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Abstract

Purpose of the Review To conduct a systematic review of studies to investigate the association between climate and vitamin
D in humans.

Recent Findings There is growing interest in the association between the environment and vitamin D, but robust methods
to understand this relationship are lacking. Studies focus mainly on seasonality and latitude. Research quantifying sunlight
exposure necessary for adequate vitamin D synthesis in people with darker skin color and those people living at low latitudes
are scarce, as are studies in urban populations that may have limited opportunity for sunlight exposure.

Summary There are gaps regarding values and timing of exposure to UV radiation required for adequate vitamin D synthesis
considering skin color, geography, climate, and local irradiation. Nature-based solutions (NbS) that can mitigate climate
change will become increasingly important for preventing hypovitaminosis D. For example, tree-shaded spaces might encour-

age more participation in outside activities and thereby favor vitamin D synthesis by the skin.
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Introduction

Vitamin D is essential for human health and is directly
related to the environment. For most individuals, ultravio-
let B (UVB) radiation from sunlight is the main source of
this vitamin. Climatic and geographical elements provide
different solar radiation intensities that can lead to differ-
ent vitamin D production intensities [1]. It is estimated that
50% of the world population has low vitamin D status [2].
The high prevalence of vitamin D deficiency is considered
a global public health issue by several authors [3-5], as it
is a risk factor for total mortality in the general population
[2]. Its detection, prevention, and treatment can constitute
cost-effective therapies that would improve people’s health
and quality of life, especially in the aging process [6, 7].
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Regular sunlight exposure is considered a preventive meas-
ure against vitamin D deficiency. Such deficiency, related to
inadequate exposure to UVB radiation, may result from the
common lifestyles of many urban populations, who spend
long periods of time indoors. Inadequate dietary intake, being
overweight, having a dark skin pigmentation, advanced age,
sunscreen use, and covered clothing style can also predispose
to hypovitaminosis D [8], all of which are influenced by UV
radiation according to time of year and latitude.

Alterations or deficiencies in the activation and control
mechanism of vitamin D absorption result in organic dis-
orders, which can progress to important pathologies such
as rickets and osteomalacia and, in adults, when associated
with osteoporosis, lead to an increased risk of fractures [6,
9, 10]. The non-skeletal benefits remain under study, but
there is emerging epidemiological evidence that links low
vitamin D status with mental health disorders, and increase
risk of diabetes, cardiovascular disease, Alzheimer’s disease/
dementia, myopia, muscle degeneration, multiple sclerosis,
some types of cancer, and depression [3, 11].

In order to allow better detection of population at risk,
it is necessary to understand how climate affects vitamin
D production, considering both heterogeneity within the
same population and differences between populations.
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At higher latitudes, from 42° N to 42° S, solar irradia-
tion in the coldest months of the year may be insufficient
or simply ineffective for vitamin D synthesis to be main-
tained at adequate status in the human body [2, 5]. This
leads to frequent cases of rickets in children [11] and bone
fractures in adults and older adults [6]. To address these
problems, many countries located in high latitudes have
developed public health strategies aimed at vitamin D sup-
plementation, fortification of frequently consumed foods,
or dietary recommendations to promote consumption of
foods naturally rich in vitamin D.

There is a lack of literature that can provide scientific
support for recommendations on values and time of expo-
sure to UVB radiation required for adequate vitamin D syn-
thesis in the skin that consider skin pigmentation, different
geographic locations, and climate aspects, including local
irradiation levels without posing a risk for skin cancer.

In an attempt to contribute to dealing with questions
regarding hypovitaminosis D as a global phenomenon, a sys-
tematic review was conducted to assess how climate-related
environmental aspects affect vitamin D status in humans,
in order to identify potential public health strategies for the
prevention of suboptimal vitamin status that take climate
into consideration.

Methods

The objective was to identify what is being studied regard-
ing vitamin D synthesis and its connection with different
climate elements.

A Boolean search was performed on the Scopus and Web
of Science databases to find publications with no initial cut-
off date until June 2021. Prior to the search itself, a pre-
search was performed, and tests of indexed keywords were
carried out until the following search string was defined:
“Vitamin D” AND Climate AND Human. The keyword
“Human” was added to avoid publications that referred to
animal species. In tests prior to the search, by using the key-
word “Climate,” it was possible to achieve results referring
to “climate changes,” “climate variations,” “seasonality,”
“UV radiation levels,” “solar irradiation,” “cloudiness,”
and “ latitude,” the latter as indicative of the azimuth angle,
having been defined as sufficient to encompass the search
of environmental nature.

After conducting the research with no time range, 495
publications were found, including scientific articles,
research published in conference annals, responses to edi-
tor’s comments, and other scientific publication types.

Data was collected from both Scopus and Web of Science
platforms, which include Pubmed and other databases from
different areas of science.
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Articles found with the words selected were exported to
Start software, a free tool developed by the Federal University
of Sdo Carlos, Brazil, to support systematic reviews (Fig. 1).

The following inclusion criteria were defined: original
study articles where the variables “Vitamin D and Climate”
and/or “Vitamin D and Environment” and/or “Vitamin D
and Seasonality” were included. Exclusion criteria were
literature reviews, papers published in conference annals,
responses to editor’s comments, and other scientific publi-
cation types. Once the data were exported to Start and the
fields for extracting those of interest were created, titles and
abstracts were reviewed by the three authors. Fourteen arti-
cles, published in the last 5 years, were deemed to be eligible
for data extraction.

Housing locations and year of publication of the cohorts
analyzed in each study were identified. Then, a timeline was
made with articles per year of publication (Fig. 2). The loca-
tions studied were grouped per country and arranged on a
global horizontal irradiation (GHI) map, according to the
number of publications (Fig. 3).

Among them, those published in the period 2017-2021
(last 5 years) were selected (Table 1), to focus on the most
recent scientific findings and in a period when discussions
on climate change have become a major focus of concern for
scientists, governments, and even the population.

In order to guarantee fidelity to the information pro-
vided by each study, the data related to the vitamin D sta-
tus adopted by the authors of the publications included in
the review were respected, in nmol/L or in ng/mL (1 ng/
mL =2.5 nmol/L).

Results

In the initial search, publications on vitamin D and climate
appeared as early as the 1970s, but were sporadic. From
2001 on, a series of papers has been produced associating
vitamin D levels in humans with environmental and climate
variables, showing a growth trend, with some oscillations.
The years 2009, 2011, 2013, 2019, and 2020 stand out with
more than 10 publications/year. In Fig. 2, the year 2021 only
shows productions up to the month of June, when the search
was carried out on the databases.

The first decade of the twenty-first century also records
increased climate-related issue concern expressed by sci-
entists, including physicians. Those concerns were moti-
vated by increase in temperature, especially the strong heat
wave that hit Europe in 2003, with over 22,000 deaths
in France, Italy, England, and Portugal [12]. Since then,
there has been much research indicating climate change
as one of the major environmental health challenges of the
century and climate elements as one of the determinants
of human health.
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Fig. 1 PRISMA flow diagram. Presentation of the procedure of literature searching and selection with numbers of articles at each stage

Location of Research Mainly at High
Latitudes

Most publications have studied populations residing in mid-
high latitudes and in the northern hemisphere.

Figure 3 shows the distribution of research on vitamin
D in association with climate elements, published between
2001 and 2021, arranged on a GHI map. It was grouped per
country, and the spheres on the map indicate the number of
publications related to the populations of that location.

Fig.2 Selected publications on 18
vitamin D in association with 16
climate elements 2001 to 2021 14
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According to FAO (2004) [26], hypovitaminosis D is a
worldwide issue, especially in developing countries at high
latitudes and in countries where sunlight skin exposure is dis-
couraged. This review showed that research on the subject has
been developed in different locations, especially in mid-high
latitudes such as the UK and the USA, but also in countries
located in mid-low latitudes (Fig. 3). Among the 14 publica-
tions selected, five studied the influence of the environment
on mid-low latitudes: Afghanistan (31° N) [15], Australia (20°
S) [16], Brazil (23° S) [19], Cyprus (35° S) N) [23], and the
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exposure regime that meets vitamin
D requirements for white Caucasians.
‘White-skinned people in the UK (and
similar latitudes) are able to meet
vitamin D requirements (defined as
remaining at or above 25 nmol/L
25(OH)D throughout winter) by
spending 9 min outdoors at lunchtime
from March to September or for 9 to
13 min, dependent on south-north
geographical location, June—August,
in season-appropriate clothing.
Where sun exposure is impractical,
dietary sources should be assessed

The study exemplified a sun

Results

Atmospheric

variables

Sunlight data,
sunlight exposure
models, UVR data,
solar zenith angles,
and seasonality
categorized data
sets

Vit D status *

Methods

intervention studies

with volunteers
wearing shorts and

T-shirts

Adult white Caucasian Data sets modeling
metadata from

Population

to meet vitamin D
targets year-round

and determine
in a simply defined

Study objective

To quantity sun
exposure required
whether this can
be safely achieved
manner in the UK
as alternative to
increasing vitamin
D oral intake

UK (50° N-60°
N)

Region
Some publications used measurements of circulating serum 25(OH)D in nmol/L, while others used ng/mL; the option was to leave it as described in each study instead of using one of the two

methods as standard, because some interlocutor may be interested in observing the original method of each piece of research

Table 1 (continued)
Reference
Webb et al. [8]

*

USA/Hawaii (19.8° N) [25], and in four of them, significant
percentages of their populations had hypovitaminosis D [16,
19, 23, 25], ranging from 34 to 66%.

Methods Used in Research

Among the publications analyzed, seven related climate
elements to serum 25-hydroxyvitamin D [25(OH)D] con-
centrations using retrospective analyzes of medical records
[13, 14e, 15, 170, 20, 21, 23]. Five were observational
[15, 19, 22e, 24, 25] and carried out by health researchers.
Three [8, 18 and 21] did not make direct association
of data on vitamin D status with climate elements. Those
came from environmental sciences, mainly from the area of
meteorology, and focused mainly on climate parameters and
their possible influence on vitamin D production in skin.

Little Ethnic Diversity in Research

Only two publications presented clear ethnic diversity and
skin pigmentation as elements of analysis. The piece of
research [24], carried out in MA, USA, with a cohort of
Puerto Ricans, considered the ethnic diversity in its sam-
ple. The results indicated that 43% had insufficient Vita-
min D (13% deficient) status, and that having a dark or
medium skin tone was positively associated with vitamin D
deficiency/insufficiency.

The other, also in the USA, in the state of Hawaii [25],
considered different ethnicities, with analysis of white and
Asian individuals. It showed that no white individual had
vitamin D deficiency and 28% had insufficiency, while 7%
of Asians had vitamin D deficiency and 43.4% insufficiency.

Among the other publications, two emphasize that they
studied white populations [17ee, 19], and others were devel-
oped in countries with mostly white native populations such
as Germany and the UK [8, 13, 15, 21].

Age Diversity

There was age diversity among the individuals studied in
the publications, but most studied adults, three of them
[15, 19 and 25] analyzed specific groups of adults. Oshiro
[25] included individuals aged over 60 years. Fallowfield.
et al. [15], in their study carried out with military volun-
teers, analyzed young adults aged 18 to 42 years. Piece [1]
analyzed two age groups, from 20 to 40 years old, and from
60 to 80 years old. Only the group of younger participants
had higher levels of vitamin D in the summer. Piece [24],
with Puerto Ricans who lived in Massachusetts aged from
45 to 75 years, found lower vitamin D levels in the youngest
portion. The piece by Norwak et al. [22¢], which worked with
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Fig.3 Location of research on vitamin D in association with climate elements on GHI map—2001 to 2021. Fonte: Adapted by the authors from

Global Solar 2.0 and The World Bank (2019)

institutionalized older people aged 72 to 85 years, did not
find any connection between serum 25-hydroxyvitamin D
[25(OH)D] concentrations and seasonal variations.

Research by Sahin et al. [20], Majeed et al. [21], and
Byitler et al. [23] focused on children. Sahin et al. studied
children in Turkey (36° N—42° N) aged 2 months to 18 years.
Vitamin D status in children was lower during the late winter
months and early spring months, and decreased as children
got older, marking the beginning of school age [20]. Byitler
et al. [23], in turn, studied children that lived in Cyprus (35°
N) and found similar results to Sahin et al. [20].

Majeed et al. [21] connected vitamin D status with cli-
mate variables, through the prevalence of rickets in the UK
child population, using a 1963-2011 historical series of
children hospitalized in the country. The authors found a
connection between the outcome and climate oscillations.

Meteorological and Climate Variables

There was a great diversity of methods used in the publications,
although most of the objectives were to investigate the asso-
ciation between climate-related events or weather and climate
environmental conditions and circulating 25(OH)D status.
Climate variables used in research were sunlight exposure;
sunshine radiance; seasonality; summer months; cloudiness;
latitude; atmospheric temperature; time spent in warmer
climates; time spent outdoors; solar zenith angles; sunlight

exposure models; total ozone content (TOC); solar spot noon
ozone column; Atlantic multidecadal oscillation (AMO);
sea surface temperature; sea pressure; cloud-free UV index
(UVIEF); cloud-free erythema UV dose (UVDEC); cloud-
free vitamin D UV dose (UVDVC); and cloud-free DNA
damage (UVDDC). Sunlight exposure and seasonality were
the most frequent variables used.

More robust research on climate elements has associated
climatic events such as TOC [18] and AMO [21] with out-
comes such as hypovitaminosis D and rickets, respectively.
Ferrari et al. [17e¢] investigated the association between solar
ultraviolet doses and vitamin D Lab clinical routine data,
using satellite data for their modeling. Their results show
that in hot months, there was sufficient solar irradiation for
adequate vitamin D synthesis in the population, even so more
than 60% of the population presented vitamin D insufficiency/
deficiency in that period. They concluded that effective UV
availability alone could not explain the population’s vitamin
D status, which would likely be influenced by other factors
related to people’s lifestyle and personal characteristics.

Majeed et al. [21] found that climate variations, in addi-
tion to the trivial variations of the seasons, can interfere with
vitamin D synthesis, with a positive association between
AMO impact on the UK rickets rates. It was possible to
reach the conclusion that a long cycle variation, which lasts
between 60 and 70 years, had impacts on rickets hospitaliza-
tions due to a decrease in sunshine hours during the negative
phase of AMO.

@ Springer
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Publications [15] and [24] considered time spent in
warmer climates as one of its variables and found posi-
tive associations of this element with increased vitamin
D levels.

Fallowfield et al. [15] studied the effect of hot-dry
deployments on vitamin D status of young, male, mili-
tary volunteers. The study compared the vitamin D sta-
tus of volunteers in the UK (54° N) prior to departure
for service in Afghanistan (31° N), then during service
while residing in Afghanistan, and after returning to the
UK. According to their measurements, almost half of
the volunteers left the UK with vitamin D <50 nmol/L,
considered a sub-optimal level for bone health, while the
optimal level would be from 50 nmol/L; in the service
location (31° N), none of the volunteers had suboptimal
levels of vitamin D, and more than a third of the military
volunteers had levels greater than 185 nmol/L, which are
levels almost three times higher than the level considered
adequate. The study concluded that sunlight exposure is
most probably the largest single cause of the observed
increase in 25(OH)D, and about 14% of volunteers con-
tinued presenting high vitamin D status after service and
back to latitude 54° N.

A study by Oladimeji et al. [24], among Puerto Ricans
living in Massachusetts, found that time spent in lower lati-
tudes in the southern hemisphere during the last few months
was an important risk factor for vitamin D sufficiency.

Among the publications, two aimed to quantify the
sunlight exposure necessary to synthesize adequate vita-
min D levels. Webb et al. [8] sought to quantify sunlight
exposure needed to meet year-round vitamin D targets
and determine whether this can be achieved safely in the
UK as an alternative to increasing vitamin D oral intake.
They concluded that a sunlight exposure regimen that
meets the white-skinned people’s vitamin D needs in the
UK (and similar latitudes) is able to meet the vitamin
D needs during winter if the person spends either 9 min
outdoors at lunchtime, from March to September, or 9 to
13 min, depending on the south-north geographic loca-
tion. However, the authors reiterate that where sunlight
exposure is impractical, food sources should be evaluated.
Corréa et al. [18], in turn, estimated the exposure time
required to develop erythema and synthesize vitamin D
under clear-sky conditions in South America. Ten loca-
tions were sampled between 10.5° S and 62.1° S; none of
the projections indicated risk of vitamin D deficiency due
to low solar irradiation levels in the twenty-first century
with the exception of the spring season of the location
at 62.1° S, in the South Pole, which by the end of the
century should present a 22.3% decrease in chances of
reaching satisfactory solar irradiation levels for vitamin
D synthesis.

@ Springer

Populational Hypovitaminosis D Is Found
even in Low or Mid-Low Latitudes

Studies carried out in resident populations of mid-low
latitudes, such as Afghanistan (31° N) [15], Italy (45° N)
[17ee], Turkey (36° N-42° N) [20], Cyprus (35° N) [23],
and USA-Massachusetts (42.4° N) [24], and low latitudes
such as Australia (20° S) [16], Brazil (23° S) [19], and USA-
Hawaii (19.8° N) [25], found significant proportions of their
cohorts with hypovitaminosis D, although the climate in the
studied places is warmer and sunnier than those of mid-
high latitudes, and reiterate that lifestyle habits are important
determinants of the levels of circulating 25(OH)D.

Main Findings

This review yielded 14 publications related to the associa-
tion between climate conditions and vitamin D status across
a broad range of populations residing at different latitudes.
Despite a recommendation by WHO/FAO [26] in 2004 that
further studies were needed to identify whether dietary vita-
min D supplements were as effective as exposure to UV
radiation, published research on the association between
vitamin D levels and atmospheric and environmental fac-
tors remain limited. This review focused on the last 5 years,
during which time climate change has become a matter of
concern for scientists of the health sector as well. Neverthe-
less, the impact of climate change on radiation levels and on
the population’s vitamin D status is only mentioned in one of
the publications. Among those published on journals more
related to health and nutrition, the greatest concern regard-
ing climatic factors is UV radiation in different seasons and
at different latitudes. Those publications are largely epide-
miological and associate vitamin D status in populations
of different ages that live in places with different time of
radiation. Publications more focused on climate factors and
its current complex dynamics, indicating possible effects on
vitamin D status, are published on environmental journals.
This indicates that there is still a small integration between
health scientists and environmental scientists.

The findings from this review have demonstrated that
vitamin D deficiency is present across all latitudes, at all
ages, thus making it a global issue. Interventions have
mainly focused on providing vitamin D as oral supplements
or in fortified food.

Studies have shown a high prevalence of vitamin D defi-
ciency and insufficiency in locations where there is suf-
ficient radiation throughout the year for its synthesis, as
demonstrated in research conducted in Australia [16], Bra-
zil [19], Cyprus [23], and Hawaii [25]. However, few pub-
lications recommend more sunlight exposure, such as that
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by Beyitler et al. [23], who conclude their study by recom-
mending that once their country, Cyprus, has sufficient sun-
light exposure, children should spend more time outdoors to
benefit from vitamin D synthesis through sunlight. In turn,
the only research into the recommended time of sunlight
exposure for adequate vitamin D synthesis was performed
in the UK and in a Caucasian population [8].

Another important finding is that the prevalence of
deficiency/insufficiency is lower in newborn children and
increases progressively until adolescence [20, 23]. This
may suggest that the habit of staying indoors for a long time
develops from an early age due to school and study activities
and expands with productive age among some professions
due to work responsibilities, lifestyles, physical activity, and
diet. With aging, the risks of vitamin D deficiency increase
with season [14e], cloud cover and due to a greater difficulty
in receiving adequate exposure to sunlight, combined with
lower dermal absorption.

Public Health and Nature-Based Solutions

Nature-based solutions (NbS) are policy options for ame-
liorating the problem of global anthropogenic climate
change, suggested over the past decade, and incorporated
by different actors. NbS use ecosystems and the services
they provide to address societal challenges such as cli-
mate change, food security, or natural disaster (Cohen-
Shacham et al. [27], p.2), simultaneously providing
human well-being and biodiversity benefits. Chausson
et al. [28] state that NbS involve working with and enhanc-
ing nature to help address those global environmental
problems. As example, largest access to green areas con-
tributes to reduce air temperature extremes, thus inviting
for outdoor activities and contributing to an active life and
normal weight, associated to better vitamin D status.

None of the cited papers investigated the number of hours
and best time of the day for sunlight exposure in countries of
lower latitudes and for darker-skinned populations that require
higher radiation levels for vitamin D synthesis [24, 25]. Such
data would support important recommendations, especially
for lower-income populations and countries where vitamin
supplementation represents an additional financial burden.

Besides, research that used measurements of radiation
intake at individual level was not found either.

The increasing production of research into the subject in
recent years may mean a greater interest of the academic com-
munity in the face of environmental issues, because either of
the growing hypovitaminosis D pandemic, which can be the
result of lifestyle habits that discourage external activities, or
of the potential risk of climate change or variations, charac-
terized by temperature extremes, which would lead people to
remain in artificially conditioned environments.

In view of the findings, it is concluded that climate and
weather interfere with human health and that modern life-
styles, work conditions, and warm temperatures have fos-
tered habits of staying indoors most time of the day, reducing
sunlight exposure. Even when there are favorable conditions
for adequate vitamin D synthesis, recommendations for ade-
quate sunlight exposure have been scarce. Of all the 14 cited
papers, only one recommends that children should spend
more time outdoors [23].

Understanding the influences of the environment on
human health can provide us with tools to improve urban
conditions in order to favor well-being and optimize avail-
able resources to remedy and/or prevent diseases, including
those associated to hypovitaminosis D.

In countries located in low and mid-low latitudes, policies
based on safe sunlight exposure can bring great benefits,
such as those cited by Byitler et al. [23]. Chausson et al.
[28] point out that nature-based solutions (NbS) have social
impacts and economic costs/benefits that are more prevalent
in low-income countries than in high-income ones. Research
by Cohen Shacham [29] argues that SDG 3: Health and well-
being [30] can benefit from the NbS method.

Conclusion

Currently, the NbS have gained priority in policies to combat
climate change, and nutritional and public health spheres
should turn to these solutions and expand interdisciplinarity.

Based on this review, it is possible to state that there is
a growing interest in the association between environment
and vitamin D status and research is still looking for increas-
ingly robust methods and ways to understand this associa-
tion. Research quantifying sunlight exposure necessary for
adequate vitamin D synthesis in people with darker skin
color and those people living in low latitudes are scarce,
as are studies in urban populations that may have limited
opportunity for sunlight exposure. Furthermore, there is also
a lack of research that consider the habits of everyday urban
life as a limiting factor for sunlight exposure, considering
the types of housing, work environments, urban design, the
presence of green areas and external spaces for coexistence
and leisure, safety, and suitable routes for walking and/or
riding bicycles. The use of nature-based solutions that can
mitigate climate change will become increasingly important
for preventing hypovitaminosis D. For example, tree-shaded
spaces might encourage more participation in outside activi-
ties and thereby favor vitamin D synthesis by the skin.

Study Strengths

Connection between climate variables and vitamin D status
is still little explored in its potential in the literature studied.

@ Springer
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This systematic review analysed studies which used different
methods, thus there was an integration of diverse investiga-
tion methods. Referenced studies performed blood samples
collection and analysis of diverse ages in different coun-
tries at diverse latitudes, thus this systematic review allows
understanding the Vitamin D status of population in a world
context.

Results highlight that climate has a potential for use in
nature-based solutions regarding vitamin D deficiency and
insufficiency. It elucidates relevant issues regarding vitamin D
status, which are of worldwide importance, especially in a cli-
mate change context and for a post-pandemic urban adaptation.

Study Limitations

There might be studies not indexed on the Scopus and Web
of Science bases that were not included. Local studies in
other languages rather than English were not included.
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