1     
	[22]



Table S3: CMIP6 Models: List of the 25 CMIP6 models considered in this study. For each model, the horizontal resolution, the number of available realizations for the present (actual climate) and pre-industrial (counterfactual climate) at the time of writing, and the reference manuscript, are given.

	Season
	
	
	
	
	
	𝛼

	SPRING
	
	
	
	
	
	~1.0

	
	CAMS-CSM1-0
	
	
	
	
	1.002

	
	CESM2
	
	
	
	
	0.999

	
	CESM2-WACCM
	
	
	
	
	0.999

	
	CMCC-ESM2
	
	
	
	
	1.002

	
	CNRM-CM6-1-HR
	
	
	
	
	1.003

	
	CMCC-CM2-HR4
	
	
	
	
	1.003

	
	CMCC-CM2-SR5
	
	
	
	
	0.999

	
	E3SM-1-0
	
	
	
	
	1.002

	
	EC-Earth3-CC
	
	
	
	
	1.001

	
	FGOALS-f3-L
	
	
	
	
	0.999

	
	GFDL-CM4
	
	
	
	
	0.976

	
	GFDL-ESM4
	
	
	
	
	1.001

	
	INM-CM4-8
	
	
	
	
	0.999

	
	INM-CM5-0
	
	
	
	
	0.998

	
	MPI-ESM1-2-HR
	
	
	
	
	0.999

	
	MRI-ESM2-0
	
	
	
	
	0.998

	
	NorESM2-MM
	
	
	
	
	0.993

	
	SAM0-UNICON
	
	
	
	
	~1.0

	
	TaiESM1
	
	
	
	
	1.001

	
	E3SM-2-0-NARRM
	
	
	
	
	~1.0

	
	EC-Earth3-AerChem
	
	
	
	
	1.002

	
	E3SM-2-0
	
	
	
	
	0.999

	
	EC-Earth3-Veg
	
	
	
	
	1.001

	
	EC-Earth3
	
	
	
	
	1.001



	Season
	
	
	
	
	
	𝛼

	SUMMER
	
	
	
	
	
	~1.0

	
	CAMS-CSM1-0
	
	
	
	
	~1.0

	
	CESM2
	
	
	
	
	0.998

	
	CESM2-WACCM
	
	
	
	
	0.987

	
	CMCC-ESM2
	
	
	
	
	0.972

	
	CNRM-CM6-1-HR
	
	
	
	
	1.001

	
	CMCC-CM2-HR4
	
	
	
	
	0.999

	
	CMCC-CM2-SR5
	
	
	
	
	0.998

	
	E3SM-1-0
	
	
	
	
	1.002

	
	EC-Earth3-CC
	
	
	
	
	~1.0

	
	FGOALS-f3-L
	
	
	
	
	1.002

	
	GFDL-CM4
	
	
	
	
	~1.0

	
	GFDL-ESM4
	
	
	
	
	~1.0

	
	INM-CM4-8
	
	
	
	
	0.996

	
	INM-CM5-0
	
	
	
	
	1.003

	
	MPI-ESM1-2-HR
	
	
	
	
	0.997

	
	MRI-ESM2-0
	
	
	
	
	~1.0

	
	NorESM2-MM
	
	
	
	
	~1.0

	
	SAM0-UNICON
	
	
	
	
	0.997

	
	TaiESM1
	
	
	
	
	1.001

	
	E3SM-2-0-NARRM
	
	
	
	
	~1.0

	
	EC-Earth3-AerChem
	
	
	
	
	~1.0

	
	E3SM-2-0
	
	
	
	
	~1.0

	
	EC-Earth3-Veg
	
	
	
	
	~1.0

	
	EC-Earth3
	
	
	
	
	~1.0



	Season
	
	
	
	
	
	𝛼

	AUTUMN
	
	
	
	
	
	0.993

	
	CAMS-CSM1-0
	
	
	
	
	1.003

	
	CESM2
	
	
	
	
	1.002

	
	CESM2-WACCM
	
	
	
	
	1.001

	
	CMCC-ESM2
	
	
	
	
	1.002

	
	CNRM-CM6-1-HR
	
	
	
	
	0.995

	
	CMCC-CM2-HR4
	
	
	
	
	~1.0

	
	CMCC-CM2-SR5
	
	
	
	
	0.994

	
	E3SM-1-0
	
	
	
	
	1.001

	
	EC-Earth3-CC
	
	
	
	
	1.001

	
	FGOALS-f3-L
	
	
	
	
	1.002

	
	GFDL-CM4
	
	
	
	
	1.002

	
	GFDL-ESM4
	
	
	
	
	1.004

	
	INM-CM4-8
	
	
	
	
	1.002

	
	INM-CM5-0
	
	
	
	
	1.001

	
	MPI-ESM1-2-HR
	
	
	
	
	1.003

	
	MRI-ESM2-0
	
	
	
	
	0.996

	
	NorESM2-MM
	
	
	
	
	0.998

	
	SAM0-UNICON
	
	
	
	
	1.001

	
	TaiESM1
	
	
	
	
	1.002

	
	E3SM-2-0-NARRM
	
	
	
	
	1.003

	
	EC-Earth3-AerChem
	
	
	
	
	~1.0

	
	E3SM-2-0
	
	
	
	
	0.999

	
	EC-Earth3-Veg
	
	
	
	
	0.998

	
	EC-Earth3
	
	
	
	
	~1.0



	Season
	
	
	
	
	
	𝛼

	WINTER
	
	
	
	
	
	1.004

	
	CAMS-CSM1-0
	
	
	
	
	0.999

	
	CESM2
	
	
	
	
	0.999

	
	CESM2-WACCM
	
	
	
	
	1.003

	
	CMCC-ESM2
	
	
	
	
	~1.0

	
	CNRM-CM6-1-HR
	
	
	
	
	1.005

	
	CMCC-CM2-HR4
	
	
	
	
	1.001

	
	CMCC-CM2-SR5
	
	
	
	
	~1.0

	
	E3SM-1-0
	
	
	
	
	0.999

	
	EC-Earth3-CC
	
	
	
	
	0.999

	
	FGOALS-f3-L
	
	
	
	
	1.004

	
	GFDL-CM4
	
	
	
	
	0.996

	
	GFDL-ESM4
	
	
	
	
	~1.0

	
	INM-CM4-8
	
	
	
	
	1.001

	
	INM-CM5-0
	
	
	
	
	1.001

	
	MPI-ESM1-2-HR
	
	
	
	
	0.999

	
	MRI-ESM2-0
	
	
	
	
	~1.0

	
	NorESM2-MM
	
	
	
	
	~1.0

	
	SAM0-UNICON
	
	
	
	
	0.999

	
	TaiESM1
	
	
	
	
	~1.0

	
	E3SM-2-0-NARRM
	
	
	
	
	1.002

	
	EC-Earth3-AerChem
	
	
	
	
	0.997

	
	E3SM-2-0
	
	
	
	
	~1.0

	
	EC-Earth3-Veg
	
	
	
	
	~1.0

	
	EC-Earth3
	
	
	
	
	~1.0



Table S4: Performance of CMIP6 models against ground-based observations: As Table S2 but for the CMIP6 models given in Table S3 for the period 1976-2014. For each season, models for which the bias can be regarded as not significant (i.e, the absolute value of the normalized bias 𝜇 is less than 0.5, ) and the forecasts can be regarded as skillful (; i.e., the normalized error variance 𝛼 is less than 1), are highlighted in yellow and considered in the multi-model ensemble.
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	Figure S1: Large-Scale Drivers and Impacts of 16 April 2024 Historical Event: (a) 3-h anomalies of Outgoing Longwave Radiation (OLR; W m-2) from 05 to 25 April 2024 from ERA-5, computed with respect to the 1979-2023 3-h climatology. The green box highlights the study period, 15-17 April 2024. (b) OLR (shading; W m-2) and 850 hPa wind vectors (arrows; m s-1) on 16 April 2024 at 00 UTC from ERA-5. (c) 200 hPa wind speed (shading; m s-1) and wind vector anomalies (arrows; m s-1) on 16 April 2024 at 06 UTC, with the anomalies computed with respect to the 1979-2023 climatology. (d) Sea Surface Temperature (SST) anomalies (K), with respect to 2003-2023 climatology, on 16 April 2024, as given by the GHRSST dataset. (e) Infrared Brightness Temperature (IRBT; K) at 14 UTC on 16 April 2024.      
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	Figure S2: Seasonal accumulated precipitation in CMIP6 MME and ERA-5: Boreal (a) spring, (b) summer, (c) autumn and (d) winter accumulated precipitation (mm) from ERA-5 data averaged over 1976-2014. (e)-(h) are as (a)-(d) but for the CMIP6 MME, with the selected models for each season highlighted in yellow in Table S4.
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	Figure S3: Change in Arabian Peninsula's Spring Climate Variability between Present and Pre-Industrial Simulations: Spring accumulated precipitation standard deviation (mm) for the 1976-2014 (a) present and (b) pre-industrial periods, and (c) ratio between the two (non-dimensional). (d)-(f) and (g)-(i) are as (a)-(c) but for the spring-averaged air temperature (K) and sea-level pressure (hPa), respectively.
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