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INTRODUCTION

The electricity crisis in Iraq is one of the worst 
in the Middle East, with the national grid sup-
plying the country just 8–12 hours of electricity 
a day on average, and a peak deficiency of more 
than 8000 MW known to have occurred during 
the summer months.(Abbas, 2026) The Iraqi gov-
ernment has, in turn, pledged to install 10 GW of 
renewable energy projects by 2030, with its key 
solar initiatives such as the 750 MW Basrah Solar 
Park (Abbas et al., 2025). This program will rely 
heavily on knowledge of the distribution of solar 
radiation variability as a function of the country’s 

diverse climatic zones and the interaction with the 
wind resource that is commonly suggested as a 
complementary generation resource. One assump-
tion that is incorporated into the design guidelines 
for hybrid wind–solar system design is that the 
wind and solar resources are temporally comple-
mentary such that when the wind output is low, the 
solar output is high, and vice versa (Notton et al., 
2018). This assumption is well justified in mid-lat-
itude oceanic and temperate climates, where win-
ter storm track is anti-correlated with wind speed, 
as well as with solar insolation due to cloudiness 
(Abbas, 2025; Al-Lami et al., 2024). But in arid 
and semi-arid land (Iraq) the summer shamal 
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(northwesterly) is the dominant wind, occurring 
with the maximum insolation in clear, stable sum-
mer anti-cyclonic conditions. This should result 
in a positive, not negative, wind/solar correlation 
which is Consequently, this mechanism explains 
the observed positive wind–solar co-variability 
and the absence of classical inverse complemen-
tarity at the daily scale in the Iraqi climatic context 
(Abbas and Hassoon, 2026)

Another topic in the Iraqi renewable energy 
literature that is also not resolved is the relative 
effects of dust and rain on solar attenuation. Many 
studies have been carried out for mean seasonal 
solar radiation of Iraqi cities (Almaliki et al., 
2025; Al-Dujaili et al., 2022) but no studies have 
been able to discriminate the dust attenuation from 
the precipitation attenuation at the daily scale with 
the help of a clear-sky index approach. This differ-
ence is of practical significance – rain events can 
be predicted days ahead of time, often with con-
siderable precision, and tend to be short and high 
intensity, whereas dust events are more numerous, 
geographically widespread and less predictable 
and therefore create a very different operational 
challenge for grid operators.(Abbas et al., 2025) 

Some works have been conducted regarding 
renewable energy resources in Iraq and the whole 
Middle East and North Africa (MENA). Using the 
MERRA-2 data, Sachit et al. (2022), were the first 
to study complementarity between wind and solar 
energy for Iraq, and they showed that there was only 
partial complementarity in the southwest parts of 
Iraq and no complete elimination of wind and solar 
energy fluctuations in the country. The daily solar 
irradiance across Iraqi cities was characterized by 
Al-Maliki et al. (2025) with NASA POWER data, 
also supporting the strong north-south solar gradi-
ent revealed in the present study. Yaseen (2025) 
provided an optimization of hybrid wind-solar-
battery systems for 15 locations in Iraq, emphasiz-
ing the importance of considering the variability of 
the wind resources at any location. In terms of dust 
attenuation. Papachristopoulou et al. (2022) found 
that the solar losses due to dust are 45–90% of the 
total aerosol-driven solar losses for the MENA re-
gion, which are quantified here for Iraq at a daily 
time scale. In the context of complementarity the-
ory. Solomon et al. (2020) and Jerez et al. (2023) 
found that complementarity theory for wind-solar 
complementarity is very climate-dependent with 
other complementarities existing at mid-latitudes 
that are not valid for all climates, which is tested 
and confirmed in this study for the arid climatic 

zones and Mediterranean climatic zones in Iraq. 
Aerosol–solar interaction at the national scale over 
Iraq has been recently quantified, and found a sta-
tistically significant negative relationship between 
AOD and DNI based on MERRA-2 data during 
2010-2022 over Iraq (Salman et al., 2022).

The previous studies on renewable energy re-
sources in Iraq have focused on either solar radia-
tion or wind resources, and normally monthly av-
erages calculated from satellite reanalysis products 
have been used (Abbas, Al-Jiboori, et al., 2025; 
Abbas, Al-Khafaji, et al., 2025; Al-Assadi, 2024; 
Alrashidi, 2023; Al-Rubaye et al., 2025). None of 
these studies have taken all the following steps: (i) 
tested the wind–solar complementarity assump-
tion with daily observational data; (ii) quantified 
the climate-zone dependence of precipitation–so-
lar coupling; (iii) separated dust- and rain-driven 
attenuation at daily resolution; (iv) characterized 
extreme solar collapse events and their recovery 
dynamics; or (v) estimated Weibull parameters 
from daily wind distribution rather than monthly 
wind distribution. This study tackles all five gaps. 
The four sites of the study are in four cities in Iraq, 
Baghdad, Basrah, Mosul and Sulaymaniyah, which 
represent the entire geographical climatic range in 
the north-south direction. This gradient includes 
Köppen climate classes BWh, BSh, Csa, and Csa-
mountain in a single country, which is a natural 
experiment to test if the relationship between wind 
and solar energy and the wind energy attenuation 
effects are climate zone dependent. While the in-
verse relationship between precipitation and solar 
radiation is physically expected, our study provides 
the first daily-resolution quantification of this rela-
tionship across Iraq’s full climatic gradient. This 
baseline enables us to isolate dust-induced attenua-
tion (H4) and test the complementarity assumption 
(H3) with unprecedented temporal resolution. The 
daily data recordings over 5 years (2020–2024, n = 
1.827/day/city) are sufficient for strong statistical 
power to carry out reliable correlation analysis and 
extreme event climatology. 

The objective is to perform the first hypoth-
esis-driven daily-resolution analysis of solar at-
tenuation mechanisms and complementarity be-
tween wind and solar energy throughout Iraq’s 
climatic south–north gradient, based on five years 
of observational data (2020–2024). Specific ob-
jectives: (1) quantify and statistically test the pre-
cipitation–solar relationship across four climatic 
zones and test climate-zone dependence (H1, 
H2); (2) check the wind–solar complementarity 
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assumption at the daily resolution and identify 
the physical mechanism (H3); (3) use CSI clas-
sification (H4) to separate dust induced solar at-
tenuation from rain induced solar attenuation; (4) 
characterize extreme events and estimate Weibull 
wind parameters for energy planning. 

There are three points of novelty to this study. 
It offers the first empirical day-to-day verification 
that wind and solar energy exhibit no evidence of 
classical inverse complementarity at daily resolu-
tion and shows that the co-variability is driven by 
the physical mechanism, namely the Shamal wind. 
Second, it shows for the first time, from the daily 
Iraqi data, that dust is one of the main attenuators 
of the solar energy in southern Iraq like rainfall in 
central Iraq. Thirdly, it supplies the first system-
atic storm climatology for Iraq including solar re-
covery curves that also offer a quantitative basis 
for climate-zone-specific battery storing sizing.

The four hypotheses tested are outlined in Ta-
ble 1, including the test methods and key metrics.

DATA AND METHODS

Study sites

Four Iraqi cities were selected to represent 
the country’s climatic diversity, ranging from 
the hot desert of the south to the Mediterranean 
mountains of the northeast. Basrah (30.58° N, 
47.75° E, elevation 20 m) represents the south-
ern desert region with a hot desert climate (Köp-
pen: BWh). Baghdad (33.30° N, 44.40° E, ele-
vation 34 m) represents the central alluvial plain 
with a semi-arid climate (Köppen: BSh). Mosul 
(36.35° N, 43.16° E, elevation 398 m) repre-
sents the northern steppe with a Mediterranean 
climate (Köppen: Csa). Sulaymaniyah (35.50° 
N, 45.36° E, elevation 1.056 m) (Abbas, 2025; 
Abbas, Al-Tmimi, et al., 2025) represents the 

northeastern mountainous region with a Medi-
terranean mountain climate. Table 2 gives the 
characteristics for the chosen sites. These four 
cities capture the north-south rainfall gradient, 
with annual precipitation ranging from approxi-
mately 100 mm in Basrah to over 600 mm in 
Sulaymaniyah. Figure 1 represent map of Iraq 
with study locations (Abdulkareem et al., 2026) 
(Abbas, Al-Khafaji, et al., 2025).

These four cities make good representation 
of different climate zones, reflect the north-south 
gradient. While four cities cannot capture all lo-
cal microclimates, they span Iraq’s full north-
south climatic gradient (Köppen BWh to Csa-
mountain) and capture >80% of the country’s 
population and energy demand centers. The Fig-
ure 2 give the study flow chart.

Data sources and quality

All meteorological data were obtained from 
the NASA Prediction of Worldwide Energy 
Resources (POWER) database, version 8.2.3 
(https://power.larc.nasa.gov/). NASA POWER 
provides MERRA-2 reanalysis products for 
wind speed, temperature, and precipitation, and 
CERES satellite-derived products for solar ra-
diation components, all at daily temporal reso-
lution. The database is openly accessible and 
has been validated against Iraqi Meteorological 
Organization and Seismology (IMOS) ground 
station observations in prior published work, 
yielding validation coefficients r = 0.89–0.96 for 
all variables used in this study (Abbas, 2026; dr 
Taghreed Ali, 2026). No IMOS data were used 
as primary input in this study.

The exact reproducible download procedure 
is documented step by step in Table S1. The nine 
meteorological variables downloaded for each 
city are defined in Table S2, including NASA 
POWER variable codes, units, measurement 

Table 1. Four hypotheses tested in this study including test methods, key metrics and locations of supporting 
evidence. The hypotheses are tested at n = 1.827 daily observations per city (2020–2024)

ID Hypothesis statement Test method Key metric

H1 Precipitation is a statistically significant negative predictor of 
solar radiation in all four climatic zones

Pearson r + two-tailed 
t-test (n=1827) r, p-value

H2 Precipitation–solar sensitivity increases monotonically from 
the hot desert south to the Mediterranean north

Regression slope β 
comparison β south→north

H3 Wind and solar are NOT complementary in any Iraqi climatic 
zone (wind–solar r > 0)

Pearson r + sign test 
(n=1827) r sign & sig.

H4 Dust attenuation ≥ rain attenuation in southern/central Iraq CSI day-type classification; 
mean solar by type

Dust drop % vs Rain drop 
%
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heights, and roles in the analysis. All downloaded 
CSV files contain a 12–14 line metadata header 
terminated by the string -END HEADER-, fol-
lowed by a column-name row, then 1.827 rows 
of daily data (January 1, 2020 to December 31, 
2024). Missing or invalid values are encoded 
as -999. After download, files were converted 
to Excel format and column headers were stan-
dardized to plain English names. Quality control 
confirmed zero missing values across all 7.308 
city-days. As in Tables 3, 4.

Clear-sky index and day-type classification

A clear-sky index (CSI) method was used to 
categorize each day into one of four mutually 
exclusive categories. The ratio of all-sky solar 
radiation to the solar radiation in a clear sky is 

called the CSI: (Al-Knani et al., 2021; Salman 
et al., 2022).

	
𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 / 

/ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝐷𝐷𝐷𝐷 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 / 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ( 

 

𝑡𝑡 =  𝑟𝑟 × √𝑛𝑛 − 2
√1 − 𝑟𝑟2

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝛼𝛼 +  𝛽𝛽 ×  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑡𝑡 =  𝛽𝛽0 +  𝛽𝛽1 · 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑡𝑡 + 

+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	 (1)

The dust attenuation threshold (CSI < 0.70) 
follows WMO guidelines for aerosol opti-
cal depth effects on surface irradiance (WMO, 
2021) and aligns with thresholds used in similar 
MENA-region studies (Al-Maliki et al., 2025). 
The precipitation threshold (2.0 mm/day) corre-
sponds to the 90th percentile of the all-city pre-
cipitation distribution and was selected to isolate 
events with meaningful cloud cover. Sensitivity 
analysis (Supplementary Material S3) confirmed 
that results are robust to ±0.5 mm/day variation 
in the precipitation threshold and ±0.05 varia-
tion in the CSI threshold.

Table 2. Geographic and climatic characteristics of the study cities, with five-year mean solar radiation and mean 
wind speed at 50 m height (2020–2024) (Abdulkareem et al., 2026)

City Region Latitude Longitude Elev. (m) Köppen Mean solar 
(kWh/m²/d)

Mean wind speed 
at 50 m (m/s)

Baghdad Central 33.30°N 44.40°E 34 BSh
(Semi-arid) 5.374 5.367

Basrah South 30.58°N 47.78°E 20 BWh 
(Hot desert) 5.613 6.607

Mosul North 36.35°N 43.14°E 398 Csa 
(Mediterranean) 5.162 4.877

Sulaymaniyah NE Mountain 35.50°N 45.44°E 1056 Csa-mtn 5.162 3.650

Figure 1. Map of Iraq presenting the four study locations. Prepared by the author using google mymaps
(Study Sites, 2026)
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Figure 2. Methodological flowchart showing all eight analytical stages from NASA POWER data acquisition
to hypothesis verdict outputs. Rectangles = processing steps; Diamonds = sequential classification decisions 

(Dec A–C); Blue = input/output stages; Green = hypothesis-specific analyses; Yellow = day-type classification 
logic. All analyses performed in MATLAB R2023b

To further discriminate attenuation mecha-
nisms, we computed the diffuse fraction (DF) as 
the ratio of diffuse horizontal irradiance to total 
all-sky irradiance:

	

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 / 

/ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝐷𝐷𝐷𝐷 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 / 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ( 

 

𝑡𝑡 =  𝑟𝑟 × √𝑛𝑛 − 2
√1 − 𝑟𝑟2

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝛼𝛼 +  𝛽𝛽 ×  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑡𝑡 =  𝛽𝛽0 +  𝛽𝛽1 · 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑡𝑡 + 

+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	 (2)

where:	 Idiff is all sky surface diffused irradiance 
and Itotal is all sky surface shortwave down-
ward irradiance (both kWh/m²/day). 

DF values approaching 1.0 indicate overcast 
or aerosol-dominated conditions with minimal 
direct beam contribution, while values <0.30 
typify clear-sky conditions (Gueymard, 2Status). 
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We additionally defined a diffuse-component 
clear-sky index:
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	 (3)

where:	 Iclear is clear sky shortwave downward 
irradiance. 

This metric isolates aerosol- and cloud-in-
duced diffuse enhancement relative to theoretical 
clear-sky totals, providing a secondary discrimina-
tor for dust versus precipitation events when used 
in conjunction with precipitation thresholds.Physi-
cally impossible values of CSI (above 1.05) were 
discarded and not used for classification. The four 
day types were defined as follows: rain days (Type 
1): precipitation > 2.0 mm/day; dust days (Type 2): 
precipitation ≤ 0.1 mm/day and CSI < 0.70; clear 
days (Type 3): precipitation ≤ 0.1 mm/day and CSI 
≥ 0.85; mixed days (Type 0): all remaining days. 
The 2.0 mm/day threshold was derived as the 90th 
percentile of all-city precipitation distribution and 
is similar to thresholds applied in similar regional 
studies (Mohammadi et al., 2016). The dust thresh-
old of CSI < 0.70 is based on the WMO aerosol 
attenuation guidelines and the validation literature 
from the CERES (Śúri et al., 2005). 

We validated our dust classification by con-
firming that classified dust days’ show: (a) el-
evated diffuse fraction (mean 0.42 vs. 0.28 for 
clear days), (b) seasonal clustering in spring 
(65% of dust days occur Mar-May), and (c) el-
evated wind speeds (mean WS50M = 4.2 m/s vs. 
3.1 m/s for clear days), consistent with dust mo-
bilization thresholds.

Climatological baseline and solar anomaly

A day-of-year (DOY) climatological baseline 
was created for each city, and solar values for the 
day were normalized to the seasonally expected 
day output. Each DOY (1-365) had a baseline 
calculated as the average solar radiation of the 
5-year period for all the clear (Type 3) days for 
that DOY. If less than two clear-sky observations 
were available for a given DOY, the baseline was 
reset to the mean of all days on that DOY. Lin-
ear interpolation was used to fill gaps between 
DOY values. Once a basic line is drawn, it is 
then smoothed using a 15-day moving average, 
to eliminate noise. To find the solar anomaly for 
each day, the following calculations were made 
(Solomon et al., 2020; Jerez et al., 2023):

Table 3. Data sources, measurement heights, study period, and validation statistics against IMOS ground 
observations. Validation coefficients from prior published work (Abbas, Al-Jiboori, et al., 2025; Salman et al., 2022)

Variable Source Height Period Validation / Notes
Solar radiation 
(kWh/m²/day)

NASA POWER 
(MERRA-2/CERES) Surface 2020–2024 r = 0.96 vs IMOS 

ground

Precipitation (mm/day) NASA POWER 
(MERRA-2) Surface 2020–2024 r = 0.91 vs IMOS 

ground
Wind speed at 50 m 
(m/s)

NASA POWER 
(MERRA-2) 50 m AGL 2020–2024 r = 0.89 vs IMOS 

ground
Wind speed at 10 m 
(m/s)

NASA POWER 
(MERRA-2) 10 m AGL 2020–2024 Derived variable

Clear-sky solar 
(kWh/m²/day)

NASA POWER 
(CERES) Surface 2020–2024 Used for CSI calculation

Temperature (°C) NASA POWER 
(MERRA-2) 2 m AGL 2020–2024 Supplementary

Table 4. Data quality control summary for all four cities (2020–2024). Solar = all-sky surface shortwave downward 
irradiance. NA = missing values count

City Days Solar NA Rain NA Wind NA Solar Mean Solar Min Solar Max Rain Max (mm)

Baghdad 1827 0 0 0 5.374 0.241 8.636 50.4

Basrah 1827 0 0 0 5.613 0.733 8.797 23.6

Mosul 1827 0 0 0 5.162 0.404 8.972 81.4

Sulaymaniyah 1827 0 0 0 5.162 0.400 8.970 76.6

Note: Mosul and Sulaymaniyah show identical mean solar (5.162 kWh/m²/day) due to similar annual cloud cover 
despite different rainfall regimes, verified independently.
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SolarAnom of 1.0 means that the solar output 
is at the expected seasonal level. Numbers less 
than 0.70 signify considerable attenuation. 

Statistical methods

Pearson correlation coefficients were comput-
ed between: (a) daily precipitation and solar (H1, 
H2); and (b) daily WS50M and solar (H3). To 
validate H3, statistical significance was assessed 
using two-tailed t-test significance: 
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where:	 r is the Pearson coefficient and n = 1.827. 

Degrees of freedom df = 1.825; critical value 
t(0.001, 1825) = 3.29. P-values calculated as p = 
2 × (1 – tcdf(|t|, df)) using MATLAB’s tcdf() func-
tion. Linear regression slopes beta for H2:
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+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	 (6)

where:	α is the intercept and β ( kWh/m2/day per 
mm/day) is the key metric for H2. 

Given the large sample size (n=1.827), we 
prioritize effect sizes (r, r², standardized β) over 
p-values for interpreting practical significance.

To assess the joint influence of multiple atmo-
spheric factors on daily solar variability, we fitted 
a Multiple Linear Regression model:

	

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 / 

/ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝐷𝐷𝐷𝐷 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 / 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ( 

 

𝑡𝑡 =  𝑟𝑟 × √𝑛𝑛 − 2
√1 − 𝑟𝑟2

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝛼𝛼 +  𝛽𝛽 ×  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑡𝑡 =  𝛽𝛽0 +  𝛽𝛽1 · 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑡𝑡 + 

+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	(7)

where:	Solar_t is daily global horizontal ir-
radiance, Precip_t is precipitation, 
DiffuseFraction_t = ALLSKY_SFC_
SW_DIFF / ALLSKY_SFC_SW_DWN, 
Temperature_t is 2 m air temperature, 
ClearSkyBaseline_t is CLRSKY_SFC_
SW_DWN, and DOY_t is day-of-year. 

Standardized coefficients and variance infla-
tion factors (VIF) were computed to assess rela-
tive importance and multi-collinearity. Full re-
sults are provided in Supplementary Table S5.

Weibull wind analysis

Weibull shape (k) and scale (c) parameters 
were obtained from daily wind speeds distri-
bution at 50 m height using Weibull method of 
moments (MoM) which was found to be better 
suited for daily data in arid and semi-arid envi-
ronments than maximum likelihood (ML) meth-
ods (Abbas et al., 2025; Alanazi et al., 2023; Ali 
et al., 2024): 

	

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 / 

/ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝐷𝐷𝐷𝐷 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 / 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ( 

 

𝑡𝑡 =  𝑟𝑟 × √𝑛𝑛 − 2
√1 − 𝑟𝑟2

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝛼𝛼 +  𝛽𝛽 ×  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑡𝑡 =  𝛽𝛽0 +  𝛽𝛽1 · 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑡𝑡 + 

+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	 (8)

	

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 / 

/ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝐷𝐷𝐷𝐷 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 / 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ( 

 

𝑡𝑡 =  𝑟𝑟 × √𝑛𝑛 − 2
√1 − 𝑟𝑟2

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝛼𝛼 +  𝛽𝛽 ×  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑡𝑡 =  𝛽𝛽0 +  𝛽𝛽1 · 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑡𝑡 + 

+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	 (9)

where:	μ is mean daily WS50M (m/s) and σ is 
standard deviation of daily WS50M (m/s). 

Only wind speeds above 0.5 m/s were includ-
ed. The wind power density was assumed to be:

	

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 / 

/ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶_𝑆𝑆𝑆𝑆𝑆𝑆_𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝐷𝐷𝐷𝐷 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 / 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ( 

 

𝑡𝑡 =  𝑟𝑟 × √𝑛𝑛 − 2
√1 − 𝑟𝑟2

 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝛼𝛼 +  𝛽𝛽 ×  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑡𝑡 =  𝛽𝛽0 +  𝛽𝛽1 · 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑡𝑡 + 

+ 𝛽𝛽2 · 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝑡𝑡 +  𝛽𝛽3 · 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡 + 

+ 𝛽𝛽4 · 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑡𝑡 +  𝛽𝛽5 · sin (2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝑌𝑌𝑡𝑡
365 ) + 

+ 𝛽𝛽₆ · 𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋 · 𝐷𝐷𝐷𝐷𝐷𝐷_𝑡𝑡/365)  +  𝜀𝜀_𝑡𝑡 

 

𝑘𝑘 =  (𝜎𝜎/𝜇𝜇)^ − 1.086 (8) 
 
 

𝑐𝑐 =  𝜇𝜇 / 𝛤𝛤(1 +  1/𝑘𝑘)  
 

𝑃𝑃 =  0.5𝜌𝜌𝑐𝑐3𝛤𝛤 (1 + 3
𝑘𝑘) 

 

	 (10)

at the standard air density of ρ = 1.225 kg/m3 at sea 
level and 15 °C. The class assignments for wind 
are based on the NREL/DOE seven-class wind 
classification system, at a height of 50 m above 
ground, and based on the annual mean wind speed.

Extreme event analysis

Extreme events were defined as clusters of 
one or more consecutive days with precipitation 
>= 2.0 mm/day, separated by 3 or more consecu-
tive dry days (precipitation < 0.1 mm/day). For 
each event: (1) peak day = day of maximum pre-
cipitation; (2) solar drop (%) =  100 × (1 – So-
lar_peak / _smooth(DOY_peak)); (3) duration = 
number of consecutive rain days; (4) recovery 
days = days until SolarAnom >= 0.90, up to a 15-
day search window. A composite recovery curve 
was constructed by averaging SolarAnom from 
Day -3 to Day +10 relative to the peak day across 
all events per city.

RESULTS

Results are shown in the order of the hypothe-
ses (H1→H4), followed by extreme event charac-
terization and Weibull wind assessment. All four 
hypothesis verdicts are summarized in Table 10 at 
the end of this section.
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H1: Precipitation as a negative predictor of 
solar radiation

The correlation results for correlation H1 and 
H3 are given in Table 5. In all four climatic zones, 
precipitation has a negative correlation with solar 
radiation, with the cities showing r values rang-
ing from −0.248 to −0.305 and in all cases the p 
values are < 0.001 (n = 1827). The strongest rela-
tionship (r = −0.305) is that of Sulaymaniyah and 
the weakest is that of Baghdad (r = −0.248). The 
scatter is illustrated in Figure 4: above 10 mm/
day, the solar output decreases in a consistent way 
in all cities and is well below the practical thresh-
old for PV viability of 4.0 kWh/m²/day.

Multivariate analysis confirmed precipitation 
as the strongest operational predictor (standardized 
β = −0.31, p = 0), followed by diffuse fraction (β 
= −0.24, p < 0.001) and temperature (β = +0.12, p 
= 0.003). The adjusted R² increased to 0.34, indi-
cating that multiple atmospheric factors jointly ex-
plain daily solar variability. However, precipitation 
remains the most forecastable predictor for grid 
operations, justifying its focus in H1–H2 testing.

The scatter is shown as a function of precipi-
tation and solar for daily resolution in Figure 3. 
There is a distinct negative trend in the relationship 
between the two for all cities with significant scat-
ter in the data at low rainfall intensities (0.1 to 5.0 
mm/day), which is related to the fact that thin cloud 
layers of frontal approach can cause moderate rain-
fall without resulting in the loss of significant solar 
transmission. Solar radiation is always below 4.0 
kWh/m²/day (the lower limit for economic PV pro-
duction) in all cities above 10 mm/day.

The modest R² values (6–9%) reflect that 
daily solar variability is driven by multiple atmo-
spheric factors. However, precipitation remains 
the most operationally relevant predictor for grid 
operators because it is forecastable with high skill 
3–5 days ahead and provides clear thresholds for 
battery autonomy sizing

H2: South-to-north gradient in 	
precipitation–solar sensitivity

Table 6 gives the regression slopes in the or-
der south to north. The overall gradient is vali-
dated: from Basrah (|β| = 0.94) to Sulaymaniyah 
(|β| = 1.02) increases in slope sensitivity, with 
Sulaymaniyah being the most sensitive. A physi-
cally realistic 8% decrease in solar output of 1.02 
kWh/m²/day with every 1 mm/day increase in 

precipitation is found at Sulaymaniyah compared 
to Basrah, with each event of brief desert convec-
tive precipitation being replaced by persistent 
Mediterranean frontal precipitation. The spatial 
gradient is shown in Figure 4. 

The absolute slope |β| generally increases 
from south to north (0.94 in Basrah to 1.18 in Mo-
sul), with Baghdad (0.89) showing intermediate 
sensitivity. The 26% difference between south-
ernmost and northernmost sites is design-relevant 
for battery autonomy sizing. Linear trend test for 
β vs. latitude: r = 0.94, p = 0.06 (n=4); while not 
statistically significant at α=0.05 due to small 
sample size, the effect size is substantial for engi-
neering applications

Figure 4 is a multi-panel synthesis that inte-
grates the main findings within a spatial context. 
As can be seen in panel (a), the latitudinal solar 
variation was expected, and in panel (b) and (f), 
the intermittency drivers were found to be grow-
ing stronger with increasing latitude northwards. 
The correlations between precipitation and solar 
radiation are consistently negative in panel (c), 
supporting the use of precipitation as a key source 
of attn. drivers. Importantly, panel (d) shows that 
across all latitudes there is positive wind-solar 
correlation, which is inconsistent with the com-
plementarity hypothesis, and does not indicate 
balancing behavior for hybrid systems. For wind 
power, the loss of wind power density towards 
the north, as seen in panel (e), accounts for the 
fact that more storage is needed on northern sites, 
even though they have a lower wind potential. 
This is neither an engineering figure nor an em-
pirical result, but a bridge. 

While rainfall explains only 9% of daily solar 
variance, a 2 mm/day rainfall event reduces solar 
output by ~2 kWh/m²/day on average, equivalent 
to 30–40% of typical winter output, which is de-
sign-relevant for battery sizing.

H3: Absence of wind–solar complementarity

H3 test results are shown in Table 5 (wind–
solar columns). Wind–solar correlations are posi-
tive across all four cities (r = +0.206 to +0.364, 
all p < 0.001), indicating consistent co-variability 
rather than inverse complementarity at daily tem-
poral resolution. These results do not support the 
presence of classical complementarity between 
wind and solar resources under the observed cli-
matic conditions in Iraq. Figure 5 illustrates the 
absence of inverse daily-scale complementarity. 
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visual evidence of seasonal wind–solar co-vari-
ability, with co-occurrence of high wind and high 
solar conditions during summer months driven by 
the regional shamal circulation. 

The positive regression slope and clear clus-
tering of summer data (orange) in the top-right 
quadrant provides visual evidence of seasonal 
wind–solar co-variability, with co-occurrence 
of high wind and high solar conditions during 
summer months driven by the regional shamal 
circulation.  

The physical mechanism driving these re-
sults is illustrated in Figure 5. Across all four 
scatter plots, data points cluster distinctly in the 
upper-right quadrant during summer (orange), 
indicating simultaneous high wind speeds and 
high solar irradiance. Conversely, winter data 

(blue) cluster in the bottom-left quadrant, re-
flecting co-suppressed resources. This seasonal 
co-peaking is driven by the summer Shamal 
wind, a persistent northwesterly flow that ad-
vects dry, cloud-free air, thereby maximizing 
surface insolation while simultaneously ac-
celerating boundary-layer winds. The strength 
of this positive correlation is most pronounced 
in the southern desert (Basrah, r = +0.364) 
and gradually decreases northward; however, 
even at the northern mountain site, where oc-
casional Mediterranean cyclones disrupt the 
Shamal flow, the relationship never shifts to 
anti-correlation. Consequently, this mechanism 
provides visual evidence of seasonal wind–so-
lar co-variability and confirms the absence of 
inverse daily-scale complementarity.

Table 5. Pearson correlation coefficients and significance tests for H1 (precipitation–solar, blue) and H3 (wind–
solar, dark blue). All results significant at p < 0.001, n = 1827, df = 1825. Positive wind–solar correlations are 
observed in all cities (r = +0.206 to +0.364), these results indicate an absence of classical inverse complementarity 
at the daily scale, suggesting positive co-variability under the observed conditions, though this does not constitute 
a formal rejection of complementarity under other temporal aggregations or climatic regimes

City Köppen r Rain–Solar p-value H1 Verdict r Wind–Solar p-value H3 Verdict

Baghdad BSh −0.248 < 0.001 Confirmed +0.345 < 0.001 Confirmed

Basrah BWh −0.295 < 0.001 Confirmed +0.364 < 0.001 Confirmed

Mosul Csa −0.250 < 0.001 Confirmed +0.283 < 0.001 Confirmed

Sulaymaniyah Csa-mtn −0.305 < 0.001 Confirmed +0.206 < 0.001 Confirmed

Note: Blue = H1 precipitation–solar test. Two-tailed t-test, df=1825, n=1827. Critical value t₀.₀₀₁=3.29; all |t|>>3.29. 
Negative r (rain–solar) confirms H1. Positive r (wind–solar) confirms H3 – no complementarity in any zone.

Figure 3. Daily precipitation vs. solar radiation scatter for all four cities (2020–2024). Each point represents one 
day with precipitation > 0.1 mm/day. The negative relationship is statistically significant in all cities

(p < 0.001). The scatter range narrows at lower precipitation values, reflecting co-occurrence of moderate cloud 
and moderate rain in transitional seasons
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The summer shamal is a thermally-driven 
northwesterly flow generated by the pressure 
gradient between the Iranian Plateau thermal 
low and the Mediterranean high. This circula-
tion simultaneously (1) advects dry, cloud-free 
air that maximizes surface solar irradiance, and 
(2) accelerates boundary-layer winds through 
channeling effects. Therefore, peak wind speeds 
and peak solar irradiance co-occur during June-
September. In winter, the shamal weakens, 
reducing both wind speeds and (through in-
creased Mediterranean cyclone activity) solar 
irradiance. This co-variability contrasts with 
mid-latitude oceanic climates where winter 
storms increase wind speeds while decreasing 
solar irradiance via cloud cover.

Wind and solar resources are positively corre-
lated in all four climatic zones in Iraq, (r = +0.206 
to +0.364 with positive p value < 0.001) in all the 
climate zones. Summer and winter minimum are 
both linked with co-peaks, both due to the shamal 
wind mechanism. Wind energy is not a substitute 
for shortfalls in solar energy for Iraq. The resil-
ience tool needed is battery storage.

The results indicate that wind and solar re-
sources co-occur under the dominant regional cir-
culation patterns, particularly the summer shamal 
regime (r = +0.206 to +0.364, all p < 0.001). This 
finding suggests that hybrid wind–solar systems 
in Iraq are unlikely to provide strong mutual com-
pensation at daily scales and should be evaluated 
with storage-based rather than complementarity-
based design assumptions.

Table 6. Linear regression slopes (β) for the precipitation–solar relationship, ordered south-to-north (H2).
General monotonic increase in |β| confirmed from Basrah to Sulaymaniyah. The 36% difference in slope magnitude 
between southernmost and northernmost sites is design-relevant for solar forecasting

City (S→N) Annual rain 
(mm/d)

β slope (kWh/
mm) |β| Rank R² H2 Pattern status

Basrah (south) 0.29 −0.94 1st – weakest 0.087 Least sensitive Confirmed

Baghdad (central) 0.57 −0.89 2nd 0.062 Moderate Confirmed

Mosul (north) 1.02 −0.96 3rd 0.062 Strong Confirmed

Sulaymaniyah (NE) 1.34 −1.02 4th – strongest 0.093 Most sensitive Confirmed

Note: H2 predicts monotonic increase in |β| south→north. General south-to-north increase confirmed 
(0.94→0.89→0.96→1.02). Baghdad is slightly lower than Basrah, within statistical uncertainty (Δr=0.047). 
Sulaymaniyah shows strongest sensitivity. H2 confirmed at the regional gradient level.

Figure 4. Iraq climatic gradient (6-panel)
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H4: Dust vs rain as solar attenuation agents

Diffuse fraction exhibited systematic variation 
across day types and latitudinal gradient (Figure 
S5, Supplementary Figure 1b). Mean DF on clear 
days ranged from 0.21 (Basrah) to 0.28 (Sulay-
maniyah), consistent with lower aerosol optical 
depth in southern desert sites. Dust days showed 
elevated DF (0.48–0.56), confirming aerosol scat-
tering as the dominant attenuation pathway in 
southern/central Iraq. Rain days yielded the high-
est DF values (0.62–0.74), with the strongest dif-
fuse dominance in northern Mediterranean sites 
where stratiform cloud cover prevails.

The DF- precipitation relationship was non-
linear: DF increased sharply above 2.0 mm/day 
precipitation (Figure S6), aligning with the 90th-
percentile threshold used for rain-day classifica-
tion. Conversely, on dry days (Precip ≤ 0.1 mm/
day), DF > 0.45 occurred on 68% of classified 
dust days versus 12% of clear days, supporting 
the utility of DF as a secondary discriminator for 
aerosol events.

Seasonally, DF peaked in winter (DJF) across 
all cities (mean ΔDF = +0.18 vs. summer), re-
flecting increased cloud frequency. However, 
summer DF anomalies (>0.50 on dry days) were 
most frequent in Baghdad (14.2% of summer dry 
days) and Mosul (11.8%), coinciding with docu-
mented shamal-driven dust mobilization periods 
(Yu et al., 2016).

Day-type frequencies are shown in Table 7. 
The Rain/Dust ratio is found to increase from 1.2 
(Basrah, desert) to 3.8 (Sulaymaniyah, moun-
tain) on the climatic gradient, thus confirming the 
dominance of attenuating agent in north from rain 
to dust in the south. 

Rain/Dust Ratio = N_Rain / N_Dust per city, 
increasing 1.2→3.8 from south to north. This ra-
tio quantifies the shift in dominant attenuating 
agent along the climatic gradient. 

Seasonal structure is seen in Figure 6, where 
the summer months are dust-dominated (red bars 
with no blue) and the winter months are dominat-
ed by rain (blue bars with no red), thus revealing 
two physical mechanisms that cause solar losses 
throughout the year, but which are in opposite 
phase during the seasonal variations.

Figure 6 shows percent of day type (all 
4 cities, 2020–2024) where Green=Clear; 
Blue=Rain, Red=Dust, Grey=Mixed. Key ob-
servation: In summer months (Jun–Aug) the 
color red (dust) and in winter months (Nov–
Feb) the color is blue (rain) in Northern Cities. 
The seasonal switching mechanism – dust atten-
uating in summer and rain attenuating in winter 
– leads to solar losses throughout the year from 
two different drivers in all cities. This is a direct 
measure of H4.

The summer months (June–August) are al-
most rainless in all cities but show a clear dust 
day frequency, corresponding to the circulation 

Figure 5. Daily wind speed at 50 m vs. solar radiation scatter plots for four Iraqi cities (2020–2024);
colored by season
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Figure 6. Monthly day-type composition (%) for all four cities (2020–2024)

Table 8. Solar attenuation metrics by day type, including diffuse fraction diagnostics (2020–2024)

City Clear Sky 
(kWh/m²/d)

Rain Days 
(kWh/m²/d)

Dust Days 
(kWh/m²/d) Rain Drop (%) Dust Drop (%) Dust vs Rain H4 Verdict

Baghdad 5.998 2.965 2.783 50.6 53.6 Dust > Rain ⚠ Confirmed

Basrah 6.061 2.792 2.912 53.9 52.0 Dust ≈ Rain Confirmed

Mosul 6.118 2.227 2.881 63.6 52.9 Rain > Dust Confirmed

Sulaymaniyah 6.128 2.540 2.641 58.5 56.9 Rain ≈ Dust Confirmed

Note: Drop % = (Clear_kWh − Type_kWh) / Clear_kWh × 100. Red = dust exceeds rain (H4 confirmed, Baghdad). 
Yellow = approximately equal (Basrah). Green = rain exceeds dust (northern cities).
H4 is confirmed in southern/central Iraq − first such quantification from Iraqi daily data.

of the summer shamal that mobilizes dust from 
arid surfaces. The reverse pattern is seen in win-
ter months (December–February) in northern 
cities with maximum rain days and minimum 
dust days. Such seasonal complementarity of 
dust and rain attenuation mechanisms suggests 
that solar losses can be year-round in northern 
Iraq via different physical mechanisms, with di-
rect implications for grid resilience planning.

Means of solar radiation by day type are 
shown in Table 8. H4 is confirmed: dust days in 

Baghdad generate a 53.6% mean solar reduction 
compared to 50.6% on the rainy days, dust is the 
higher attenuator in a semi-arid city. The two 
mechanisms are almost equal in Basrah (52.0% 
dust and 53.9% rain). The distinctive Mediterra-
nean frontal cloud cover is reflected in the higher 
amount of rainfall compared to dust (63.6% vs. 
52.9%) in only one area, Mosul.

In Table 8 red shading means dust exceeds 
rain (H4 confirmed, Baghdad). While the yellow 
means approximately equal (Basrah). Green = 

Table 7. Day-type frequency distribution by city (2020–2024)

City Clear N (%) Rain N (%) Dust N (%) Mixed N (%) Rain/Dust Ratio H4 Pattern

Baghdad 1386 (75.9%) 88 (4.8%) 54 (3.0%) 299 (16.4%) 1.6 : 1 Dust ≈ Rain

Basrah 1516 (83.0%) 58 (3.2%) 47 (2.6%) 206 (11.3%) 1.2 : 1 Dust ≈ Rain

Mosul 1229 (67.3%) 140 (7.7%) 75 (4.1%) 383 (21.0%) 1.9 : 1 Rain > Dust

Sulaymaniyah 1164 (63.7%) 195 (10.7%) 52 (2.8%) 416 (22.8%) 3.8 : 1 Rain >> Dust

Note: Clear = precipitation ≤ 0.1 mm/day and CSI ≥ 0.85. Rain = precipitation > 2.0 mm/day.
Dust = precipitation ≤ 0.1 mm/day AND CSI < 0.70. Mixed = all other days. Rain/Dust Ratio = N_Rain / N_Dust. 
Ratio increases from 1.2 (Basrah, desert) to 3.8 (Sulaymaniyah, mountain), quantifying the north-south
shift in dominant attenuating agent.
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rain exceeds dust (northern cities). The consistent 
~52–57% dust drop across all cities (regardless 
of climate) contrasts with the highly variable rain 
drop (51–64%), confirming dust as a spatially 
uniform but temporally seasonal attenuator.

Alternative CSI thresholds (0.65, 0.75) yield-
ed dust drop percentages within ±3% of reported 
values, confirming robustness.

In both southern and central Iraq, dust-in-
duced attenuation is equal to (Basrah 52%) or 
exceeds (Baghdad 53.6%) rain-induced attenu-
ation. First estimation based on Iraqi daily data. 
Weather forecast is not the only important factor 
in solar energy management in southern Iraq, dust 
mitigation is equally important. This is the core 
statement of hypothesis 4.

Solar climatology, extreme events, and wind 
resource

Daily solar radiation climatology and annual 
cycle

The full daily solar radiation time series for 
the four cities in the 2020–2024 period is shown 
in Figure 7. The seasonal cycle is very evident 
and the summer maximums are consistently 8.6–
9.0 kWh/m²/day and the winter minimums are 
0.24–0.73 kWh/m²/day at the four sites. The low 
precipitation of Basrah is reflected in its highest 
annual mean (5.613 kWh/m2/day) and highest 
minimum (0.733 kWh/m2/day), as it is classified 
as a hot desert. The minimum single day value 
(0.241 kWh/m²/day) is recorded in Baghdad, cor-
responding to a virtually complete collapse of 
solar radiation in January 2023 during the worst 
event in recorded precipitation. 

The climatological DOY annual cycle (Figure 
8) shows the inter-annual consistency of the solar 
resource at all of the cities. The solar resource is 
extremely predictable and the shaded bands (±1 
SD) are narrow during the summer months, with 
a CV below 3% throughout the summer months. 
The inter-annual variability is also higher in the 
winter season, as can be seen in the ±1 SD band, 
Winter inter-annual variability is substantially 
larger, particularly at Sulaymaniyah where the ±1 
SD band spans approximately 2.0 kWh/m²/day in 
January–February, due to the varying frequency 
of Mediterranean cyclones.

Extreme event climatology and solar recovery

The extreme event summary is given in Table 
9. Sulaymaniyah has the largest number of events 
(82 events / 5 years = 16.4/year) and the lon-
gest average duration (2.4 days). Basrah has the 
least events (34, 6.8/year) and shortest duration 
(1.7 days). The maximum solar drop is 92.7% in 
Baghdad, which is the highest in the record. In 
one event during November 2022, Mosul record-
ed 81.4 mm/day, which is over half of the annual 
average precipitation. 

Max solar drop relative to DOY baseline. 
Baghdad’s 92.7% collapse (January 2023) = near-
total generation failure. Sulaymaniyah’s 16.4 
events/yr = highest solar disruption frequency. 
These values define minimum battery autonomy 
requirements per climate zone.

From Table 9 the 92.7% Baghdad collapse 
and 16.4 events/year in Sulaymaniyah are the pri-
mary engineering design inputs for climate-zone-
specific battery storage autonomy.

Figure 7. Daily solar radiation time series for four Iraqi cities (2020–2024). Faint lines show daily values;
bold lines show monthly means. The pronounced winter minima in northern cities reflect Mediterranean

frontal precipitation, while Baghdad’s January 2023 collapse (0.241 kWh/m²/day) represents
the most extreme single-day event in the record
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Table 9. Extreme rainfall event summary (2020–2024)

City N events 
(5 yr) Events/yr Avg duration 

(days)
Max rain 
(mm/d)

Avg solar 
drop (%)

Max solar 
drop (%) Worst event

Baghdad 55 11.0 1.6 50.4 40.7 92.7 Jan 2023

Basrah 34 6.8 1.7 23.6 51.1 80.5 Mar 2024

Mosul 69 13.8 2.0 81.4 49.9 86.2 Nov 2022

Sulaymaniyah 82 16.4 2.4 76.6 46.8 85.3 Nov 2022

Note: Events = consecutive days with precipitation ≥ 2.0 mm/day, separated by ≥ 3 dry days. 

Figure 9 shows the Post-rainfall solar recov-
ery composite curve where x-axis = days after 
peak rainfall (Day 0 = red vertical line), y-axis = 
clear-sky index (1.0 = base level for the season). 
Shaded bands = ±1 SD over all events within a 
city. Baseline: Dashed line at 1.0 (baseline), re-
covery threshold: Dashed line at 0.90 (recovery 
threshold).

The composite recovery curve (Figure 9) in-
dicates that SolarAnom returning to ≥ 0.90 of 
the climatological baselin. The recovery rates 
are most rapid for Basrah (brief convective 
events over desert terrain) and slowest and most 
variable for Sulaymaniyah (persistent multi-day 
Mediterranean frontal systems). These recovery 
times are minimum battery autonomy require-
ments by climate zone.

Wind resource and Weibull assessment

Weibull parameters and wind power den-
sity estimations for all four cities are shown in 
Table 10. The only commercially viable wind site 
was Basrah with a power density of 252.5 W/m² 
(Class 4) and a mean wind speed of 6.607 m/s 
at 50 m. The relatively low shape parameter (k 
= 2.908) specifies a moderate wind speed (WS) 
variability, suitable for turbine capacity factor 
evaluations. A marginally viable site for commer-
cial projects depending on turbine technology and 
local electricity prices was Baghdad with Class 3 
status (122.1 W/m²).

From Figure 10 its clear that Mosul (96.2 
W/m², Class 2) and Sulaymaniyah (38.0 W/m², 
Class 1) are unsuitable for utility-scale wind ex-
pansion. Sulaymaniyah’s high shape parameter (k 
= 3.656) specifies a very consistent but uniformly 

Figure 8. Climatological day-of-year mean solar radiation for four Iraqi cities (2020–2024).
Bold line = 5-year mean; shaded band = ±1 SD inter-annual variability.

Vertical dotted lines mark season boundaries. Note the widening uncertainty bands in winter
at northern sites reflecting Mediterranean frontal variability

Note: Drop % = (Clear_kWh − Type_kWh) / Clear_kWh × 100. Red = dust exceeds rain
(H4 confirmed, Baghdad). Yellow = approximately equal (Basrah). Green = rain exceeds dust (northern cities). 

H4 is confirmed in southern/central Iraq − first such quantification from Iraqi daily data.
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low wind speed distribution, with a mean of only 
3.65 m/s at 50 m. This is physically attributable to 
the mountain topography’s sheltering influence, 
which dampens the large-scale shamal forcing 
that drives wind resources in southern Iraq.

Bars show observed frequency distribution; 
lines show fitted Weibull PDF. The narrow, tall 
distributions at Baghdad and Sulaymaniyah 
(high k values) indicate consistent but low wind 
speeds, while Basrah’s broader distribution (k = 
2.908) reflects the variable but energetic shamal 
wind regime.

The co-peaking of wind and solar in summer, 
while beneficial for meeting summer cooling de-
mand, means that both resources decline simultane-
ously in winter, confirming the absence of seasonal 
complementarity and reinforcing the need for bat-
tery storage as the primary resilience mechanism.

DISCUSSION

The shamal mechanism and why H3 was 
confirmed

In this unit, you will examine the Shamal 
mechanism and why H3 was confirmed. Physi-
cally, the positive wind–solar correlations (r 
= +0.206 to +0.364) confirmed in H3 is due to 
the summer shamal wind which is the dominant 
northwesterly flow in the Iraqi atmospheric circu-
lation, from May to September. The thermal low 
over the Iranian Plateau and Arabian Peninsula 
compels the shamal to bring dry and cloudless 

air from the Mediterranean and central Asian 
steppe regions. The same system that affects the 
insolation during cloudless sky is responsible for 
maximum wind speed of shamal winds. The same 
system that stabilizes cloudless sky also stabilizes 
shamal wind speed. The outcome is basic thermo-
dynamic coupling: both resources are at maximum 
when the atmosphere is at its maximum. This is 
a fundamental contrast to mid-latitude processes 
that lead to complementarity in the European and 
North American climates, in which winter storm 
tracks not only bring higher winds but also more 
marine cloud-cover as well (Abdulkareem et al., 
2026). Our results are in line with that of Jerez et 
al. (2023) where it was shown that complemen-
tarity is significant only for specific climate re-
gimes throughout Europe, and in the arid climate 
of the MENA region the shamal regime does not 
produce complementarity. While seasonally aver-
aging artifacts are important, our daily analysis 
of MERRA-2 data shows some regions in Iraq 
with partial negative monthly correlation; Yaseen 
(2025) found the same. 

Dust as a co-equal attenuator: Implications 	
of H4

H4’s confirmation, dust attenuation is equal 
or greater than that of rain in Baghdad and Bas-
rah, poses a challenge to the precipitation-centric 
solar variability literature of previous studies in 
Iraq (Abbas, Al-Khafaji, et al., 2025; Abdulka-
reem et al., 2026; Salman et al., 2022). 

Figure 9. Post-rainfall solar recovery composite curve (2020–2024)
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The diffuse fraction analysis reinforces H4: 
dust-induced attenuation in Baghdad and Basrah 
is mechanistically distinct from rain-driven atten-
uation. Dust days exhibit DF = 0.48–0.56, signifi-
cantly elevated above clear-sky baselines (ΔDF 
= +0.27 to +0.31) but below typical rain-day 
values (DF > 0.60). This intermediate DF signa-
ture aligns with Mie-scattering theory for mineral 
aerosols (diameter 0.1–10 µm), which enhance 
forward-scattered diffuse irradiance while sup-
pressing direct beam (Kinne et al., 2003). By con-
trast, rain-day DF > 0.65 reflects multiple scatter-
ing in optically thick water clouds.

Operationally, DF provides a real-time dis-
criminator for grid operators: when Precip ≤ 0.1 
mm/day but DF > 0.45, dust mitigation protocols 
(panel cleaning, anti-soiling coating activation) 
should be prioritized over precipitation fore-
casting. This dual-parameter approach reduces 

false-alarm rates for solar ramp events by an es-
timated 22% (based on Baghdad 2023 validation; 
see Supplementary Note S2).

Although rain days are more common than 
dust days in Baghdad (88 to 54 over 5 years), the 
effect of each dust day is almost as detrimental as 
each rain day in terms of output. At broad scales, 
Papachristopoulou et al. (Papachristopoulou et 
al., 2022) showed that dust is the main source of 
total aerosol-induced solar losses over the MENA 
region, accounting for 45–90%, while this study 
confirmed the dust–rain balance for Iraq at a daily 
time scale for the first time at the city scale us-
ing a CSI calculation. This has direct operational 
consequences: solar operations in the south re-
quire dust management (cleaning schedules, anti-
soiling coatings) to be as high a priority as the 
forecasting of cloud cover due to rainfall. Our 
dust classification is indirect (based on irradiance 

Table 10. Weibull distribution parameters and wind resource classification for all four cities at 50 m height 	
(daily data, 2020–2024). Parameters estimated using method of moments. Power density calculated at standard air 
density (ρ = 1.225 kg/m³). Green shading indicates commercially viable resource (power density > 200 W/m²)

City k (shape) c (m/s) Mean WS50M 
(m/s)

Power density 
(W/m²) Wind class Viability

Baghdad 3.574 5.958 5.367 122.1 Class 3 Marginal

Basrah 2.908 7.408 6.607 252.5 Class 4 Commercially 
viable

Mosul 3.213 5.444 4.877 96.2 Class 2 Not viable

Sulaymaniyah 3.656 4.047 3.650 38.0 Class 1 Unsuitable

Note: k=(σ/μ)^−1.086, c=μ/Γ(1+1/k), P=0.5 × 1.225 × c³ × Γ(1+3/k). Commercial threshold: power density > 200 W/
m² (NREL/DOE Class 4). Green=viable, Red=unsuitable. Crucially, the H3-confirmed absence of complementarity 
means Basrah’s wind resource must be planned as an independent asset, not as a solar compensator.

Figure 10. Weibull probability density function fits to daily wind speed distributions at 50 m height
for four Iraqi cities
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attenuation rather than direct aerosol measure-
ments). Future work should integrate AOD from 
MODIS or ground-based sun photometers.

Storage implications of H3 + extreme events

But the mix of H3, with no evidence of clas-
sical inverse complementarity at daily resolution., 
and the extreme events analysis (80–93% solar 
collapses, 3–5 day recovery) clearly put forward 
the engineering requirement: Climate zone spe-
cific battery storage is the main resilience measure 
and not wind hybridization. Al-Maliki et al. (2025) 
optimized hybrid wind-solar-battery systems at 15 
Iraqi locations, and our study imposed the impor-
tant constraint that wind and solar should not be 
co-planned as compensators as both of them de-
crease during the winter months when the heat-
ing requirement is high. The commercially viable 
wind resource at Basrah (Class 4, 252.5 W/m²) is 
an independent resource and should not be used to 
complement solar resources.

Comparison with previous literature

The precipitation-solar correlation coeffi-
cients (r = −0.248 to −0.305) are similar to pub-
lished MENA values for similar climatic types 
(Al-Assadi, 2024; Al-Rubaye et al., 2025). Our 
precipitation–solar correlations are low (R² = 
0.06–0.09) due to the smaller contribution of pre-
cipitation compared to temperature for the daily 
solar variability and the contribution of dust to the 
daily variability on dry days, which was reported 
by Yaseen (2025) for solar–temperature relation-
ships in Iraqi cities. The estimates of the Weibull 
parameters using the daily distributions (k = 
2.908 – 3.656, c = 4.047 – 7.408 m/s) are consis-
tent with previous estimates for these cities (Ab-
bas, Al-Jiboori, et al., 2025; Abbas, Al-Khafaji, et 
al., 2025; Abdulkareem et al., 2026) and validate 
the representativeness of the NASA POWER data 
for wind resource characterization.

While precipitation is a key driver of solar at-
tenuation, we acknowledge that daily solar variabil-
ity is multifactorial. Our focus on precipitation was 
deliberate because: (a) precipitation is operationally 
forecastable days in advance, unlike dust events; 
(b) precipitation thresholds provide clear engineer-
ing design criteria for battery autonomy; and (c) 
our day-type classification explicitly isolates dust-
affected days to separate aerosol effects.

Our daily-resolution analysis captures synop-
tic-scale co-variability; sub-daily complementar-
ity (e.g., evening wind peaks compensating for 
daytime solar) remains an important area for fu-
ture hourly-resolution study.

CONCLUSIONS

To address the scientific questions of this study, 
four a priori hypotheses were formulated and test-
ed using five years of daily data (2020–2024, n = 
1,827 per city) from NASA POWER/MERRA-2 
for four cities located along the entire north–south 
climatic gradient in Iraq. All four hypotheses 
were supported: H1 (Confirmed): Precipitation is 
a significant negative predictor of solar radiation 
in all four climatic zones with r values ranging 
from −0.248 to −0.305, all p < 0.001, n = 1827. 
H2 (confirmed) – precipitation–solar sensitivity: 
the range of this relationship is between −0.89 
and −1.02 kWh/m²/day per mm/day, and gener-
ally gets more negative further south, correspond-
ing to the northern Iraq “Mediterranean” frontal 
systems becoming more persistent than the brief 
convective events of the hot deserts. Wind and so-
lar resources exhibit positive co-variability across 
all studied climatic zones in Iraq at daily temporal 
resolution, with no evidence of classical inverse 
complementarity under the observed conditions. 
Co-peaking of both resources and winter co-sup-
pression by summer shamal wind. The needed re-
silient tool for Iraq solar expansion program is not 
hybridization of wind, but rather battery storage. 
Dust-induced solar attenuation is equal or great-
er than rain-induced attenuation in the southern 
and central region of Iraq (Baghdad: dust 53.6% 
compared to rain 50.6%). This is the first quan-
tification made from daily data in Iraq. Rainfall 
forecasting is of course operational significance 
for solar energy management in southern Iraq, but 
so are dust mitigation strategies. Diffuse fraction 
analysis further substantiates the mechanistic dis-
tinction between dust and rain attenuation: dust 
events elevate diffuse fraction to 0.48–0.56 (ΔDF 
= +0.27–0.31 vs. clear), while rain events yield 
DF > 0.60. This quantitative signature enables op-
erational discrimination of attenuation drivers us-
ing real-time irradiance component data.

Basrah is the only commercially viable wind 
site (252.5 W/m², Weibull Class 4); Sulaymaniyah 
has the highest frequency of extreme events (16.4/
year); the 92.7% collapse of solar generation on a 
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single day (January 2023) in Baghdad is the most 
extreme event in the 5-year record, and recovery 
takes 3–5 days after the event, which directly in-
forms minimum battery autonomy requirements. 
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