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ABSTRACT An experimental study on the effect of weather conditions such as solar radiation, humidity,
temperature, and rain on the Long Range (LoRa) communication in a tropical region (Malaysia) via a
campus environment has been carried out and analyzed. The weather parameters were obtained from
an online meteorological weather station (Meteoblue) and the use of a local automatic weather station.
A temperature sensor was attached to the LoRa node to measure the onboard temperature. We analyze the
diurnal variation and the effects of the weather condition based on the LoRa link in a LoRaWAN setup.
A regular pattern of RSSI was observed with stronger RSSI values having a positive correlation with the
atmospheric temperature, onboard temperature, and solar radiation during the day but degrades in late
evenings. The positive correlation and pattern observed can be attributed to the prevailing metrological
conditions and opens room for further research needed for propagation modeling. The RSSI signals and
relative humidity, on the other hand, showed no correlation. Furthermore, strong RSSI signals were obtained
when the atmospheric temperaturewas between 30 - 40 ◦C , and the onboard temperature between 40 - 50 ◦C .
No significant impact was observed on the RSSI signals when the rainfall rates vary from 12 mm/h to
180 mm/h. The study presents useful information to be considered on the effects of weather conditions
in the propagation model and deployment of LoRa for IoT communication.

INDEX TERMS Humidity, internet of things (IoT), LoRa, LoRaWAN, RSSI, solar radiation, temperature,
weather condition.

I. INTRODUCTION
LoRa communication technology is an unlicensed internet of
things (IoT) technology that is characterized by low band-
width, a limited number of messages, low power require-
ments, long-range communication, and higher penetration
power [1]–[3]. The physical layer of the LoRa employs
a chirp spread spectrum (CSS) modulation which enables
long-range communication [4]. LoRa has been deployed for
several IoT use cases such as smart city, agriculture, health,
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water quality monitoring, tracking, and many other applica-
tions [5], [6]. While LoRa seems promising, studies have
been conducted to investigate the impact of weather condi-
tions such as temperature and humidity on the reliability of
LoRa. For instance, laboratory experiments have been con-
ducted to see the effects of temperature on the received signal
strength indicator (RSSI) and signal-to-noise ratio (SNR) by
radiating heat on the LoRa transceiver radio [7], [8]. While
the studies in [7], [8] is limited to a controlled experiment
using a TempLab testbed [9] to investigate the impact of
onboard temperature on LoRa devices, [10]–[12] have pro-
vided insight on the effect of atmospheric temperature on
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the LoRa communication link. Extreme weather conditions
were considered in northern Sweden [10] with average tem-
peratures ranging from −16.96 to 13.22 ◦C [10] and Bosnia
with temperatures of −5 to 4.5 ◦C [11]. While the results in
[10], [11] indicated that atmospheric temperature can affect
the RSSI and SNR of the LoRa, [12] shows that aside from
temperature or humidity, LoRa link can be affected by some
diurnal variation of the propagation caused by the changes in
the troposphere. However, none of these works have shown
or quantify the range of temperature in which LoRa performs
well. In addition, some of these works on the effect of atmo-
spheric temperature on the LoRa link were studied for a very
short duration (two hours) [11] and in a very cold climate
[10], [11]. Furthermore, during the deployment of the LoRa
in our initial experiments, it was observed that packet loss
was greater in the evenings and nights compared to during
the day. This observation led to the investigation of the effect
of weather parameters on the LoRa link.

To the best of our knowledge, studies on the impact of
onboard, atmospheric temperature, and solar radiation on
LoRa in the tropical region and the diurnal variation of the
RSSI have not been reported. To bridge this gap, we inves-
tigate the effect of weather conditions on the LoRa link in a
LoRaWAN set-up in a tropical region, Malaysia. The effects
of onboard and atmospheric temperature and the impact of
rain were considered. More importantly, we investigate the
relationship of solar radiation on the RSSI LoRa link in a trop-
ical region. The following contributions are provided: first,
the study on the impact of solar radiation on the RSSI shows
a positive correlation with the onboard and atmospheric tem-
perature. This may be attributed to meteorological conditions
prevalent at the time of the study. Secondly, the study shows
that stronger RSSI is obtainable as the onboard and atmo-
spheric temperature increase and even performs better within
a certain temperature range. Thirdly, the study of the impact
of rain shows that a high rainfall rate does not affect the LoRa
link performance significantly, and fourthly, the study on the
impact of relative humidity showed no correlation with the
RSSI signal.

The rest of this paper is structured as follows. Section II
presents the experimental set-up and Section III discusses the
results and analysis. Section IV concludes this paper.

II. EXPERIMENTAL SET-UP FOR THE LoRaWAN
An outdoor gateway (GW) RHF2S008 was set up at
the Wireless Communication Center (WCC), Univer-
siti of Teknologi Malaysia (UTM) Johor Bahru campus
(1◦33’30.8"N 103◦38’36.5"E) and a LoRa test device was
developed using the Pycom-Fipy with radio module Semtech
SX1272 LoRa transceiver. The LoRa test device consists of
GPS module, temperature sensor DS18B20 attached to the
LoRa Radio and micro-controller board, buttons (connection,
transmit, and reset buttons), and a menu that allows for
configuration of different spreading factor (SF) and payload
size. The GW was registered on the LORIOT network server
[13] using a free license. The LORIOT network server which

was developed by the LORIOT company for long-range IoT
solution enables large-scale network deployment and is based
on the LoRaWAN protocol and supports several types of
GWs. It provides real-time access to LoRaWAN data using
the WebSocket, hypertext transfer protocol (HTTP) push,
transport layer security (TLS) socket, and message queuing
telemetry transport (MQTT). The set-up of the experiment is
shown in Fig. 1. The activation method used for the LoRa
test device to join the LoRaWAN was over-the-air-activation
(OTAA).

FIGURE 1. Experimental Set-up: LoRa test equipment, RHF2S008 GW,
LORIOT network server.

The geographical location of the GW and distance of the
LoRa node from the GW are shown in Fig. 2. The GW and the
LoRa node are located at an altitude of 40 m and 28 m above
sea-level, respectively. The area is a large open space with an
open field and lake surrounded by some buildings and light
vegetation. The communication is non-line of sight (NLOS)
due to the topology and some obstructions between the LoRa
node and GW.

FIGURE 2. Location of the LoRa device and GW, University of Technology
Malaysia, Johor Bahru.

The system configuration and parameters for the test con-
ducted are summarized in Table 1. The atmospheric tempera-
ture and the amount of rainfall were measured using the Hobo
rain gauge [14]. To observe the effect of the environmental
conditions, the LoRa transmission frequency from the LoRa
device to the GW was a 1-minute interval hence sampling
time was 1-minute. The LoRaWAN operates a fairness policy
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FIGURE 3. Solar radiation versus onboard and atmospheric temperature (a) 29th Oct. (b) 30th Oct. (c) 31st Oct.

TABLE 1. System parameters.

using a duty-cycle that limits the amount of time a device
is allowed to transmit from 0.1% (3.6 s per hour) up to
10% (360 s per hour) [15]. Due to the restriction of the
LoRaWAN duty-cycle, the experiment was observed for only
three consecutive days (morning to late evening) from 29th
till 31st of October 2020.

III. EXPERIMENTS AND Results
In this section, the effect of solar radiation, temperature,
humidity, and rain are presented. The correlation of the
weather parameters and the RSSI of the LoRa are analyzed
and the computation of the Pearson correlation coefficient
were used to measure the degree of the linear dependence
between the solar radiation and RSSI, and between the tem-
perature and the RSSI.

A. EFFECT OF SOLAR RADIATION AND TEMPERATURE
The solar radiation values obtained from the Meteoblue
online weather station for the location Skudai [16] were
plotted against the onboard and atmospheric temperatures as
shown in Figs. 3 (a), (b), and (c) for the three experimental
days. The energy radiated by the sun is known as solar energy
and it consists of the visible part known as shortwave radia-
tion measured in W/m2. It can be seen that solar radiation
has quite a significant effect on the atmospheric and onboard
temperature where a positive trend can be observed.

From Fig. 3 it can be shown that as the atmospheric
temperature increases, the onboard temperature of the LoRa

radio increases. The increase of the onboard temperature is
a result of the increase in the junction temperature Tj of the
semiconductors such as the microprocessor and LoRa radio.
It is a function of the ambient temperature Ta, the dissipated
power Pd , and the thermal resistance Rja, where Tj = Ta +
(Pd × Rja) [17]. This implies that the atmospheric weather
has a direct impact on the onboard LoRa radio.

The impact of the solar radiation and the temperature on
the LoRa RSSI is shown in Fig. 4 (a), (b), and (c). From
the visual inspection of Figs. 4 (a), (b), and (c), a positive
correlation of the solar radiation with the RSSI for the three
different days is observed. It can be shown that higher RSSI
values were observed during the high solar radiation period
compared to periods with low solar radiation. For instance,
in Fig 4 (a) and (b) on the 29th and 30th October, high values
of solar radiation with peak values of about 800 W/m2 were
observed during the daytime and within this period, stronger
RSSI values were observed. On the 31st, lower values of
solar radiation were observed compared to the 29th and 30th.
This could be due to the absorption, scattering, or reflec-
tion by air molecules, water vapor, and cloud on the rainy
day. However, high solar radiation from 8.00 am until about
3:00 pm was observed with a corresponding increase in the
onboard temperature and atmospheric temperature as well as
the RSSI. The degradation in the RSSI values during low solar
radiations can lead to a loss in packet delivery especially for
nodes that are located at the edge of the cell.

Further analysis of Fig. 4 (a), (b), and (c) show that stronger
RSSI signals are obtainable when the onboard temperature
is within the range of 40 - 50 ◦C and the atmospheric tem-
perature is within the range of 30 - 40 ◦C . The same pattern
can be observed on the 30th and 31st of October 2020, in
Fig. 4 (b) and (c) respectively. The result shows that temper-
ature has an impact on the RSSI of the LoRa link as reported
in previous studies [7], [8], [11].

The periodic pattern of RSSI obtained during the three days
and the positive correlation to the solar radiation observed can
be attributed to the effect of the refractive index of the tropo-
sphere as suggested in [12]. Other factors that may have influ-
enced this can be attributed to the effect of evaporation duct
on radio propagation at very high frequency (30-300 MHz)
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FIGURE 4. RSSI variations with solar radiation and temperature (a) 29th Oct. clear sky, (b) 30th
Oct. clear sky and (c) 31st Oct. clear sky condition in the morning and rainy condition in the afternoon.

and ultra-high frequency (300-3000 MHz) especially in trop-
ical climates discussed in [18]. The evaporation duct is a
function of the difference in the sea and air temperature which
can lead to enhanced signal propagation. There is a need for
further research on how the atmospheric condition influences
the LoRa link propagation in order to get a better insight.

Further analysis on the correlation of RSSI with the solar
radiation can be determined using the covariance and the
Pearson’s correlation expressed as follows [19]

cov(D1,D2) =
(
∑

(D1− µ(D1))× D2− µ(D2)))
(n− 1)

(1)

ρD1,D2 =
cov(D1,D2)

std(D1)× std(D2)
(2)

where µ, std and cov are the mean, standard deviation, and
covariance, respectively. The D1 present the RSSI while D2
represent the solar radiation or temperature vectors.

The hourly mean values of the RSSI were correlated
using (1) and (2) with the atmospheric temperature obtained
from the Hobo rain gauge and the solar radiation and the
results are summarized in Table 2 and 3, respectively. The
hourly mean values of the RSSI RSSI1h were computed as:

RSSI1h =
1
n

∑
RSSI1h (3)

where n is the total number of RSSI values obtained in dura-
tion of one hour and the RSSI1h is the RSSI values received
within the LoRa eight channels in the frequency band for one
hour. The use of the average value helps to exploit frequency
diversity which mitigates the fading effects when analyzing
weather conditions [20].

An example of the scatter plot and linear regression of the
RSSI variation with the solar radiation, onboard temperature,
and atmospheric temperature for one of the days is shown
in Figs 5 (a), (b) and (c), respectively. It can be seen that
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FIGURE 5. Scatter plot of RSSI variation in 29th Oct versus (a) Solar radiation (b) Atmospheric temperature (c) Onboard temperature.

TABLE 2. Correlation Test: solar radiation Vs atmospheric temperature.

TABLE 3. Correlation test: Solar radiation Vs RSSI.

FIGURE 6. RSSI variation with rain intensity during clear sky and rain
period.

the low values of RSSI are available at low values of solar
radiation and onboard and atmospheric temperature, respec-
tively. The Pearson’s correlation test of the solar radiation
with the RSSI and the atmospheric temperature are presented
in Table 2 and 3.

From Table 2 and 3, Pearson’s correlation values are pos-
itive, which indicates a positive correlation in the solar radi-
ation and atmospheric temperature, and solar radiation and
RSSI for the days observed, respectively.

B. EFFECT OF RAIN
Rain attenuation is one of the factors that affect radio prop-
agation, especially in the tropical and equatorial regions due
to the high level of precipitation [21]–[23]. Heavy and regu-
lar showers of local convective rain characterize the rainfall
process in Malaysia [24] and it is linked to the differen-

FIGURE 7. RSSI variation with rain intensity during rain period.

FIGURE 8. RSSI variation with rain intensity.

tial heating and cooling of the earth’s surface, which varies
throughout the day [24]. The rain attenuation is a function
of frequency, path-averaged rainfall rate and it depends on
temperature and raindrop size distribution (DSD) [24]. The
rain attenuation can be expressed as aRbp and where Rp is the
rain rate with a given period p while a and b are depending
on the radio wave frequency and the rain temperature [23].
The DSD results in scattering and attenuation of the elec-
tromagnetic wave [25] and is known to be the dominant
parameter that causes signal degradation that leads to prop-
agation attenuation especially for frequencies above 10 GHz
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FIGURE 9. RSSI variation with relative humidity (a) 29th Oct., (b) 30th Oct., and
(c) 31st Oct.
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[22], [24]. The DSD for tropical regions like Malaysia and
Singapore varies between 1 mm and 6 mm [22], [24], [26].
The transmission frequency of LoRa is 923 MHz, with a
wavelength of 0.32 m which is far greater than the DSD
values. Hence, the rain is expected to have less impact on
the LoRa RSSI performance. To verify the impact of the
rain, the RSSI was observed during the rainfall period on the
31st of October from 3.00 pm to 5.00 pm. The rain rate was
measured using HOBO data logging rain gauges installed in
the link paths. The data logging rain gauge system is battery-
powered and includes a data logger with a tipping bucket
rain gauge of 0.2 mm sensitivity. The rain gauges record the
rainfall that occurs every minute, i.e., at an integral multiple
of 12 mm/h where the unit of rain rate is in millimeters per
hour (mm/h) [23].

The rainfall rates vary from 12 mm/h to 180 mm/h as
shown in Fig. 6. It can be shown that the trend of RSSI from
around 9:30 am till around 4:30 pm is almost the same, while
the RSSI degradation after 4:30 pm follows the same trend
of degradation till 7:00 pm. This indicates that the rain has
no significant effect on the degradation of the RSSI along
the path of the LoRa link of around 916.26 m. The down-
pour of rain resulted in a drop in the solar radiation which
consequently reduces the RSSI of the LoRa link. However,
there was no significant impact on the RSSI, and all packets
sent during the rain were delivered successfully. This can
be attributed to the fact that the DSD is very small com-
pared to the wavelength of the LoRa transmission frequency
(sub-1 GHz) and also because the CSS modulation of LoRa
is robust against multipath effects.

The variation of RSSI during the rain period is shown
in Fig. 7. In Fig. 7 the left side of the y-axis represents the
RSSI while the right side represents the rain rate values and
the pink dash line represents the minimum acquired value of
RSSI during the clear sky conditions. It can be shown that
during the rain period, no value of RSSI below -123 dBm;
implying that the rain attenuation is 0 dB. Moreover, we can
get the maximum value of RSSI of -107 dBm during this
period of rain. To further clarify this point, Fig. 8 shows
the RSSI versus rain rate; the RSSI is in the range between
-107 to -123 dBm for the value of the rain rate of 48 mm/h,
which is the same variation during the clear sky condition (no
rain). Moreover, at a high rain rate of 180 mm/h, the RSSI
value of -115 dBm outperforms about 8 dB above the lowest
value of RSSI.

C. EFFECT OF HUMIDITY
Further studies were carried out to ascertain the effect of
humidity on the RSSI signal. The amount of water vapor
in the air is measured by humidity. The amount of water
vapor (absolute humidity) in the air compared to the maxi-
mum amount of water vapor (saturated humidity) at the same
temperature and pressure is described as relative humidity
and it is measured in percentage (%). The humidity data
were obtained from the automatic weather station (Davis
6152 wireless vantage Pro2 weather station) installed in the

Wireless Communication Center, UTM Johor Campus. The
impact of relative humidity on the RSSI can be observed
in Fig. 9 (a), (b), and (c). In Fig 9 (a), (b), and (c) the values of
RSSI do not vary according to the values of relative humidity.
Hence, there is no positive correlation that can be observed.
The lack of correlation between the relative humidity and
RSSI signal is in agreement with the report of the study
in [12].

IV. CONCLUSION
In this paper, the diurnal variation and the effects of the
weather conditions based on the LoRa link in a LoRaWAN
setup was presented. The analyses of the impact of onboard
temperature, atmospheric temperature, relative humidity, and
solar radiation on the LoRa communication link were pro-
vided. The effect of rain conditions on the LoRa link was
also reported. The RSSI measurement for three consecutive
days showed similar patterns with stronger signals during the
day when the solar radiation is high. A positive correlation
between solar radiation and RSSI was observed. This could
be due to the influence of the activity of the troposphere such
as refractive index, evaporation ducts, and other meteorologi-
cal conditions that were prevalent. Further research is needed
to investigate the effect of meteorological conditions such as
positive air-sea temperature, the existence of high-pressure
centers, refractivity of the lower troposphere.

The increase in solar radiation also increases the onboard
and atmospheric temperature which can be caused by the
junction temperature of the semiconductor of the LoRa
device. The precipitation almost has no impact on the RSSI
in the LoRa system even at a high rainfall rate of 180 mm/h
from this study at the propagation distance of 916.25 m and
the level of the RSSI observed. This characteristic observed
shows the need for further studies on the effect of weather
conditions on LoRa. Findings from this study will be useful
in the propagation modeling of LoRa (including other closely
related IoT transceivers) and the reliability studies of LoRa
application in IoT use cases. Future work will examine the
effect of prevailing meteorological conditions on the RSSI
for multiple links (more nodes), different transmit power, and
different LoRa physical settings.
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