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Large-scale photovoltaic solar farms in the Sahara
affect solar power generation potential globally
Jingchao Long1,2,3,4,11✉, Zhengyao Lu 2,11✉, Paul A. Miller2, Julia Pongratz 5, Dabo Guan 6,

Benjamin Smith2,7, Zhiwei Zhu 8, Jianjun Xu 1,3,9 & Qiong Zhang 10

Globally, solar projects are being rapidly built or planned, particularly in high solar potential

regions with high energy demand. However, their energy generation potential is highly related

to the weather condition. Here we use state-of-the-art Earth system model simulations to

investigate how large photovoltaic solar farms in the Sahara Desert could impact the global

cloud cover and solar generation potential through disturbed atmospheric teleconnections.

The results indicate negative impacts on solar potential in North Africa (locally), Middle East,

Southern Europe, India, Eastern China, Japan, Eastern Australia, and Southwestern US, and

positive impacts in Central and South America, the Caribbean, Central & Eastern US, Scan-

dinavia and South Africa, reaching a magnitude of ±5% in remote regions seasonally.

Diagnostics suggest that large-scale atmospheric circulation changes are responsible for the

global impacts. International cooperation is essential to mitigate the potential risks of future

large-scale solar projects in drylands, which could impact energy production.
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G lobally, renewable carbon-free energy is gradually repla-
cing fossil fuels1. Solar energy can be a major player in the
increasing supply of renewable energy that reduces carbon

emissions as an essential component of climate mitigation
strategies2. A recent study3 suggests that the share of solar energy
in the world’s total energy consumption has the potential to rise
to as high as 76% by 2050 in a feasible energy transition scenario,
from 1% in 2015 due to the cost effectiveness and the excellent
resource distribution across the world4.

Solar power generation relies on solar irradiance—the amount
of available sunlight at a particular location. Its potential can be
quantified using the climate variable surface downward shortwave
radiation (RSDS), defined within the wavelength interval
0.2–4.0 μm. Apart from its daily and seasonal cycles, weather-
induced cloud variability affects RSDS. Under a fully cloud-
covered sky (no rain), the solar radiation reaching the surface is
reduced by about 75%5. The unpredictable variations in RSDS,
mainly caused by weather conditions, pose difficulties for the
stability of electricity supply of a solar power system6. In practice,
the changes of solar system energy output are taken into account
by grid operators in order to schedule the spinning reserve
capacity and to manage the grid operations7.

As the solar industry grows, solar power generation is becoming
increasingly weather-dependent8. Some studies have focused on
the impacts of climate change on solar power generation in
various future climate scenarios (for a review, see ref. 9). A general
trend in climate change projections seems to be decreased cloud
cover in low- to mid-latitude regions10. The changes in irradiation
for different regions, seasons, timeframes and scenarios seldom
exceed ±10%9.

However, the global climate pattern can also be disturbed by
massive deployment of solar energy. This is attributed to the
resultant changes in land surface properties (e.g., the surface
albedo, roughness)11,12. In particular, recent modeling studies
show that the regional climate response to solar panels in arid
regions (e.g. North Africa) can be amplified through local
atmosphere-land and vegetation feedback processes13,14. This
may further lead to disturbance in the global climate and hence
the global solar power production.

We aim to quantify the impacts of a large-scale deployment of
photovoltaic solar farms in the Sahara on global solar power
generation as a pilot case study, and investigate the underlying
forcing mechanisms. We use a state-of-the-art, fully-coupled
Earth system model (EC-Earth) and consider three solar energy
production scenarios in North Africa covering 5%, 20% and 50%
of that region (hereafter S05, S20, S50; Methods; Supplementary
Fig. 1). In previous studies13,14 the global climate and vegetation
cover responses to these hypothetical Sahara solar farms were
investigated, and here we focus more explicitly on how the global
solar power generation itself can be affected.

Results
Changes in global cloud fraction and RSDS. The Earth system
model simulations show that the annual mean global cloud
fraction response is proportional in S05, S20 and S50, with lim-
ited significant response in S05, and more evidently redistributed
cloud cover by the large-scale Saharan solar farms in S20 and S50
(Fig. 1a–d). The largest response in cloud fraction is locally over
North Africa, with a center of anomalous cloud in the Sahel
region. The positive cloud fraction anomaly only covers a small
region and barely exceeds 1% in S05, but is much expanded and
intensified in S20, reaching over 5% and covering half of North
Africa. This anomaly extends northward to Southern Europe and
eastward to the Southern Arabian Peninsula in S20. Other major
land regions experiencing increased annual mean cloud fraction

include India, North Asia, and Eastern Australia. Conversely,
decreased cloud cover is observed over Central and South
America, South Africa, Central & Eastern United States, Central
Asia and Northwestern China.

Seasonally, the response in the global cloud fraction, and in
turn, RSDS, is generally stronger during the Northern Hemi-
sphere (NH) summer season than its winter season (Fig. 2). This
can be attributed to enhanced local atmosphere-vegetation
feedbacks in North Africa associated with an intensified Western
African Monsoon (Supplementary Fig. 2a, b)14. In the Southern
Hemisphere, the South American and South African regions both
show stronger austral winter (NH summer, June-July-August,
JJA) cloud changes, linking these changes to remote impacts from
North Africa. The exception is Eastern Australia, where cloudier
conditions are larger during December-January-February (DJF),
implying an indirect response due to Walker circulation changes
(explained below).

RSDS changes largely follow the cloud fraction changes
(Fig. 1e–h), with increased (decreased) RSDS mainly attributed
to decreased (increased) cloud fraction. Some minor disagree-
ment between cloud fraction and RSDS changes can be explained
by other cloud-related properties such as albedo and lifetime15,
and will not be discussed in this study. Seasonal RSDS anomalies
reveal a robust response which turns out to be smoothed out in
annual mean changes, particularly noticeable in S20 and S50. For
instance, decreased RSDS in Northeast Asia during JJA, increased
RSDS surrounding the Caribbean and Scandinavia during JJA,
and increased DJF RSDS in South Africa are much weakened in
annual mean differences. On interannual timescales, RSDS
variability (interannual standard deviation) decreases most
prominently in the tropical Pacific (Supplementary Fig. 3) due
to suppressed ENSO variability14. However, the opposite
response of interannual RSDS variability in S20 and S50 in many
regions (e.g., Northern US in ANN, Eastern Australia in DJF,
India in JJA) suggest that it is likely to be governed by regional-
scale processes16.

Impacts on solar power generation. We next examine how the
global PV power generation is affected by large-scale solar farms
in the Sahara in our simulations. Figure 3 summarizes the
changes in PV power generation potential (PVpot; Method)
averaged over the whole year, JJA and DJF. Predominantly, the
PVpot changes (Fig. 3) are attributed to RSDS changes, as an in-
phase change of RSDS and PVpot are found in most regions. The
magnitude of PVpot change is mostly negligible in S05, except for
a less than 3% seasonal decrease in western Sahel and a less than
5% increase in South Africa (Fig. 3b1–b3). The annual PVpot
increase in Southeast Asia is not in agreement with the other two
scenarios, and likely arise from model internal variability. In S20
and S50, more robust PVpot changes are captured by the model
(Fig. 3c1–c3, d1–d3). In North Africa, the Middle East, Europe
excluding Scandinavia, India, Eastern China, Japan, Eastern
Australia, and Southwestern US, PVpot during the local summer
season is reduced. This change is in most cases large enough to
result in an annual drop in PVpot. PVpot in some other regions
benefits from the remote forcing, for instance, in Central and
South America, the Caribbean and Central & Eastern US, Scan-
dinavia, and South Africa. About −4% annual change for S20 is
simulated for regions more sensitive and/or closer to the source of
disturbance, e.g., in North Africa, Central Europe and India.
During the high solar energy production season (i.e., local sum-
mer) these changes in PVpot of S20 are considerably larger,
exceeding −8% for a sizeable region of North Africa, and over
±5% in India and Northern US, parts of Central and South
America and ±3% for Europe, Southwestern US and South Africa
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and (Fig. 3c1–c3). The significance level of the responses in
PVpot is highly dependent on its interannual variations (Sup-
plementary Fig. 4). The magnitude of robust changes in PVpot
for these regions are comparable to previous studies which
investigated similar impacts of climate change on solar energy
production in a fossil-fuel-dependent pathway (e.g. ±10% in
SSP5-8.517–19). It should be pointed out that when averaged over
large regions such as continents (Supplementary Table 1) and
countries (Supplementary Table 2), the PVpot changes are quite
muted and limited to ±2%.

Climate forcing mechanisms. Our model results, specifically S20
and S50, demonstrate that the atmospheric circulation changes
induced by the Sahara PV solar farms are responsible for per-
turbations to the global cloud fraction and RSDS. Indeed, the
global-scale response in the atmospheric circulation induced by
massive desert solar farms has been reported in an earlier study11.

In North Africa, reduced surface albedo and feedbacks trigger
localized warming and convection. This leads to surface
convergence, and subsequently a positive geopotential height
and divergence at the upper troposphere over North Africa
(Fig. 4). The westerly anomalies due to surface convergence flow
(Supplementary Fig. 2a, b) result in warming in the east and thus
weakened tropical Atlantic zonal SST gradient, depicting an
Atlantic Niño-like anomaly, particularly during the Western
African Monsoon season20 (Supplementary Fig. 2c, d). The
Walker Circulation over the Pacific Ocean is intensified and
expands westward due to these changes in the equatorial Atlantic

SST14,21 (Supplementary Fig. 5). It further leads to low-level
southeasterly anomalies over the northern Indo-Pacific Ocean
(Supplementary Fig. 2a, b), and hence an enhanced South Asian
monsoon22. In turn, another anomalous anticyclone centered at
west-central Asia is excited in the upper troposphere in NH
summer (Fig. 4a, b) in response to enhanced South Asian
monsoon. We analyzed the estimated vertical moist stability
(VMS; Methods) over North Africa and India where stronger
convection occurred (Fig. 5). The lower VMS driven by moisture
convergence is found to induce increased total cloud fraction
mainly due to more high cloud (Figs. 5 and 6). Decreased VMS
and increased cloud cover in the surrounding regions such as
southern Europe, Sahel, and Middle East can also be attributed to
these processes.

During NH summer, the two baroclinic structures in North
Africa and west-central Asia generate a Rossby wave train that
propagates downstream following a mid-latitude westerly jet
waveguide. Three barotropic structures (positive geopotential
height) are generated over East Asia, the North Pacific and North
America (Fig. 4a, b). Together, these upper tropospheric anomaly
patterns resemble the wavenumber-5 circumglobal teleconnection
pattern23. The increased atmospheric thickness and anomalous
anticyclone in the downstream regions provide unfavorable
conditions for cloud formation in Japan and Eastern China, North
Pacific, and Eastern US, mainly resulting in a decrease in mid and
low cloud (Fig. 6). Specifically, mid and low cloud reductions over
Eastern US mainly result from a divergent moisture flux and
decreased dry static stability (Supplementary Fig. 6)24. The cloud

Fig. 1 Global cloud cover and shortwave radiation affected by Sahara solar farms. Modeled annual mean (ANN) (a) total cloud fraction and (e) RSDS in
CTRL, and (b–d) total cloud fraction and (f–h) RSDS response in S05, S20 and S50. Black dots in b–h depict anomalies that exceed 95% significance in a
t test.
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Fig. 2 Seasonal shortwave radiation affected by Sahara solar farms. a–c December-January-February (DJF) mean, d–f June-July-August (JJA) mean of
RSDS response. Black dots depict anomalies that exceed 95% significance of t test.

Fig. 3 Global solar potential affected by Sahara solar farms. a1–a3 Map of ANN, DJF, JJA global PVpot in CTRL. b–d The annual mean, JJA mean and DJF
mean changes in PVpot in S05, S20 and S50 simulations compared to CTRL. Black dots depict anomalies that exceed 95% significance of t test.
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cover changes over Japan and North Pacific are not only associated
with the anomalous anticyclonic circulation in the lower tropo-
sphere, but also influenced by a strengthened SST front of
Kuroshio/Oyashio extension (Supplementary Fig. 2a, b) which also
contributes to decreased dry static stability and low cloud over the
southern flank of the SST front25,26.

The strong heat source in North Africa triggers a Gill-type
pattern27,28. The pattern is characterized by local ascending
motion in North Africa and a pair of descending motions to the
west, over the extratropical North Atlantic and the Amazon
(Fig. 4c, d). The southern center induces reduced high clouds in
Brazil by reduced VMS. In addition, the moisture transport from
both the tropical Atlantic and ITCZ in the Eastern Pacific is
weakened, leading to reduced vertically integrated specific
humidity (Fig. 5a, b) which also contribute to less cloud. The
positive geopotential height and low-level divergence in North
Europe is also linked to the Rossby wave response to the
atmospheric heating in North Africa29. Acting partly as a
waveguide, the westerly jet stream over the North Atlantic
induces a northeastward propagation of the Rossby wave from
the cyclonic anomaly over the North Atlantic to North Europe.
This Gill-type cyclonic anomaly links the atmospheric distur-
bance of the solar farms and the anticyclonic anomaly over North
Europe, which further causes less cloud cover and more PVpot in
that region.

The cloud cover change in the Southwestern US is opposite to
that seen in the Central & Eastern US. More high clouds are seen
in the southwestern states of the US (including Hawaii) (Fig. 6)
where solar energy projects are currently expanding rapidly. This
change is linked to the atmospheric river30 that transports the
rising moist air in the tropic Pacific to this region (Fig. 5a, b). In
addition, a tight coupling between the mesoscale ocean processes
(e.g. SST fronts, oceanic eddies) and the atmosphere over the
Kuroshio and Oyashio regions (Supplementary Fig. 2c, d) helps to
increase atmospheric river landfall in the Southwestern US31–33.

The cloud changes discussed so far are stronger in NH summer
than winter, even for South America. This highlights the direct

forcing from the Sahara region where the local response and land
(vegetation)-atmosphere feedbacks are strongest during NH
summer13,14. Despite that, in Eastern Australia the largest
anomalies occur in NH winter (Fig. 3). This seasonal difference
indicates that local cloud conditions are more determined
indirectly by remote forcing from North Africa, with a La
Niña-like anomaly and strengthened and westward-extended
Walker circulation (Supplementary Figs. 2 and 4) bringing wetter
and cloudier conditions to Eastern Australia during local summer
and wet season (Fig. 5a).

Discussion and conclusions
Our Earth system model simulations show that the envisioned
large-scale solar farms in the Sahara Desert, if covering 20% or
more of the area, can significantly influence atmospheric circula-
tion and further induce cloud fraction and RSDS changes (sum-
marized in Fig. 7) across other regions and seasons. Although the
impacts are modest on a global or continental scale, the potential
inequalities resulting from the disturbance of hypothetical Sahara
solar farms can still manifest in the unequal distribution of solar
potential. They can worsen the conditions for seasonal solar power
generation in many other regions where an energy transition to
solar power is being heavily promoted, such as the Middle East,
Europe, India, Eastern China, Japan, Eastern Australia, and
Southwestern US. On the other hand, regions like Central and
South America, the Caribbean, Central Eastern US, Scandinavia
and South Africa may benefit from higher solar potential.

The research is a pilot case study in investigating how Saharan
solar farms impact global solar power generation using one Earth
system model and a limited number of scenarios. A caveat of this
study is the use of a fixed effective albedo for PV solar panels,
while in practical it varies with their type, efficiency, and opera-
tional condition (Supplementary Fig. 7)34,35. Further, our solar
farm simulations do not fully account for additional dynamical
processes associated with other parameters of solar panels. For
instance, previous studies have shown that surface roughness can

Fig. 4 Upper and lower troposphere response to Sahara solar farms. a, b JJA geopotential height and wind changes at 200 hPa; c, d JJA precipitation
(shading) and divergence (contour, red= divergence, blue= convergence) at 850 hPa.
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potentially increase the efficiency of sensible heat transfer from
the surface to the atmosphere in utility-scale solar farms12.

More in-depth analyses and sensitivity simulations considering
various scenarios combined with multiple Earth system models
which overcome these limitations can shed more light on the
impacts of this particular anthropogenic land use and land cover
change. Future plans for the establishment of large-scale solar
projects in global drylands by relevant stakeholders should be
informed by these updated modeling studies to assess their
potential impacts on the solar potential both locally and remotely
(e.g. Supplementary Fig. 8). Improved understanding, thorough
risk assessments and globally coordinated efforts are crucial in the
world’s solar energy transition to ensure enhanced energy security
and equality.

Methods
The Earth system model EC-Earth. EC-Earth version 3.3.1 is a
European community Earth system model (ESM)36. It incorpo-
rates and couples model components treating atmosphere
(ECMWF’s IFS), ocean (NEMO), sea-ice (LIM) and land bio-
sphere (LPJ-GUESS37) processes, making it the EC-Earth-Veg-LR
configuration capable of simulating complex interactions between

these model components, reflecting earth system feedbacks. The
model’s key performance metrics demonstrate physical behavior
and biases well within the range of recent CMIP models36,38–40.
For specific comparisons, the readers should refer to “EC-Earth3-
Veg” rather than “EC-Earth3” in these literature. EC-Earth rea-
sonably reproduces several key dynamic processes relevant to this
study, such as the atmospheric general circulation and monsoon
system41,42, atmospheric teleconnections20,43–45, and clouds in
the tropics46 and the mid-latitudes over land (Supplementary
Fig. 9).

The horizontal resolution of the atmosphere/land/vegetation
gridcells is T159 (~1o), with 62 vertical levels in the atmosphere,
while the ocean/sea-ice model has a horizontal resolution of ~1o

and 75 vertical levels.

Solar farm simulations. We consider three Sahara solar farm
scenarios, identified here as S05, S20 and S50, in which 5%, 20%
and 50% of the model land gridcells in North Africa (15-30oN,
20oW-45oE) are prescribed as large photovoltaic (PV) solar
panels. They are depicted by black dots in North Africa in Sup-
plementary Fig. 1. Over the prescribed PV solar panels, the bare
soil albedo was set to an effective albedo of 0.23513,14.

Fig. 5 Atmospheric stability response to Sahara solar farms. a, b vertically integrated specific humidity; c, d VMS changes. Lower VMS indicates a more
unstable atmosphere.
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More justification of the 20% and 50% coverage we used can be
found in Text S2 of refs. 13,14. These scenarios can be viewed from
an energy production perspective, as follows.

S05: this scenario represents a potential energy option for the
future world, considering the electricity it produces (~23.8 TW,

averaged over a year) roughly equals the world’s energy demand.
The current global demand is ~18 TW13,14.

S20: with tis electricity production is ~86.3 TW, this scenario,
although ambitious, is not too far from real-world applications,
considering factors like increased future energy consumption,

Fig. 6 Global cloud cover response at different levels. Modeled annual mean (a) High, (b) mid- and low cloud fraction changes. The upper panel shows
values in the CTRL simulation, and the middle and lower panels show the response seen in the S20 and S50 experiments.

Fig. 7 The forcing mechanisms of Sahara solar farms on the atmospheric general circulation. A schematic plot summarizing the proposed mechanisms
by which the global solar power generation is disturbed by large-scale Sahara photovoltaic solar farms. At the near surface layer, PVpot annual mean
changes of S20-CTRL are shown (shading color). Positive centers in the upper atmosphere (200 hPa) show the wavenumber-5 structure of the
circumglobal teleconnection over the Northern Hemisphere mid-latitudes, and another in Northern Europe representing a stationary Rossby wave relevant
to a Gill-type pattern, all triggered by Sahara solar farms (illustrated in North Africa). Dashed arrows represent the ascent and descent of the atmospheric
motion in a Gill-type pattern. The solid arrows over the surface in the tropics show the strengthened and westward-extended Walker circulation.
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peak electricity demands, and substantial losses during power
generation (conversion efficiency decreasing over time), storage
and transport. S20 remains a tangible forecast.

S50: producing immense ~188.9 TW electricity, this scenario
should be regarded as only an academic exercise, aiming for
exploring the boundaries of global responses and better under-
standing of forcing mechanisms. It should be noted that the
simulated responses can be underestimated due to the lack of
potentially vital processes (e.g. the dust processes) in our
simulations. Hence, S50 may provide an upper limit of the
magnitude of responses for benchmarking.

We therefore focus on S05 and S20 results for quantification of
solar farms impacts on the global solar power generation, and
focus on S20 and S50 for diagnostics of the forcing mechanisms.

The effective albedo is the fraction of RSDS that does not heat
the land surface, but instead is either directly reflected back to the
atmosphere, or absorbed but converted to electricity. The electricity
is considered exported so it does not generate heat locally. We
assume a typical reflectivity of PV panels as 0.147 and a laboratory
conversion efficiency of 0.1548 for current commercial PV panels,
and the effective albedo equals 0.1+ 0.15*(1–0.1)= 0.235. This
accounts for both the shortwave radiation reflected by the panels
(0.1) and the solar energy converted to electricity (0.135) which
does not generate heat locally. The concept of effective albedo has
been widely used in earlier model simulations to investigate the
climate impacts of solar panels11,13. However, this study can be
limited by the fact that it might underestimate the surface heating
effect of PV solar panels on air when they generate electric power,
particularly during daytime and summer.

The ESM simulations were initialized from a 1990CE climate (a
default present-day climate state of EC-Earth) and integrated for
210 years to achieve a quasi-equilibrium state. To focus on the
forcing effects of solar panels, the greenhouse gas levels, aerosol
forcing and other land-use and land-cover properties were fixed
at their 1990CE values. These boundary condition changes can
also lead to climate change and thus impacts on solar power
generation which has already been investigated in previous
studies17–19. The last 60 years of model output were processed
and analyzed. To examine the impacts of initial and boundary
conditions, we also conduct CTRL and S50 based on a climate
state of 2010CE with fixed 2010CE greenhouse gases, land use,
etc. The differences between the global surface air temperature
and precipitation impacts under these two conditions (1990CE
simulations vs. 2010CE simulations) yielded quite random
patterns and marginal differences (Figure not shown). These
results suggest that different initial and boundary conditions do
not have significant impacts on our conclusions.

Similarly, we did four additional solar farms simulations in
other drylands across the globe, namely, Central Asia, Central
Australia and Southwestern US and Northwestern China, and
examine their impacts on the global solar power generation. The
global RSDS changes in these simulations are shown in
Supplementary Fig. 8, and robust seasonal RSDS responses can
be identified. The detailed investigation on the climate forcing
mechanisms of solar farms in these region is beyond the scope of
this study and will be pursed in upcoming research.

Estimates of PV power potential. The performance of PV cells
depending on the weather conditions can be defined as the PV
power generation potential (PVpot18). It is modulated in time by
the energy resource RSDS(t), and PV cell temperature (Tcell(t))
that can affect the electrical efficiency49.

PVpot tð Þ ¼ ½1þ γ Tcell tð Þ � TSTC

� �� RSDSðtÞ
RSDSSTC

ð1Þ

Where STC means the standard test conditions and
RSDSSTC= 1000 Wm−2, TSTC= 25 °C and γ equals −0.005 °C−1.
Tcell is taken as surface temperature simulated by EC-Earth.
PVpot is 1 for STC, and it becomes lower (higher) than 1 when
Tcell is higher (lower) than 25 °C and/or RSDS lower (higher)
than 1000Wm−2.

Atmospheric stability analysis. The atmospheric stability can be
quantified by the vertical moist stability (VMS50), which is most
effective when used as an indicator of the atmospheric convective
stability over tropics at regional scales. It can be expressed as

VMS ¼ MSEupperð200�500hPaÞ �MSElowerð1000�700hPaÞ ð2Þ
and can be understood as the difference between vertically inte-
grated upper and lower layers of total moist static energy (MSE;
unit: J/kg). We also used the lower-troposphere atmospheric dry
static stability which is defined as the potential temperature dif-
ference between upper (700 hPa) and lower (925 hPa) level of the
troposphere (modified from refs. 22,24). Note that both the indices
apply better for the tropical and subtropical regions50.

Data availability
The data related to the main figures in this study can be downloaded from https://doi.
org/10.5281/zenodo.10066990.

Code availability
The Matlab codes for generating the main figures are available upon request to
corresponding authors.
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