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Abstract—Many wireless sensor networks operating outdoors
are exposed to changing weather conditions, which may cause
severe degradation in system performance. Therefore, it is essen-
tial to explore the factors affecting radio link quality in order
to mitigate their impact and to adapt to varying conditions. In
this paper, we study the effects of temperature and humidity
on radio signal strength in outdoor wireless sensor networks.
Experimental measurements were performed using Atmel ZigBit
2.4GHz wireless modules, both in summer and wintertime. We
employed all the radio channels specified by IEEE 802.15.4 for
2.4GHz ISM frequency band with two transmit power levels. The
results show that changes in weather conditions affect received
signal strength. Of the studied weather variables, variation in
signal strength can be best explained by the variation in tem-
perature. We also show that frequency diversity can reduce the
effects of channel-specific variation, and the difference between
the transmit power levels.

I. INTRODUCTION

MANY wireless sensor networks (WSNs) and their ap-

plications are in use outdoors exposed to changing

environmental conditions. Weather conditions particularly can

have a significant impact on the performance of WSNs and

therefore cannot be ignored [1], [2], [3]. While the location

of nodes may be fixed and their surroundings might remain

almost static, the weather will not remain stable. The ambient

temperature and humidity will change and fluctuate tempo-

rally, having both diurnal and seasonal variation. In addition,

there can be spatial variation in weather, which affects WSN

due to microclimates. While changes in weather conditions are

inevitable and may have significant effects, they are usually

measurable and could be mitigated based on experimental

measurements. Hence, it is essential to explore weather-related

factors affecting radio link quality in order to mitigate their

impact and to adapt to varying conditions.

The effects of weather conditions on link quality (e.g., signal

strength) in WSNs have been explored in quite a few studies

(e.g., [2], [4], [3], [1], [5], [6], [7], [8], [9]). However, no clear

consensus has been achieved so far. Some studies report that

temperature is the dominating factor affecting signal strength

while others claim that humidity is the main reason. Some

suggest also other reasons. Furthermore, research methods,

radios and platforms employed and a number of explored

weather variables vary between studies, occasionally resulting

in contradictory results and conclusions. Hence, there defini-

tively seems to be a need for further studies.

This paper sets out to find out the effects of temperature

and humidity on radio signal strength in outdoor WSNs.

Experimental measurements were carried out using Atmel

ZigBit 2.4GHz wireless modules [10] with AT86RF230 radios

[11] in a university campus area during December 2013 and

July 2014. Unlike most previous studies, we employed all the

16 radio channels specified by IEEE 802.15.4 for 2.4GHz ISM

frequency band (channels 11−26) using two different transmit

power levels. For the purpose of measuring local weather

conditions, each node was integrated with a sensor (SHT75)

[12] to measure the ambient temperature and relative humidity.

To begin with, we show the temporal variation of signal

strength. To find out the role of temperature and humidity

on this variation, we study how signal strength correlates with

temperature, relative humidity, and absolute humidity. Further-

more, we apply linear regression to explore the magnitude

of these effects. We also highlight the differences between

channels, the utility of frequency diversity, and the difference

between the transmit power levels used. Our findings may

be useful for designing algorithms and protocols which are

adaptive and robust against the effects of weather. In particular,

RSSI-based ranging and localization could benefit from these

results.

In summary, our study has the following main contributions:

• We show that changes in weather conditions affect radio

signal strength. Temperature seems to be the best ex-

planatory variable for signal strength variation and has a

negative, linear effect on signal strength in general, while

high relative humidity may have some effect, particularly

when temperature is below 0◦C.

• We show that correlation between signal strength and the

studied weather variables vary depending on radio chan-

nel and link. Applying frequency diversity will alleviate

these effects.

• We show that smaller transmit power results in smaller

unexplained variation in received signal strength (in most

cases) and thus stronger correlation with the studied

weather variables.

The rest of this paper is organized as follows. In Section II,
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some related studies in the field are shortly presented. In

Section III, we briefly take a closer look at the central variables

used in this paper. Experimental measurements performed are

described in Section IV. Thereafter, experimental results are

presented and analyzed in Section V, followed by a short

discussion in Section VI. Finally, we conclude our work in

Section VII.

II. RELATED WORKS

Temperature has been the main focus in many recent studies

dealing with the effects of weather conditions on link quality.

For example, Bannister et al. [1] found a linear decrease of

8dB in signal strength when temperature rose from 25◦C to

65◦C when they used TI CC2420 radio on a Tmote Sky node,

both in their outdoor experiment in the Sonoran Desert and

in the lab experiment. They also showed the implications this

has for communication range, network connectivity, multi-hop

data collection, and RSS-based localization. Based on both

outdoor and indoor experiments, Boano et al. [5] showed that

the increase in temperature decreases both RSSI (Received

Signal Strength Indicator) and LQI (Link Quality Indicator).

In the outdoor experiment in a wheat field in Govone, Italy,

Boano et al. used Tmote Sky nodes. In their indoor experiment,

they used both Tmote Sky (CC2420 radio) and MSB430 nodes

(CC1020 radio). They also found that the noise floor readings

of both platforms decrease with the increase in temperature.

Based on their over 10-day deployment of TelosB nodes in

a forest garden, Luo et al. [7] showed that both temperature

and relative humidity correlate with RSSI. However, based on

linear regression, only the effect of temperature on RSSI can

be regarded as relatively significant. Wennerström et al. [8] in

their half-year experiment near Uppsala, Sweden, showed how

variations in meteorological conditions affect IEEE 802.15.4

link performance when using TelosB nodes with CC2420

radio. Particularly, they studied how variations in PRR (Packet

Reception Ratio) and RSSI correlate with temperature, abso-

lute humidity, precipitation, and sunlight. Their results show

that PRR and RSSI correlate mostly with temperature, while

the correlation with other factors is not so clear. They also

observed both diurnal and seasonal variation in PRR. In their

recent work, Boano et al. [9] studied the impact of temperature

on various WSN platforms and radios (CC2420, CC2520) and

showed the different effects of temperature on transmitter and

receiver nodes. They also showed that the relation between

temperature and RSSI is similar with different platforms and

can be approximated as a linear function when using platform-

specific parameters. Also, Lin et al. [13] found a temporal

variation of RSSI (with MICAz nodes) during their 3-day

outdoor experiment, in which different transmit power levels

were used, but they did not analyze the cause.

Humidity-related issues have also received a lot of attention

in the research community. Anastasi et al. [2] found that

the transmission range of mica2 sensor nodes (using RFM

ChipCon radios) decreases substantially during rain or fog.

Contrary to this, based on their measurements conducted in a

potato field with the help of Mica2Dot nodes equipped with

Chipcon CC1000 radios, Thelen et al. [4] showed that radio

waves propagate better under high humidity conditions, in the

presence of rain and at night for example. They attributed

this positive impact to changes in the reflection coefficient of

the top of the canopy of the potato field. They showed that

RSSI values were positively correlated with RH and negatively

with temperature, but they focused only on humidity in their

analysis. Capsuto and Frolik [3] demonstrated how rain and

snowfall, freezing rain and fog, and humidity can significantly

affect RSSI, causing large fades or even complete loss of

connectivity. They used Chipcon CC2420DK nodes at three

different frequencies of 2.4GHz ISM band in the experiment.

Boano et al. [5] also showed that the effect of both thin and

thick fog, and rainfall on RSSI is almost negligible. However,

the impact of a very heavy rainfall on wireless communication

may be significant. Markham et al. [6] conducted a 26-day

measurement in the forest of Wytham Woods, near Oxford and

a lab experiment, using T-mote Sky nodes with CC2420 radios.

They showed that variations in RSSI are due to the presence

of water on a node’s casing rather than fading caused by rain.

They justified their finding by stating that water is capacitively

loading the antenna, thereby changing its radiation pattern.

In contrast to previous studies, our experiment was con-

ducted with AT86RF230 radio transceivers. Further, we uti-

lized all the specified 16 radio channels for 2.4GHz ISM

frequency band with two different transmit power levels and

used sensors to measure the ambient temperature and relative

humidity in each node.

III. BACKGROUND

In the following, the related variables used to measure radio

signal strength, temperature and humidity are defined.

A. Received Signal Strength Indicator, RSSI

The well-known basic metrics used to link quality estima-

tion in WSNs are RSSI (Received Signal Strength Indicator),

PRR (Packet Reception Ratio), SNR (Signal to Noise Ra-

tio), and LQI (Link Quality Indicator) [14]. Received Signal

Strength Indicator (RSSI) is a standard feature built in most

radio transceivers typically employed in WSN nodes and

indicates the received radio signal power in a particular radio

channel. As specified in the IEEE 802.15.4 standard [15], RSSI

is computed by averaging RSSI values over 8 symbol periods

(128µs). The IEEE 802.15.4 standard refers to this (average)

RSSI as Energy Detection (ED), as also does the AT86RF230

radio transceiver [11].

The ED value of the AT86RF230 radio used [11] is

computed by averaging RSSI values over 8 symbol periods

(128µs). In AT86RF230, RSSI is a 5-bit register value with

3dB resolution, and ED value is an 8-bit register value with

1dB resolution. The ED value has 84dB range and absolute

accuracy of ±5dB. The RF input power in AT86RF230 can

be computed as follows:

PRF = RSSI BASE VAL + (ED LEVEL− 1) [dBm],
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where RSSI BASE VAL = −91dBm (RSSI sensitivity)

and ED LEVEL = 1..84. The minimum ED value

(ED LEVEL = 0) indicates receiver power less than

RSSI BASE VAL. The formula used to express RSSI as RF

input power [dBm] is radio-specific and usually can be found

in the data sheet of the particular manufacturer.

Throughout this paper, the terms RSSI and signal strength

will be used to refer to RF input power PRF [dBm], unless

otherwise stated.

B. Relation between temperature and humidity

The relationship between different weather variables, such

as temperature and humidity, can be quite confusing. As

it is well known, temperature and humidity are connected

to each other either directly or indirectly. For the purpose

of analyzing the results, it is of the essence to know their

mutual dependence. In the following, we try to emphasize the

differences between various humidity definitions and how they

are related to temperature and to each other. For clarification,

their relationship is also illustrated in Fig. 1.

Humidity is the amount of water vapor, the gaseous state

of water, in the air, and is usually invisible. The maximum

amount of water vapor in the air depends on air temperature.

Absolute humidity (AH) is the water content in the air, i.e., the

mass of water vapor included in a particular volume of air,

expressed in g/m3. Saturated humidity (SH) is the maximum

amount of water vapor in the air at particular temperature

(the blue line in Fig. 1). Relative humidity (RH) defines, in

a percent, how much water vapor (AH) is in the air relative

to the maximum amount of water vapor (SH) at the same

temperature and pressure. Relative humidity of saturated air is

100%. Dew point (temperature) is the temperature to which

air must be cooled down in order that water vapor starts to

condense into liquid water or ice (RH = 100%). [16]

Of particular interest is the point wherein water vapor is

changing from gaseous state into liquid (condensation) or solid

(deposition, T < 0◦C) state. Condensation/deposition starts

when humidity increases or temperature falls, reaching the

saturation point (RH = 100%). The condensed water vapor

is called either dew (frost when T < 0◦C) or fog (or clouds),

depending on whether formed on a solid surface or in the air.

[16]

Absolute humidity AH (g/m3) can be defined, e.g., as a

function of temperature and relative humidity as [17]:

AH(t, RH) = 216.7 ·





RH
100%

·A · exp
(

m·t
Tn+t

)

273.15 + t



 , (1)

where t is the actual temperature (◦C), RH the actual relative

humidity (%), m = 17.62, Tn = 243.12◦C, and A =
6.112hPa.

IV. EXPERIMENT OVERVIEW

In the experiment, we set up a wireless sensor network

operating in 2.4GHz ISM frequency band in a university

campus area in western Finland. The WSN measured and
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Fig. 1. Relationship between the following weather variables: temperature
(t), relative humidity (RH), absolute humidity (AH), saturated humidity (SH),
and dew point (Td) (at constant barometric pressure).

collected data related to weather and radio link quality, both

in summer and wintertime. This raw data was sent to a server

to be further processed and analyzed. In the following, the

experiment is described in more detail.

A. WSN Configuration and Deployment

We used a wireless sensor network operating in 2.4GHz

ISM frequency band in our experiment. The WSN consisted

of Atmel ZigBit 2.4GHz wireless modules (ATZB-24-B0)

[10] containing Atmel’s ATmega1281V microcontroller [18]

and AT86RF230 RF transceiver [11]. Furthermore, the sen-

sor nodes were integrated with a Sensirion’s humidity and

temperature sensor (SHT75) [12] to measure the ambient

temperature and relative humidity. The sensor nodes were

powered with two AA-size 3.6V primary lithium batteries.

The nodes were enclosed with a weatherproof plastic casing,

leaving the external antennas and SHT75 sensors outside the

casing. A drain valve was added into the bottom of the

casing to remove possible moisture or water. The sink node

was similar to sensor nodes, without an SHT75 sensor and

protective casing, and connected wired to a Raspberry PI. The

Raspberry PI had LAN connection for sending raw data from

the sink to the server/database.

The equipment used in the experiment consisted of five

sensor nodes, one sink node and one Raspberry PI. In addition,

there was one server/database. The sensor nodes were attached

to five lamp posts with the help of mounting racks. There was

one 2.4GHz node in a single rack. The nodes were at the height

of approximately 3m (top of the antenna). The sink node and

Raspberry PI were inside the university campus, and they were

powered by mains current. The network setup can be seen in

Fig. 2.

B. Data Collection and Processing

The sink node broadcasted a link-measurement packet twice

in every minute using two different transmit power levels,

JARI LUOMALA, ISMO HAKALA: EFFECTS OF TEMPERATURE AND HUMIDITY ON RADIO SIGNAL STRENGTH 1249



Internet

5

4

3

2

1

~3.0 m

~2.7 m

SHT75

Sink + Raspberry PI

LAN

Server19.4 m

22.7 m

23.9 m

29.0 m

1.

2.

3.

4.

5.

1.

2.

3.

4.

5.

P1. LINK-MEASUREMENT (broadcast)

- PTX1 and PTX2, ch 11-26

- RSSI data

P2. T and RH 

measurement

P3. DATA (unicast)

- RSSI, T, RH

- (ch 14, PTX1)

Fig. 2. Measurement network setup (not in scale).

first the maximum transmit power of +3.0dBm (PTX1) and

thereafter −7.2dBm (PTX2). Radio channel was changed

every minute, thus all the 16 channels (11− 26) were rotated

in 15 minutes. Sensor nodes receiving the link-measurement

packets updated their neighbortables for the particular links

(RSSI, etc.), and forwarded the packets in their scheduled time

frames. After the link-measurement phase, the nodes measured

temperature (T) and relative humidity (RH) readings by using

the SHT75 sensor. Thereafter, the sensor nodes sent (unicast)

neighbortable and sensor data (T, RH) to the sink by using

predefined static routing (see Fig. 2). The sink forwarded the

collected raw data to Raspberry PI, which in turn sent it

to the server/database via LAN. Temperature sensor readings

(ADC) were converted to temperature values according to

[12] and calibrated with each other by using offset values,

before saving to the database. Also, RH sensor readings (ADC)

were linearized and temperature-compensated according to

[12] before saving to the database.

The collected raw data was downloaded from the server to

be further processed and analyzed. We used MATLAB [19]

for processing, analyzing and presenting data. Both RSSI data

(of each channel) and weather data (T, RH) were averaged

over one hour. There were 60 RSSI samples in an hour for

each link, i.e., on average 3− 4 samples (for both TX power)

for each radio channel. Weather data was measured once in

a minute; thus there were 60 samples in an hour for each

node. Absolute humidity was also computed; it was based

on average temperature and relative humidity values for each

node, according to (1).

To mitigate the effects of changes in environmental con-

ditions, effects such as multipath fading, on different radio

frequencies, we utilized frequency diversity and computed link

RSSI by averaging the RSSI samples collected at different

radio channels. The 1h average RSSI for each link k, RSSI
k

1h,

was computed as

RSSI
k

1h =
1

n

n∑

i=1

RSSIk,i1h [dBm], (2)

where i = 1..16 (channels 11−26 specified by IEEE 802.15.4

for 2.4GHz ISM frequency band). Bardella et al. [20] have

shown that exploiting frequency diversity will mitigate the

multipath fading effects, which could help us in analyzing the

effects of weather conditions.

To calculate statistics (TABLE I), we used the 1h average

RSSI change of the analyzed links, ∆RSSI1h, as follows:

∆RSSI1h =
1

8

8∑

k=1

RSSI
k

1h −RSSI
k

︸ ︷︷ ︸

=∆RSSIk

1h

[dB], (3)

where k is the link number, RSSI
k

the average RSSI for

link k over the measurement period, and ∆RSSIk1h the 1h
RSSI change for link k. The links chosen to be analyzed were

the ones between the closest neighboring nodes, i.e., the links

1← 2, 2← 1, 2← 3, 3← 2, 3← 4, 4← 3, 4← 5, 5← 4.

As for weather data, we also used 1h average temperature

and relative humidity of the analyzed links. Absolute humidity

was computed based on these average values, applying (1).

V. EXPERIMENTAL RESULTS

We performed experiments and gathered data by using our

WSN in different seasons. Data from three different periods

was chosen, one set in summer and two in winter, to be ana-

lyzed here. The representative periods are 1 week in July 2014

(temperature > 0◦C), 1 week in December 2013 (temperature

<> 0◦C), and 3 days in December 2013 (temperature < 0◦C).

Our aim is to find out how temperature and humidity affect

radio signal strength.

A. Temporal Variation of Signal Strength

When exploring the results from our experiments in both

summer and winter, it is evident that signal strength has

both short-term (diurnal) and long-term (seasonal/weekly)

variation. Interestingly, the variation is notably different in

each period. Diurnal variation (day/night) is clearly apparent

in summer, whereas seasonal variation is easier to detect in

winter and between different seasons (summer/winter). These

variations are not random but mainly cyclic, following a

certain distinct pattern. For example, in summer, as can be

seen in Fig. 3 (a), signal strength falls in the daytime and

rises in the nighttime.

Comparing the variation of signal strength with the variation

of weather variables in Fig. 3, it is easy to find similarity

between them, especially in summer. This suggests that there

is a relation between signal strength and particular weather

variables. However, the relation in summer seems to be

different from that in winter. For example, in summer there

is hardly any relation between absolute humidity and signal

strength, but in winter below 0◦C the correlation is quite clear.

In contrast, when temperature fluctuates near 0◦C, the relation

between weather variables and signal strength is unclear.
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(a) July 2014 (above 0◦C). (b) December 2013 (around 0◦C). (c) December 2013 (below 0◦C).

Fig. 3. RSSI change, temperature (T), relative humidity (RH), and absolute humidity (AH) of the analyzed links (mean, min, max) during three different
periods (PTX = 3.0dBm). RH data of node 3 is excluded from all computations for December 2013 (around 0◦C) due to humidity sensor malfunction.

The behavior of individual links is quite similar, as shown in

Fig. 3. This indicates that RSSI variation is mainly caused by

changes in weather affecting all the links, rather than by some

site-specific reason. However, between individual channels

there can be quite large variations in RSSI behavior, both

within and between individual links. Probably this results from

other factors, such as multipath propagation. By averaging the

RSSI samples of different radio channels, we can thus smooth

the random and channel-specific variation to better discover

the effects of weather conditions.

Nevertheless, our observations confirm the findings reported

in the literature (e.g., [1], [8]), which states that signal strength

has temporal variation. Probably these variations are mostly

due to changes in weather conditions. In the following, we will

focus on temperature and humidity to find out their effects on

RSSI variation.

B. Effects of Temperature on Signal Strength

As could already be seen in Fig. 3, there is an obvious

relationship between temperature and signal strength. In gen-

eral, when temperature rises signal strength (RSSI) falls, and

vice versa. This indicates negative correlation (dependence)

between temperature and signal strength. To get a better

understanding of the matter, we computed Pearson correlation

coefficient to measure the degree of linear dependence between

temperature and RSSI. The results from July are presented in

Fig. 4 (a). As can be seen, the correlation varies depending

on channel and link. Some link-channel combinations have a

very strong correlation, while in some others the correlation

is less significant. The difference between the correlation of

average RSSI change with temperature (straight black line)

and the individual link-channel correlations with temperature

is quite clear, indicating the benefits of exploiting frequency

diversity. The correlation of the average RSSI change (also

channel-specific) is strong, confirming the hypothesis that

RSSI correlates negatively with temperature.

The correlation of average RSSI change with temperature is

high also while below 0◦C in December. However, when tem-

perature fluctuates near 0◦C, there is a substantial degradation

in correlation. Nevertheless, the negative correlation still holds.

The correlation between temperature and RSSI is statistically

significant (p < 0.001) in each measurement period.

When comparing how RSSI correlates with temperature

with two different transmit power levels, we can find some

differences. On average, RSSI correlation with temperature

is slightly stronger (negatively) when using smaller transmit

power (PTX = −7.2dBm) compared to when using the max-

imum transmit power (PTX = 3.0dBm). This holds true for

all the three periods, being emphasized in winter when the

deviation is bigger.

To quantify the effect of temperature on RSSI, we plotted

both RSSI of individual links and average RSSI change versus

temperature and applied simple linear regression, where we

used temperature as an explanatory variable for RSSI variation.

The results from July are presented in Fig. 4 (b) and 4 (c).

As can be seen, temperature has quite a considerable effect on

signal strength. A linear, negative trend can be observed for

all the links, but there is some variation regarding magnitude

of the impact (regression coefficient). As for RSSI change,

regression coefficient is −0.127, i.e., the rise of temperature by

10◦C decreases RSSI approximately by 1.3dB. The coefficient

of determination (R2) is very high (0.93), which implies that

in this model RSSI variation can be explained to a high degree

by the variation in temperature.

There are no great differences between the different periods

regarding the magnitude of the impact. The regression coeffi-

cient varies between −0.09 and −0.13. However, R2 decreases

during frost, and practically plunges while temperature is

JARI LUOMALA, ISMO HAKALA: EFFECTS OF TEMPERATURE AND HUMIDITY ON RADIO SIGNAL STRENGTH 1251



11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
−1

−0.9

−0.8

−0.7

−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

Channel

P
e
a
rs

o
n

 c
o

rr
e
la

ti
o

n
 r

 [
−

1
,1

]

 

 
1 ← 2

2 ← 1

2 ← 3

3 ← 2

3 ← 4

4 ← 3

4 ← 5

5 ← 4

1 ← 2

2 ← 1

2 ← 3

3 ← 2

3 ← 4

4 ← 3

4 ← 5

5 ← 4

10 15 20 25 30 35 40
−64

−62

−60

−58

−56

−54

−52

Temperature [°C]

β
avg 

= −0.127, R
2

avg
 = 0.845

β
min 

= −0.172, R
2

min
 = 0.681

β
max 

= −0.085, R
2

max
 = 0.939

R
S

S
I 

[d
B

m
]

 

 
1←2

2←1

2←3

3←2

3←4

4←3

4←5

5←4

10 15 20 25 30 35
−1.5

−1

−0.5

0

0.5

1

1.5

Temperature [°C]

y = −0.12672*x + 3.0651

R
2
 = 0.93203

R
S

S
I 

ch
an

g
e 

[d
B

]

 

 

Avg ∆ RSSI
1h

(a) (b) (c)

Fig. 4. Relationship between RSSI/RSSI change and temperature (T) during one week in July 2014 (PTX = 3.0dBm). (a) Pearson correlation between
RSSI/RSSI change and T, (b) Linear regression of RSSI on T (all links), (c) Linear regression of average RSSI change on T.

around 0◦C. This indicates that when temperature fluctuates

around 0◦C, there are some other factors causing large de-

viations, thus reducing correlation and R2. The regression

coefficients are statistically significant (p < 0.001) in each

measurement period.

As for the magnitude of the effect, the differences between

two power levels are not significant. R2 values are somewhat

higher with the smaller transmit power (PTX2), indicating that

the smaller transmit power results in smaller unexplained RSSI

variation.

The summary of the relationship between temperature and

RSSI is presented in TABLE I.

C. Effects of Humidity on Signal Strength

Another potential factor affecting signal strength is humid-

ity. As can be seen in Fig. 3, there is also a clear relation

between both relative (RH) and absolute (AH) humidity and

signal strength in particular times. Relative humidity rises

and falls together with RSSI (above 0◦C), indicating positive

correlation, while the trend of absolute humidity indicates neg-

ative correlation (below 0◦C). As previously, we computed the

Pearson correlation coefficients and simple linear regression

for both RH and AH. The summary of the relationship between

RH/AH and RSSI is presented in TABLE I. The correlation

and regression coefficients of RH to be discussed below are

statistically significant (p < 0.01) in each measurement period,

while those of AH are statistically significant only for winter

periods.

In July, RH has a very high positive correlation (0.95)

with RSSI while AH and RSSI are uncorrelated. R2 in the

regression model is also very high for RH, which means that in

this model RSSI variation could be explained to a high degree

by the variation in RH. As for RSSI change, the regression

coefficient of RH is about 0.03, which means that the rise of

RH by 10% increases RSSI approximately by 0.3dB.

In December, at the temperature below 0◦C, both RH and

AH have high, almost equally strong but opposite correlation

with RSSI. Interestingly, the regression coefficients of both

RH and AH are about 2 − 3 times higher compared to the

other period(s). Also R2 is quite significant (≈ 0.6) for both

RH and AH, although for RH it is smaller when compared to

July.

In the near 0◦C period, correlation is quite low for both RH

and AH. However, it is still consistent with the other period(s).

Due to decreased correlation, it is obvious that R2 in the

regression model is also low for both RH and AH. Therefore,

the explanatory powers of the linear regression models are not

sufficient.

On average, RSSI correlation with AH is slightly stronger

(negatively) with smaller transmit power in both winter pe-

riods, as are the regression coefficients and R2 values. In

the case of RH, the differences between the power levels are

relatively minor.

D. Temperature vs. Humidity

While correlation is a good predictor of a potential causal

relationship, it does not imply causation and could be caused

by some other factor. The high correlation between the studied

weather variables and RSSI both in July (T, RH) and below

zero (T, RH, AH) could be partly explained by the high

mutual dependence of temperature and humidity, as illustrated

in Fig. 5. As can be seen, RH correlates strongly with

temperature in July, while AH does so in December. This close

relationship between the studied weather variables complicated

our attempts to distinguish between the actual impact of tem-

perature and humidity on RSSI. Therefore, we applied multiple

linear regression with two explanatory variables to find out

both the combined effect and the effect of a particular weather

variable while the other variable is taken into account. As

previously, to analyze the effects of temperature and humidity

on RSSI, we used the average RSSI change, T, RH and AH

of the analyzed links.

As expected, some of the results show high collinearity

between temperature and humidity. In July, temperature and

RH are highly collinear (variance inflation factor, VIF is

high), while in December below 0◦C, temperature and AH are

collinear. Therefore, it is questionable to use them together in

the regression model. Contrary to this, temperature and AH are

not collinear (VIF = 1.01) in July, nor are temperature and RH

(VIF = 1.38) in December when temperature is below 0◦C.
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TABLE I
AVERAGE RSSI CHANGE VS. TEMPERATURE (T) / RELATIVE HUMIDITY (RH) / ABSOLUTE HUMIDITY (AH).

Statistical significance: RSSI vs. T RSSI vs. RH RSSI vs. AH
∗ p < 0.01 July December December July December December July December December
∗∗ p < 0.001 (T > 0◦C) (T <> 0◦C) (T < 0◦C) (T > 0◦C) (T <> 0◦C) (T < 0◦C) (T > 0◦C) (T <> 0◦C) (T < 0◦C)

otherwise none (n = 168) (n = 168) (n = 72) (n = 168) (n = 168) (n = 72) (n = 168) (n = 168) (n = 72)

Pearson correlation (r)

PTX1 = +3.0dBm -0.965∗∗ -0.336∗∗ -0.851∗∗ 0.946∗∗ 0.229∗ 0.776∗∗ -0.022 -0.264∗∗ -0.779∗∗

PTX2 = −7.2dBm -0.973∗∗ -0.446∗∗ -0.891∗∗ 0.948∗∗ 0.316∗∗ 0.768∗∗ -0.050 -0.353∗∗ -0.825∗∗

Regression coef.

PTX1 = +3.0dBm -0.127∗∗ -0.101∗∗ -0.090∗∗ 0.035∗∗ 0.032∗ 0.081∗∗ -0.013 -0.227∗∗ -0.539∗∗

PTX2 = −7.2dBm -0.113∗∗ -0.121∗∗ -0.115∗∗ 0.031∗∗ 0.040∗∗ 0.098∗∗ -0.026 -0.276∗∗ -0.701∗∗

R
2

PTX1 = +3.0dBm 0.932 0.113 0.724 0.895 0.053 0.602 0.000 0.069 0.607

PTX2 = −7.2dBm 0.947 0.199 0.795 0.899 0.100 0.590 0.002 0.124 0.680

The results from July show that temperature is the dominat-

ing factor affecting RSSI. Using AH as the other explanatory

variable together with temperature in the model does not

improve the adjusted R2 (R̄2) in practice. Further, the weight

of temperature in the model is significantly higher than that

of AH. Therefore, it is sufficient to include only temperature

in the regression model.

The situation is different in December below 0◦C. While

temperature is the most significant variable (R̄2 = 0.72 for

PTX1), using of RH as the other explanatory variable does

improve the R̄2 to a relatively large extent (R̄2 = 0.87). This

means that both temperature and RH seem to have effect

on RSSI. However, the proportion of temperature in RSSI

variation is somewhat higher than that of RH. It is thus

reasonable to consider the inclusion of both temperature and

RH in the regression model.

When temperature is around 0◦C in December, there are

other factors apart from temperature or humidity (although

probably related to them) causing sudden RSSI variations, as

can be seen in Fig. 3. RSSI can experience large variations

when temperature fluctuates near 0◦C and RH is close to

100%, resulting in low R2 for all the variables. RSSI variation

thus cannot be explained with the help of any linear model in

this case.

In conclusion, temperature generally seems to be the most

significant variable affecting RSSI and could be used in a

linear model to explain RSSI change, except in the above-

mentioned special case. Relative humidity may have some

effect on RSSI, particularly in high humidity conditions below

0◦C, where it may be useful to include both temperature and

RH in the model.

VI. DISCUSSION

Our findings confirm the previous results in the literature

of the effects of temperature on link quality. Moreover, some

RF transceiver manufacturers mention the temperature depen-

dency in their data sheets [21], [22], [11], thus supporting

the results. It has been reported that both output power and

receiver sensitivity [21], as well as crystal frequency accuracy

(drift) and characteristics of the VCO (Voltage Controlled

Oscillator) [21], [22] vary with temperature.
As it was shown, the effect of humidity is more compli-

cated. Additionally, the accuracy of SHT75 sensor decreases

substantially during high humidity conditions (RH > 90%).

It decreases linearly from typical ±1.8%RH to ±4.0%RH
when RH increases from 90% to 100% [12]. Furthermore,

[12] states that long term exposure to conditions outside the

sensor’s normal operating range may temporally offset the RH

signal (+3%RH after 60h). During both our winter periods,

relative humidity is high and mostly over 90%. According to

[12], RH can drop drastically due to heavy condensation of

water on the sensor surface, which was also observed in our

experiment. The foregoing aspects may affect the accuracy of

the results in winter.
Particularly problematic is the case when near-zero temper-

ature is combined with high humidity (RH close to 100%).

RSSI fluctuation in that period could be due to ice/snow on

top of the nodes and antennas melting into liquid water and/or

liquid water (due to condensation or rain) freezing into ice.

The same kinds of effects of water/ice on link quality are

reported, e.g., in [6] and [3]. This indicates that water in

liquid or solid state on top of the nodes or antennas may

cause unpredictable changes in signal strength. Therefore,

temperature and humidity may have indirect effects on RSSI

variation through condensation (RH ≈ 100%) and freezing of

water or melting of ice/snow (T ≈ 0◦C).
Regardless, the effects of temperature and humidity on

signal strength can have severe implications on different sensor

network protocols. Particularly, the accuracy of RSSI-based

ranging and localization decreases significantly if the effects of

temperature and humidity are ignored. Therefore, temperature

and humidity conditions should be taken into account in

RSSI-based ranging in order to adapt to prevailing weather

conditions. Our results could be used to compensate RSSI

variation caused by temperature and humidity, and thus to

improve ranging accuracy. Based on the experiment, it could

be advisable to use frequency diversity in RSSI-based ranging

and localization instead of a single channel. Further, the effects

of temperature and humidity have implications on many other
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Fig. 5. Correlation between average RSSI change and weather variables (T, RH, AH) during three different periods (a-c). Correlation between temperature
(T), relative humidity (RH), and absolute humidity (AH) during three different periods (d-f).

protocols besides localization. These include protocols related

to network connectivity and management, routing, etc.
Weather conditions are not the only reason for RSSI varia-

tion. Also HW-related issues and other environmental condi-

tions, such as changes in surroundings (especially in winter),

interference, etc. may affect signal strength. The effect of

RSSI resolution on the results is also unknown. Furthermore,

the measurement period we used was relatively sparse. By

using a more dense measurement period as well as applying

some filtering method to RSSI readings, it could be possible

to achieve more accurate results.
In our future studies, we intend to carry out more exper-

iments and lab measurements to study the effects of tem-

perature and humidity on radio link quality in a controlled

environment.

VII. CONCLUSION

In this paper, the effects of ambient temperature and humid-

ity on radio signal strength of Atmel ZigBit 2.4GHz wireless

modules in outdoor WSNs were explored. Experimental results

show that changes in weather conditions affect received signal

strength. Temperature seems to have a significant negative

influence on signal strength in general, while high relative

humidity may have some effect on it, particularly below 0◦C.

Further, it was shown that use of frequency diversity can

reduce the effects of channel-specific variation, and the dif-

ference between the transmit power levels used. Our findings

could be useful when designing adaptive, robust algorithms

and protocols, such as those related to RSSI-based localization.
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