
Citation: Johnston, J.D.; Beard, J.D.;

Novilla, M.L.B.; Weber, F.X.; Chartier,

R.T. PM2.5 Pollution Levels and

Chemical Components at Teahouses

along the Poon Hill Trek in Nepal.

Atmosphere 2022, 13, 1018. https://

doi.org/10.3390/atmos13071018

Academic Editor: Jianmin Chen

Received: 26 May 2022

Accepted: 23 June 2022

Published: 24 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

PM2.5 Pollution Levels and Chemical Components at Teahouses
along the Poon Hill Trek in Nepal
James D. Johnston 1,* , John D. Beard 1 , M. Lelinneth B. Novilla 1, Frank X. Weber 2 and Ryan T. Chartier 2

1 Department of Public Health, Brigham Young University, Provo, UT 84602, USA;
john_beard@byu.edu (J.D.B.); len_novilla@byu.edu (M.L.B.N.)

2 RTI International, Research Triangle Park, NC 27709, USA; fxw@rti.org (F.X.W.); rchartier@rti.org (R.T.C.)
* Correspondence: james_johnston@byu.edu; Tel.: +1-801-422-4226

Abstract: Unhealthy levels of fine particulate matter (PM2.5) from the local burning of solid fuels, and
from regional transport of pollutants, remain a major public health problem in the Himalayan foothill
villages in Nepal. Teahouses (i.e., mountain lodges) along popular hiking trails in the lower Himalayas
commonly use wood as the primary energy source for heating; however, little is known about
teahouse air quality. The purpose of this study was to characterize the levels and chemical constituents
of indoor and ambient PM2.5 at three villages along the Poon Hill circuit trek in the Annapurna
Conservation Area in Nepal. A convenience sample of five PM2.5 measurements was collected with
portable MicroPEM V.3.2A exposure monitors. Filters were analyzed for black and brown carbon
using integrating sphere optical transmittance and 33 elemental constituents using energy-dispersive
X-ray fluorescence. Median indoor PM2.5 over the sampling period was 41.3 µg/m3, whereas median
ambient PM2.5 over the sampling period was 34.7 µg/m3. Chemical species associated with wood
smoke, such as potassium (GM = 0.88 µg/m3), predominated. High indoor and ambient PM2.5 levels
may pose a significant occupational health risk to teahouse workers, who may experience chronic
exposures during trekking seasons. Our findings warrant additional research to characterize teahouse
air pollution exposures more fully and to evaluate intervention measures.

Keywords: indoor air quality; fine particulate matter; Himalayas; PM2.5; Nepal; air pollution; PM2.5

chemical components

1. Introduction

Nepal is among the 10 worst countries in the world for air quality [1]. Outdoor and
indoor air pollution remain significant public health and environmental concerns with
particulate pollution being a major problem [2–4]. “Fine” particles, or PM2.5, present the
most serious threat to health compared to other pollutants [5,6]. According to the 2020 State
of Global Air Report, Nepal’s average annual PM2.5 level is the second highest in the world
after India [1]. India and Nepal have similar 2019 population-weighted average annual
PM2.5 exposure levels at 83.2 and 83.1 µg/m3, respectively [1], which is more than 16 times
the World Health Organization’s (WHO) 2021 recommended air quality guideline annual
level of 5.0 µg/m3 [7]. Air pollution is a major risk factor for premature death and disability
in Nepal [2]. In 2019, 17,900 deaths in Nepal were attributable to PM2.5 exposure [1].
The loss of productivity and subsequent rise in healthcare utilization associated with air
pollution poses a serious economic burden on the country [2].

Urban air pollution in cities such as Kathmandu, Nepal’s economic and cultural hub,
is well documented [3,4,8,9]. The hazardous air quality in Kathmandu is attributed to a mix
of human and geological factors that render the valley vulnerable to air pollution [8–11].
Human factors are among the major causes of outdoor and indoor air pollution [1,11]. These
include vehicular emissions; open burning of refuse, organic waste, and crop residues; use
of wood stoves, fossil fuels, and biomass for cooking and heating; smoke from the burning
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of wood and plastic; industrial and brick kiln emissions; and dust [8–11]. These factors
combine to cause elevated levels of outdoor and indoor particulate matter (particulate
matter less than 10 µg in aerodynamic diameter (PM10) and PM2.5) and other pollutants,
such as nitrogen dioxide (NO2) and sulfur dioxide (SO2) [4,8,12].

Although urban air pollution is well documented, few studies have considered air
pollution in remote villages in the Himalayan foothills. There is evidence that urban air
pollution from the lower valleys is transported into Himalayan villages through diurnal
wind patterns [13,14]. In addition, local emissions in villages from cooking and heating
with solid fuels (e.g., wood) contribute to indoor residential and outdoor PM2.5 and other
air pollutants [15,16]. One facet of air pollution exposure in Himalayan villages that has
not been studied is related to the trekking industry. Trekking is a major tourist industry in
Nepal. Some areas, such as the Annapurna Conservation Area, receive over 100,000 tourists
per year [17]. Many popular trekking routes in Nepal have no western-style hotels. Instead,
accommodations are available through family-run mountainside lodges, or teahouses,
which are located along hiking trails. These wooden and/or stone cottages offer overnight
accommodations and other amenities for hikers. Teahouses typically have a centrally
located wood-burning stove that is used for indoor heating in a communal dining area,
and meals are cooked in kitchens with wood fuel or liquefied petroleum gas (LPG). This
presents a risk of indoor air pollution exposure, especially in poorly ventilated teahouses.

Globally, air pollution from burning solid fuels indoors is responsible for approxi-
mately 3.8 million deaths annually, many of which occur in South-East Asian countries,
such as Nepal [18]. Among pollutants generated from burning solid fuels, PM2.5 may be
the most important contributor to this excess mortality [5,6]. The primary chemical con-
stituents of PM2.5 from wood burning are carbon species (elemental and organic), elemental
components such as metals and metalloids, and sulfates (SO4) and nitrates (NO3) [19–21].
Studies suggest the chemical composition of PM2.5, not just the mass concentration, is an
important factor for understanding the health effects associated with exposure. Specific
chemical species in PM2.5 are associated with unique adverse health outcomes, including
increased respiratory and cardiovascular hospitalization and mortality among the elderly
(aluminum (Al), black carbon (BC), calcium (Ca), chlorine (Cl), iron (Fe), nickel (Ni), silicon
(Si), SO4, titanium (Ti), vanadium (V), and zinc (Zn)) [22,23], respiratory hospital admis-
sions among children (copper (Cu), elemental carbon (EC), Fe, potassium (K), NO3, Si, SO4,
and organic carbon (OC)) [24], and low birth weight in infants from prenatal exposure (Al,
EC, Ni, Si, Ti, Zn, and V) [25,26]. Thus, understanding the chemical composition of PM2.5 in
teahouse indoor air may provide important data for understanding health risks associated
with exposure.

During the trekking season, teahouse workers may experience chronic exposure
to high levels of PM2.5 from wood stoves used for heating, and, in some cases, from
wood cookstoves used in teahouse kitchens. This study aimed to add to the relatively
scant literature on air quality assessments in Himalayan villages at higher altitudes by:
(1) collecting a convenience sample of PM2.5 measurements to identify trends in indoor
and outdoor PM2.5 pollution at teahouses along the Poon Hill trail in the Annapurna
Conservation Area and (2) characterizing the elemental composition of indoor and outdoor
PM2.5. Monitoring indoor PM2.5 pollution in teahouses may help guide future public health
responses directed at reducing exposures among teahouse workers and guests.

2. Materials and Methods
2.1. Study Design

In this cross-sectional study, we measured indoor and outdoor PM2.5, air tempera-
ture (◦C), and relative humidity (RH) based on a total of five samples from three villages
(Tadapani, Landruk, and Ghorepani) along the Poon Hill circuit trek in Nepal (Figure 1). Co-
ordinates for these villages are: Ghorepani 28.402494◦ N 83.699928◦ E, Tadapani 28.396519◦

N 83.765274◦ E, Landruk 28.371269◦ N 83.825821◦ E. At each village, monitoring instru-
ments were calibrated and deployed upon arrival in the afternoon and were collected the
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following morning. Verbal permission was obtained from the teahouse manager prior
to collecting the indoor samples. One indoor and one outdoor sample were collected
at Ghorepani (2874 m) and Tadapani (2610 m). At Landruk (1628 m), an indoor sample
was collected inside the teahouse, but the outdoor instrument failed, for a total of five
air samples. Samples were collected from 5–8 May 2019. The teahouses at which the air
monitors were placed were similar in size and construction. Exempt approval was granted
by Brigham Young University’s (BYU) Institutional Review Board (IRB) as the study did
not meet the definition of human subjects’ research outlined in 45 CFR 46 [27].

Figure 1. Trekking route starting at Naya Pol showing Ghorepani (2874 m), Tadapani (2610 m), and
Landruk (1628 m) where indoor and outdoor air pollution samples were collected. Annapurna I
(8091 m) and Machhapuchhare (6993 m) are shown for reference.

2.2. Indoor and Outdoor PM2.5, Temperature, and Relative Humidity Measurements

Portable MicroPEM V.3.2A exposure monitors (RTI International, Research Triangle
Park, NC, USA) were used to collect PM2.5 on a filter while simultaneously measuring
PM2.5 concentration with a nephelometer. We used 25 mm 3.0 µm PTFE filters (Zefon
International, Ocala, FL, USA) in the MicroPEMs. Filters were pre- and post-weighed after
being conditioned for temperature and humidity in a controlled environment for 24 h. For
both pre- and post-weights, each filter was weighed three times and the average was used
as the final weight. Filters were weighed on a Mettler Toledo XP2U microbalance (Mettler
Toledo, Columbus, OH, USA) after being passed through a U-bar deionizer (Haug North
America, Williamsville, NY, USA) to remove static electricity. Filters were transported to
and from Nepal in SKC filter keepers (SKC, Inc., Eighty Four, PA, USA). The MicroPEM
also collects temperature and RH data. Indoor samples were collected by hanging the
MicroPEM in a pouch at approximately breathing zone height (while standing) in the
main dining area of the teahouse. The pouch was constructed of low-dander ripstop
nylon [28]. MicroPEMs were placed approximately 3.5 m from wood-burning stoves in
the teahouse dining areas. Outdoor samples were placed on tripods at approximately
1.2 m from the ground. Outdoor samples were placed in open-air locations approximately
100 m from village buildings to reduce the collection of source-specific pollution. Detailed
methods describing MicroPEM calibration, preparation, and filter handling were described
previously [28]. For this study, MicroPEMs were calibrated to 0.50 L/min in teahouse dining
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rooms prior to sample collection using a TSI model 4140 mass flowmeter (TSI, Shoreview,
MN, USA) and Docking Station software version 2.0 (RTI International, Research Triangle
Park, NC, USA). Due to our trekking itinerary, samples were collected from approximately
5:00 p.m. to 7:30 a.m. the following morning. PM2.5 concentrations were calculated as mass
in µg of PM2.5 divided by volume (V) of air sampled in m3 (1). PM2.5 mass was determined
by subtracting filter pre-weights (M1) from filter post-weights (M2). Air volume (2) was
calculated as the MicroPEM flow rate (Q) in L/min multiplied by time in minutes (T),
divided by a conversion factor (1000 L/m3).

PM2.5 =
M2 − M1

V
(1)

V = (Q × T)/1000 (2)

2.3. Elemental and Carbon Analyses

Filters were analyzed at RTI International for 35 PM2.5 chemical constituents. Filters
were first analyzed for BC and brown carbon (BrC) using RTI International’s integrating
sphere optical transmittance technique, as previously described [29,30]. In brief, filters
were challenged at seven wavelengths ranging from 940 nm to 430 nm. Transmittance
through the filters was adjusted using 10 blank samples from the same lot as the filters
used to collect the samples. Transmittance values were used to quantify BC and BrC using
an empirically derived algorithm. For 33 elemental constituents, we used Compendium
Method IO3.3 [31]. This method is described previously (see [32]), but, in brief, IO3.3 was
modified for use with the Thermo Scientific™ ARL™ QUANT’X EDXRF Spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a silicon drift detector. Thin-
film standards (Micromatter Technologies Inc., Surrey, BC, Canada) were used to calibrate
the XRF instrument.

2.4. Statistical Analyses

We used SAS, version 9.4 (SAS Institute, Inc., Cary, NC, USA), to conduct all statistical
analyses. As recommended by RTI International [33], we multiplied all PM2.5 data by a
correction factor, which was calculated as the gravimetric filter concentration divided by the
mean nephelometer concentration of the sampling period. For all variables, we determined
the frequencies and percentages of samples that had mean (of the sampling period) mea-
surements below or above lower detection limits (LDL). We also calculated minimums and
maximums of mean (of the sampling period) measurements from samples that had values
above LDLs. For sampling time, RH, and temperature, we used separate intercept-only
linear regression models to calculate arithmetic means (AM) and 95% confidence intervals
(CI) of mean (of the sampling period) measurements because the distributions of these vari-
ables were approximately normally distributed. For PM2.5 and PM2.5 chemical components,
we used separate intercept-only linear (if all measurements were above LDLs) or Tobit (if at
least one measurement was below LDLs) regression models to calculate geometric means
(GM) and 95% CI of mean (of the sampling period) measurements because the distributions
of these variables were right-skewed.

For the 15 variables that had all measurements above LDLs, we used separate two-
sample Wilcoxon signed-rank tests (t approximation) of the original values to estimate
unadjusted p-values for associations between sample location (indoor, outdoor) and median
average (of the sampling period) measurements. For the 11 variables that had at least one
measurement above LDLs, we used separate simple exact unconditional logistic regression
models to estimate unadjusted exact odds ratios (OR), 95% CI, and p-values for associations
between sample location and having mean (of the sampling period) measurements above
LDLs. We used line graphs to explore trends in mean (over location categories) PM2.5
concentration, RH, and temperature during the sampling period.
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3. Results
3.1. Summary Statistics for PM2.5, PM2.5 Chemical Components, Temperature, and
Relative Humidity

The AM sampling time was 815.37 min (13.59 h), the AM average (of the sampling
period) RH and temperature were 55.1% and 17.5 ◦C, respectively, and the GM average
(of the sampling period) PM2.5 concentration was 44.4 µg/m3 (Table 1). All measurements
were below LDLs for 12 PM2.5 chemical components (Supplementary Materials, Table S1).
For the other 23 PM2.5 chemical components, the GM average (of the sampling period)
concentrations ranged from 0.0019 (chromium (Cr)) to 14.4 (BrC) µg/m3 with a median of
0.016 (Ti) (Table 1).

Table 1. Summary statistics for the mean (of the sampling period) of samples inside or outside
teahouses in villages along the Poon Hill circuit trek, Nepal, May 2019.

Above LDL b

Variable a Below LDL b, n (%) n (%) GMc 95% CI c Min d Max d

Sampling time, minutes NA 5 (100) 815.37 e 798.05, 832.68 e 792.50 827.33
PM2.5, µg/m3 0 (0) 5 (100) 44.4 26.1, 75.7 34.1 94.8

PM2.5 aluminum (Al), µg/m3 0 (0) 5 (100) 0.30 0.21, 0.44 0.24 0.50
PM2.5 barium (Ba), µg/m3 3 (60) 2 (40) 0.010 f 0.0046, 0.022 f 0.0015 0.025
PM2.5 bromine (Br), µg/m3 1 (20) 4 (80) 0.010 f 0.0059, 0.019 f 0.0073 0.020

PM2.5 brown carbon (BrC), µg/m3 0 (0) 5 (100) 14.4 8.5, 24.6 7.3 20.9
PM2.5 cesium (Cs), µg/m3 4 (80) 1 (20) 0.0038 f 0.0012, 0.012 f 0.0083 0.0083
PM2.5 calcium (Ca), µg/m3 0 (0) 5 (100) 0.23 0.15, 0.37 0.14 0.39
PM2.5 chlorine (Cl), µg/m3 0 (0) 5 (100) 0.057 0.025, 0.13 0.023 0.13

PM2.5 chromium (Cr), µg/m3 4 (80) 1 (20) 0.0019 f 0.00049, 0.0075 f 0.0049 0.0049
PM2.5 copper (Cu), µg/m3 4 (80) 1 (20) 0.0032 f 0.0019, 0.0052 f 0.0045 0.0045

PM2.5 iron (Fe), µg/m3 0 (0) 5 (100) 0.24 0.14, 0.41 0.18 0.48
PM2.5 lead (Pb), µg/m3 4 (80) 1 (20) 0.0068 f 0.0015, 0.032 f 0.019 0.019

PM2.5 magnesium (Mg), µg/m3 0 (0) 5 (100) 0.072 0.053, 0.099 0.053 0.10
PM2.5 manganese (Mn), µg/m3 2 (40) 3 (60) 0.0057 f 0.0028, 0.012 f 0.0069 0.016

PM2.5 nickel (Ni), µg/m3 4 (80) 1 (20) 0.0024 f 0.0022, 0.0026 f 0.0025 0.0025
PM2.5 phosphorus (P), µg/m3 2 (40) 3 (60) 0.0078 f 0.0045, 0.014 f 0.0087 0.014
PM2.5 potassium (K), µg/m3 0 (0) 5 (100) 0.88 0.46, 1.69 0.60 2.19
PM2.5 rubidium (Rb), µg/m3 4 (80) 1 (20) 0.0044 f 0.0022, 0.0090 f 0.0072 0.0072

PM2.5 silicon (Si), µg/m3 0 (0) 5 (100) 0.76 0.53, 1.09 0.62 1.18
PM2.5 sodium (Na), µg/m3 0 (0) 5 (100) 0.22 0.16, 0.30 0.15 0.29

PM2.5 sulfur (S), µg/m3 0 (0) 5 (100) 1.41 1.06, 1.88 1.07 1.99
PM2.5 titanium (Ti), µg/m3 0 (0) 5 (100) 0.016 0.0091, 0.029 0.0089 0.028

PM2.5 vanadium (V), µg/m3 3 (60) 2 (40) 0.0025 f 0.0018, 0.0036 f 0.0031 0.0037
PM2.5 zinc (Zn), µg/m3 0 (0) 5 (100) 0.077 0.058, 0.10 0.055 0.093

Relative humidity, % NA 5 (100) 55.1 e 44.4, 65.8 e 47.5 68.6
Temperature, ◦C NA 5 (100) 17.5 e 10.4, 24.6 e 10.7 25.0

Abbreviations: CI, confidence interval; GM, geometric mean; LDL, lower detection limit; Max, maximum; Min,
minimum; NA, not applicable; PM2.5, particulate matter with an aerodynamic diameter less than 2.5 µm. a Twelve
PM2.5 chemical components had all measurements below LDLs. The names, LDLs, and summary statistics for
these PM2.5 chemical components are included in Supplementary Materials, Table S1. b LDLs are included in
Supplementary Materials, Table S1. c Estimated via simple linear regression models of the natural logarithm
transformed values. d Calculated from samples that had values above LDLs. e Arithmetic mean and 95% CI.
f Estimated via simple Tobit regression models of the natural logarithm transformed values.

3.2. Associations between Sample Location and PM2.5, PM2.5 Chemical Components, Temperature,
and Relative Humidity

The sample location was not significantly associated with median average (of the sam-
pling period) measurements or having mean (of the sampling period) measurements above
LDLs for any variable (Tables 2 and 3); however, median average (of the sampling period)
concentrations for PM2.5 were higher for indoor (41.3 µg/m3) than outdoor (34.7 µg/m3)
samples (Table 2). Similarly, all 12 PM2.5 chemical components that had all measurements
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above LDLs had higher median average (of the sampling period) concentrations for indoor
than outdoor samples (e.g., Al: indoor: 0.30 µg/m3; outdoor: 0.26 µg/m3). Indoor samples
had a lower median average (of the sampling period) RH (47.9%) compared to outdoor
samples (63.0%), but indoor samples had a higher median average (of the sampling period)
temperature (19.9 ◦C) compared to outdoor samples (11.8 ◦C). For the 11 PM2.5 chemical
components that had at least one measurement above LDLs, outdoor samples were more
likely than indoor samples to have mean (of the sampling period) measurements above
LDLs for seven chemical components (e.g., Ba: exact OR: 1.73; exact 95% CI: 0.01, 234.50),
but less likely for four chemical components (e.g., Mn: exact OR: 0.58; exact 95% CI: <0.01,
78.17; Table 3).

Table 2. Associations between the mean (of the sampling period) and location of samples from
teahouses in villages along the Poon Hill circuit trek, Nepal, May 2019.

Variable n (%) Median p-Value a

PM2.5, µg/m3

Indoor 3 (60) 41.3
Outdoor 2 (40) 34.7 0.22

PM2.5 aluminum (Al), µg/m3

Indoor 3 (60) 0.30
Outdoor 2 (40) 0.26 0.44

PM2.5 brown carbon (BrC), µg/m3

Indoor 3 (60) 19.0
Outdoor 2 (40) 9.8 0.22

PM2.5 calcium (Ca), µg/m3

Indoor 3 (60) 0.27
Outdoor 2 (40) 0.18 0.44

PM2.5 chlorine (Cl), µg/m3

Indoor 3 (60) 0.081
Outdoor 2 (40) 0.032 0.22

PM2.5 iron (Fe), µg/m3

Indoor 3 (60) 0.28
Outdoor 2 (40) 0.19 0.79

PM2.5 magnesium (Mg), µg/m3

Indoor 3 (60) 0.081
Outdoor 2 (40) 0.059 0.22

PM2.5 potassium (K), µg/m3

Indoor 3 (60) 0.85
Outdoor 2 (40) 0.69 0.79

PM2.5 silicon (Si), µg/m3

Indoor 3 (60) 0.87
Outdoor 2 (40) 0.63 0.79

PM2.5 sodium (Na), µg/m3

Indoor 3 (60) 0.28
Outdoor 2 (40) 0.21 0.79

PM2.5 sulfur (S), µg/m3

Indoor 3 (60) 1.49
Outdoor 2 (40) 1.33 0.79

PM2.5 titanium (Ti), µg/m3

Indoor 3 (60) 0.022
Outdoor 2 (40) 0.013 0.44

PM2.5 zinc (Zn), µg/m3

Indoor 3 (60) 0.091
Outdoor 2 (40) 0.077 0.79

Relative humidity, %
Indoor 3 (60) 47.9

Outdoor 2 (40) 63.0 0.22
Temperature, ◦C

Indoor 3 (60) 19.9
Outdoor 2 (40) 11.8 0.22

Abbreviations: LDL, lower detection limit; PM2.5, particulate matter with an aerodynamic diameter less than
2.5 µm. a Estimated via the two-sample Wilcoxon signed-rank test (t approximation) of the original values.
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Table 3. Associations between having mean (of the sampling period) measurements above LDLs and
location of samples from teahouses in villages along the Poon Hill circuit trek, Nepal, May 2019.

Variable Below LDL, n (%) Above LDL, n (%) Exact OR a Exact 95% CI a Exact p-Value a

PM2.5 barium (Ba)
Indoor 2 (67) 1 (50) 1.00 Reference

Outdoor 1 (33) 1 (50) 1.73 0.01, 234.50 1.00
PM2.5 bromine (Br)

Indoor 1 (100) 2 (50) 1.00 Reference
Outdoor 0 (0) 2 (50) 0.67 b 0.04, Infinity 1.00

PM2.5 cesium (Cs)
Indoor 2 (50) 1 (100) 1.00 Reference

Outdoor 2 (50) 0 (0) 1.50 b 0.00, 28.50 1.00
PM2.5 chromium

(Cr)
Indoor 2 (50) 1 (100) 1.00 Reference

Outdoor 2 (50) 0 (0) 1.50 b 0.00, 28.50 1.00
PM2.5 copper (Cu)

Indoor 2 (50) 1 (100) 1.00 Reference
Outdoor 2 (50) 0 (0) 1.50 b 0.00, 28.50 1.00

PM2.5 lead (Pb)
Indoor 3 (75) 0 (0) 1.00 Reference

Outdoor 1 (25) 1 (100) 1.50 b 0.08, Infinity 0.80
PM2.5 manganese

(Mn)
Indoor 1 (50) 2 (67) 1.00 Reference

Outdoor 1 (50) 1 (33) 0.58 <0.01, 78.17 1.00
PM2.5 nickel (Ni)

Indoor 2 (50) 1 (100) 1.00 Reference
Outdoor 2 (50) 0 (0) 1.50 b 0.00, 28.50 1.00

PM2.5 phosphorus
(P)

Indoor 0 (0) 3 (100) 1.00 Reference
Outdoor 2 (100) 0 (0) 0.16 b 0.00, 1.71 0.20

PM2.5 rubidium
(Rb)

Indoor 2 (50) 1 (100) 1.00 Reference
Outdoor 2 (50) 0 (0) 1.50 b 0.00, 28.50 1.00

PM2.5 vanadium
(V)

Indoor 1 (33) 2 (100) 1.00 Reference
Outdoor 2 (67) 0 (0) 0.46 b 0.00, 5.12 0.60

Abbreviations: CI, confidence interval; LDL, lower detection limit; OR, odds ratio; PM2.5, particulate matter
with an aerodynamic diameter less than 2.5 µm. a Estimated via simple exact unconditional logistic regression
models that model the probability of mean (of the sampling period) measurements above the LDL. b Median
unbiased estimate.

3.3. Line Graphs of PM2.5, PM2.5 Chemical Components, Temperature, and Relative Humidity
during the Sampling Period

Mean (over location categories) PM2.5 concentrations during the sampling period
were generally higher for indoor than outdoor samples, particularly during mealtimes
when indoor mean concentrations peaked at 174.0 µg/m3 at 17:33:00 and at 177.4 µg/m3 at
06:39:00 (the highest outdoor mean concentration was 67.1 µg/m3 at 23:04:20; Figure 2).
Indoor samples generally had mean (over location categories) RH between approximately
45% and 55% during the sampling period, which was lower than outdoor samples, which
generally had a mean (over location categories) RH between approximately 60% and 70%
during the sampling period. In contrast, the mean (over location categories) temperature
for indoor samples was generally between approximately 20 ◦C and 25 ◦C during the
sampling period, which was higher than for outdoor samples, which generally had a mean
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(over location categories) temperature between approximately 10 ◦C and 15 ◦C during the
sampling period. For both indoor and outdoor samples, mean (over location categories)
temperatures decreased during the sampling period until the morning mealtime, when
they increased.

Figure 2. Line graphs of the geometric (PM2.5) or arithmetic (relative humidity, temperature) mean
(over location categories) of samples inside or outside teahouses in villages along the Poon Hill
circuit trek, Nepal, May 2019: (a) PM2.5, (b) relative humidity, (c) temperature. Abbreviation: PM2.5,
particulate matter with an aerodynamic diameter less than 2.5 µm.
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4. Discussion
4.1. PM2.5

Previous studies show high levels of indoor air pollution in residences in Himalayan
villages in Nepal caused by the indoor burning of biomass fuels [15,16]. The current study
adds to the literature by documenting high PM2.5 pollution levels at teahouses along a
popular trekking route in the Annapurna Conservation Area [17]. The teahouses included
in this study used LPG for cooking. Thus, indoor pollution appears to originate primarily
from smoke from wood-burning stoves used to heat the central dining areas. Teahouse air
quality may also be affected by the infiltration of outdoor air pollution. Bai et al. (2020)
found that 31–66% of indoor PM2.5 can be attributed to outdoor air pollution in a university
dormitory, depending on the season [34]. The contribution rate (%) of outdoor to indoor
PM2.5 was higher during the spring and summer months when natural ventilation (win-
dow opening) was more common. We did not conduct a formal assessment of building
envelopes as part of this study, but, in general, the rustic concrete, wood, and stone construc-
tion of the teahouses allowed ample gaps for exchange between indoor and outdoor air,
warranting a more in-depth future study. Indoor and outdoor PM2.5 concentrations mea-
sured in this study showed the potential for teahouses to exceed the 15 µg/m3 short-term
(24 h) limit recommended by WHO [35]. Over the sampling period, PM2.5 concentrations
were ~2.5–6.3 times the WHO limit across the three teahouses. Long-term exposure to
wood smoke is associated with multiple poor health outcomes [36–38]. Our findings raise
concern primarily for teahouse workers, who likely experience chronic occupational PM2.5
exposures during the spring and fall trekking seasons, when the Annapurna Conservation
Area receives over 100,000 tourists per year [17].

Overall, PM2.5 concentrations in teahouses were higher than residential levels reported
in a high-altitude Sherpa village in Nepal. Pratali et al. (2019), in a study of 32 non-
smoking homes in Chaurikharka (2562 m), reported an average 24-h PM2.5 concentration
of 35 µg/m3 [16]. Homes in their study relied on solid fuels (i.e., wood) for cooking and
heating. In our study, the median indoor PM2.5 concentration over the sampling period
was 41.3 µg/m3. PM2.5 trends in teahouses were similar to the diurnal trends reported by
Pratali et al., with morning and evening peaks that coincided with meal preparation [16].
Chimney ventilation has been shown to significantly reduce indoor pollution levels in
buildings in Himalayan villages [39]. Wood-burning stoves in the three teahouses we
monitored were equipped with chimneys, but indoor concentrations were still ~1.2 times
the ambient levels.

Interestingly, we found the highest indoor concentration of PM2.5 in the teahouse in
Landruk (94.8 µg/m3), where the wood-burning stove was not being used. It is possible
that the high PM2.5 levels originated from nearby buildings and infiltrated into the din-
ing area. Another plausible explanation is that Landruk, which is at a lower elevation
(1628 m), is located closer to urban centers. The Himalayan mountain wind system is
well-documented [13,14] and the high indoor PM2.5 measurement in Landruk may have
partially resulted from regional transport of pollution from the more densely populated
valley below. Similar phenomena have been observed in other parts of Nepal. For instance,
the diurnal “Kathmandu Chimney” effect is responsible for warm, polluted air from the
Kathmandu valley being drawn upward into the Dudh Kosi mountain valley during the
day, contributing to air pollution in high-altitude villages, such as Lukla (2860 m) [13]. At
night, cool mountain air flows down the Himalayas into the mountain valleys and vil-
lages, decreasing pollution concentrations overnight. Unfortunately, the outdoor monitor
at Landruk failed, so we were unable to compare indoor and ambient pollution at this
site. Furthermore, as mentioned previously, we did not formally assess building factors
associated with pollution infiltration.

Due to the exploratory nature of this study and the small sample size, we were not
able to identify and apportion sources of ambient pollution. We did find that ambient PM2.5
concentrations in both Ghorepani and Tadapani were more than twice the WHO 24-hr
recommended limit, with concentrations at 35.2 and 34.1 µg/m3, respectively. Although
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there is vehicle access to Landruk, there are no roads leading to the two remote villages
of Ghorepani and Tadapani. Thus, the mountain wind system may explain these results,
at least in part; however, overnight particle concentrations remained fairly stable, with
a slight peak around midnight. This trend is opposite of what we would have expected
based on data from Hindman et al. (2002), who suggested that morning air would have
less pollution while evening air would have more [13]. A plausible explanation is that
the relatively stable PM2.5 levels in our outdoor samples originated from local sources,
primarily biomass burning, in village residences and teahouses [15]. Boundary layer height
decreases at night, decreasing the volume of air in which the pollutants are mixed, which
increases the concentration [40]. It is possible that decreases in pollution from wind currents
were masked by boundary layer effects, which increased PM2.5 concentrations overnight.

4.2. PM2.5 Chemical Components

The elemental composition of our samples suggests that much of the PM2.5 in both
indoor and outdoor air in Ghorepani and Tadapani originated from wood smoke. Elemental
K and Cl are commonly emitted in aerosols from burning wood [20,41]. Both of these
aerosol-phase tracers were present indoors and outdoors in all of our samples. For both
elements, indoor concentrations were ~1.2 and 2.5 times the outdoor levels for K and
Cl, respectively. Among the 33 elemental constituents in our samples, K had the second-
highest concentration (median indoor = 0.85 µg/m3, outdoor = 0.69), behind elemental
sulfur (S; median indoor = 1.49, outdoor = 1.33 µg/m3), which is also a marker of wood
smoke [42,43]. Similar indoor and outdoor concentrations of K and Cl were reported by
Jorquera et al. (2018) for urban homes in Temuco, Chile, where wood is commonly used
for cooking and heating. Their reported indoor concentrations of K and Cl were 1.07 and
1.06 µg/m3, and outdoor concentrations were 0.75 and 0.94 µg/m3, respectively [44]. In
their study, homes with wood cookstoves also had significantly higher levels of Si, Ca,
Ti, Fe, Zn, and arsenic (As). Our findings mirror these results. With the exception of As,
which had measurements below LDL for all five samples, our indoor samples had higher
concentrations than our outdoor samples for Si, Ca, Ti, Fe, and Zn. In addition, all of these
elements had measurements that were above the LDLs in all five samples. Several other
elemental constituents were identified in our samples that are associated with burning
wood at high temperatures, including Al, magnesium (Mg), and phosphorus (P) [21,45].

Non-exhaust emissions from vehicles primarily come from brake wear and tire fading.
Studies show antimony (Sb), barium (Ba), Cu, Fe, strontium (Sr), and Zn are common mark-
ers of brake wear [46–48], while cadmium (Cd) and Zn are markers of tire fading [46,47].
For Cd, Sr and Sb, all samples were below the LDL. For Cu, outdoor samples in Tadapani
and Ghorepani were below the LDL. Tire fading and brake wear both release Zn, and brake
wear releases Fe. We found Zn and Fe in both indoor and outdoor samples; however, as
mentioned previously, Zn is also released in wood smoke, and Fe is a common crustal
element [44,48]. Considering Zn levels were higher indoors, we suggest wood smoke is the
primary source of this element in our samples. In addition, we saw little evidence of vehicle
emissions in outdoor air. Specifically, Cr, Cu, and Ni, which are commonly associated
with vehicle emissions [46,49,50], all measured below the LDLs in outdoor samples. One
exception to this is Pb, which we detected in outdoor but not indoor samples. Pb can be an
indicator of vehicle exhaust, but it can also be produced from coal combustion and garbage
burning [49,51]. Additional monitoring over extended periods of time is needed to more
fully understand indoor and outdoor pollution sources in remote Himalayan villages.

We were surprised to find that all five of our samples measured below the LDL for BC,
which is typically a major constituent of wood smoke [52]. BC, and associated polycyclic
aromatic hydrocarbon exposures, may be of particular interest for teahouse employees and
patrons because it is associated with several cardiac and respiratory diseases, as well as lung
cancer [53]. Pratali et al. (2019) reported the average BC level in homes in a Sherpa village in
the Himalayas in Nepal was 4.63 µg/m3. In their study, BC levels predicted cardiovascular
arterial stiffness measured as pulse wave velocity and total peripheral resistance [16]. These
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findings were more pronounced in study participants older than 30 years, suggesting long-
term exposure to BC may cause cardiovascular damage. Black carbon is formed during the
incomplete combustion of wood, often via the condensation of gases to form soot [54]. This
process occurs above the flames and a possible explanation for the lack of observable BC on
our sample filters could be the presence of chimneys directly above the cooking area; the
BC particles could have been entrained in the plume of hot gases directly above the fire and
exfiltrated the teahouse via the chimney before reaching our monitors. Additionally, we
did not record the combustion conditions during sampling. It is possible that the fire was
left to smolder rather than burning with hotter, open flames, which more readily produce
BC. A smoldering fire would release more OC/BrC than BC. While the lack of BC on the
filters was unexpected, this is a very small data set and combustion conditions were not a
focal point during sampling. Additional research is needed to more readily quantify typical
combustion conditions and the resulting composition of the emissions of cooking fires in
Nepalese teahouses.

Although BC findings in this study were unexpected, BrC levels inside teahouses
(median = 19.0 µg/m3) were similar to levels in brick workers’ homes in Bhaktapur,
Nepal, where LPG cookstoves (12.03 µg/m3) and wood fires (17.52 µg/m3) are used for
cooking [55]. Potential indoor sources of BrC include wood burning, tobacco smoking,
and stir fry cooking [56]. Wood-burning stoves in the teahouse dining areas, and possibly
stir fry cooking and smoking in the kitchens, may explain the BrC levels detected on the
MicroPEM filters in our study.

Recent studies suggest that some cardiac and respiratory health outcomes from PM2.5
exposure are due to chemical constituents found in the particles, not the mass concentration
alone. In addition to total mass PM2.5, the chemical constituents Ca, BC, V, and Zn were
found to be associated with cardiovascular hospital admissions among people ≥ 65 years
of age [22]. In the same study, Bell et al. (2014) found associations between hospital
admissions for respiratory problems and increased levels of total mass PM2.5, Al, Ca, Cl,
BC, Ni, Si, Ti, and V. Interestingly, the mean total mass PM2.5 concentration (44.4 µg/m3) in
our study was more than three times the mean level (14.0 µg/m3) reported by Bell et al. In
addition, mean levels of Al, Ca, Cl, Si, Ti, and Zn were all higher in our study than mean
levels reported by Bell et al. In some cases, such as with Al, Ca, and Si, levels in our study
were around an order of magnitude higher. Similarly, Ostro et al. (2009) found PM2.5 metal
constituents (Cu, Fe, K, Si, and Zn) were associated with respiratory hospital admissions
among children < 19 years of age [24]. In our study, all of these metals, with the exception
of Cu, were found at higher levels than those reported by Ostro et al. Although we did not
measure the ages of teahouse workers in this study, we did observe children working in
the teahouses, as well as adults of varying ages. Our findings, although based on a limited
number of samples, suggest additional research on cardiovascular and respiratory health
effects among teahouse workers is warranted.

4.3. Limitations

This study was limited by a small number of samples and short duration sampling
times. Thus, it is difficult to draw any generalizable conclusions about air pollution in and
around teahouses in lower Himalayan villages. Due to our trekking itinerary, sampling
times were limited to approximately 13.5 h in each village/teahouse, which restricted our
ability to observe PM2.5 trends over a 24-h period or longer. In addition, much of the
sampling period occurred during sleeping hours, and thus our findings may underestimate
worker exposures. Long-term sampling across seasons may be particularly interesting to
understand exposures to workers and visitors. This study was also limited to particle-phase
pollutants. Understanding gas and vapor phase pollutants may shed important light on
other exposures to teahouse workers and patrons. The elemental composition of PM2.5
from wood smoke will vary depending on the species of wood being burned and the burn
temperature [19–21]. In this study, we did not determine the source or species of wood
being used in teahouses, which complicates comparisons with other studies. One strength
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of this study is the robust analysis of PM2.5 constituents. Although the small sample size
of this study did not allow for principal component analyses, it did provide confirmatory
evidence of wood smoke as the primary pollution source in and around teahouses in the
Annapurna Conservation Area.

5. Conclusions

Based on our brief sampling durations, it appears that indoor and outdoor PM2.5
at teahouses in Himalayan villages could exceed the 15 µg/m3 short-term (24 h) limit
recommended by WHO [35]. This poses the greatest risk to teahouse workers, whose
exposures may be exacerbated during trekking seasons. Analyses of particles captured
on the MicroPEM filters suggest that wood smoke is a major contributor to both indoor
and outdoor PM2.5. Cleaner burning fuels for cooking and heating, such as LPG, may
significantly reduce PM2.5 in teahouses, which may reduce worker and patron exposures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13071018/s1, Table S1: LDLs and summary statistics for the mean (of the sampling
period) of samples inside or outside teahouses in villages along the Poon Hill circuit trek, Nepal,
May 2019.
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