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Abstract

Background: Low absolute humidity (AH) has been associated with increased influenza virus survival and
transmissibility and the onset of seasonal influenza outbreaks. Humidification of indoor environments may mitigate
viral transmission and may be an important control strategy, particularly in schools where viral transmission is
common and contributes to the spread of influenza in communities. However, the variability and predictors of AH
in the indoor school environment and the feasibility of classroom humidification to levels that could decrease viral
survival have not been studied.

Methods: Automated sensors were used to measure temperature, humidity and CO2 levels in two Minnesota grade
schools without central humidification during two successive winters. Outdoor AH measurements were derived
from the North American Land Data Assimilation System. Variability in indoor AH within classrooms, between
classrooms in the same school, and between schools was assessed using concordance correlation coefficients
(CCC). Predictors of indoor AH were examined using time-series Auto-Regressive Conditional Heteroskedasticity
models. Classroom humidifiers were used when school was not in session to assess the feasibility of increasing
indoor AH to levels associated with decreased influenza virus survival, as projected from previously published
animal experiments.

Results: AH varied little within classrooms (CCC >0.90) but was more variable between classrooms in the same
school (CCC 0.81 for School 1, 0.88 for School 2) and between schools (CCC 0.81). Indoor AH varied widely during
the winter (range 2.60 to 10.34 millibars [mb]) and was strongly associated with changes in outdoor AH (p < 0.001).
Changes in indoor AH on school weekdays were strongly associated with CO2 levels (p < 0.001). Over 4 hours,
classroom humidifiers increased indoor AH by 4 mb, an increase sufficient to decrease projected 1-hour virus
survival by an absolute value of 30% during winter months.

Conclusions: During winter, indoor AH in non-humidified grade schools varies substantially and often to levels that
are very low. Indoor results are predicted by outdoor AH over a season and CO2 levels (which likely reflects human
activity) during individual school days. Classroom humidification may be a feasible approach to increase indoor AH
to levels that may decrease influenza virus survival and transmission.
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Background
Previous influenza studies have examined the association
between absolute and relative humidity and influenza ac-
tivity [1-3]. Absolute humidity (AH) is the water content
of air, measured in millibars (mb), independent of baro-
metric pressure and temperature. Relative humidity
(RH) is the ratio (expressed as a percent) of the mea-
sured water content of air relative to the maximum pos-
sible water content of that air, which is dependent on
the barometric pressure and temperature. Given these
relationships, at a specified AH, the RH of colder air will
be higher than that of warmer air. Recent studies indi-
cate that absolute humidity (AH) is associated with the
transmission of influenza. Animal experiments show that
viral survival and transmissibility are enhanced under
conditions of low AH [3]. In temperate climates, sea-
sonal influenza epidemics and waves of the 2009 A/
H1N1 influenza pandemic have been associated with
decreases in outdoor AH [4,5]. Despite these findings,
the role of AH in viral transmission in indoor environ-
ments—where the bulk of influenza transmission in tem-
perate regions likely occurs during winter—has not been
examined.

Grade schools are an important setting to study the
association between AH and influenza transmission be-
cause large numbers of school children are exposed to
similar indoor air conditions for many hours during the
day and because of the prominent role that viral trans-
mission within schools plays in the spread of influenza
in communities [6,7].

In this study, we examined the variability of indoor
AH within and between classrooms during winter in two
grade schools in Minnesota, a state with a temperate cli-
mate including cold, dry winters. We also examined the
association between hourly and daily fluctuations of in-
door AH and outdoor AH and the association between
indoor AH and indoor temperature, relative humidity
(RH), and CO2 levels (as a surrogate for moisture contri-
butions from human respiration). We then determined
the effect of in-room humidification on indoor AH in
classrooms. Based on these observations, we modeled
the potential effects of indoor AH on influenza virus
survival in classrooms.

Methods
Schools
The study was conducted in two grade schools in
Rochester, Minnesota. These schools are participating in
the Integrated Science Education Outreach (InSciEd Out)
program, a partnership between the Rochester Public
Schools, Mayo Clinic, and Winona State University to
enhance science education in schools [8]. The two
schools were chosen due to convenience, access, and the
interest of school leaders in the study. The Mayo Clinic

Institutional Review Board (IRB) determined that the
study was not subject to IRB review because it did not in-
volve human subjects. Physical characteristics of the
schools are described in Table 1.

Equipment
Automated data loggers were used to measure temperature,
relative humidity and CO2 continuously at 5-minute inter-
vals (HOBO U12-012, Onset: Bourne, MA, temperature ac-
curacy 0.35°C from 0° to 50°C, relative humidity
accuracy ±2.5% from 10% to 90% RH; Telaire 7001, CO2

measurement accuracy ±50 ppm). All sensors are calibrated
at time of manufacture. No additional validation was done
prior to use. Individual home humidifiers (MoistAir MA1201,
Essick Air: Little Rock, AR, whole house humidification up
to 2,500 sq. ft, humidistat control) were used to raise school
humidity levels on weekend days when no students or staff
were present.

Sensor placement
Temperature and RH data loggers were placed at a
height of 5–7 feet in various locations in School 1 and 2
to assess variability in AH within and between class-
rooms (Table 1). Thirty loggers were used in School 1
and forty were used in School 2. Standardized locations
of loggers for within-classroom measurements were:
close to the main doorway from the hallway into the
classroom; near exterior facing windows and walls; on
interior walls. The standardized location of loggers for
between-classroom measurements was close to the main
doorway from the hallway into the classroom. CO2 data
loggers were placed at three locations in School 1 and
four locations in School 2 in both classrooms and com-
mon areas.

Humidity modification
Moist-Air MA1201 Essick Humidifiers were placed in 3
individual classrooms on a single weekend day in February
2012, which was chosen for convenience. All manip-
ulations were performed with classroom doors to the
hallway closed and building air exchange systems off.
Multiple data loggers were present in each room to de-
termine the radius of humidification. Humidifiers were
set to target levels of 60% RH and were turned off upon
reaching this target. Data loggers continued recording
approximately 12 hours after humidifiers were turned
off. Data loggers were also present in other classrooms
within the school to measure AH changes in non-
humidified rooms.

Data management and statistics
Data loggers recorded indoor temperature, RH, and CO2

levels at 5-minute intervals from early January to late
March 2011. Data were downloaded from the loggers
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once a month and exported into Excel using commercial
software (HOBOware, Onset: Bourne, MA).

Outdoor AH conditions, measured as vapor pressure,
were derived from hourly 2-meter above-ground specific
humidity and surface pressure data available from the
North American Land Data Assimilation System (NLDAS)
project, a joint effort of the National Oceanic and Atmos-
pheric Administration and the National Aeronautics and
Space Administration [9]. Specifically, vapor pressure, e,
was calculated using known thermodynamic relationships
[10] as

e ¼ qp
εþ q 1 � εð Þ ð1Þ

where q is specific humidity, p is surface pressure and ε =
0.622.

Indoor AH, again measured as vapor pressure, was
calculated from indoor temperature and RH measure-
ments. Saturation vapor pressure, es(T), was first calcu-
lated using the Clausius-Clapeyron equation [10]:

es Tð Þ ¼ es T0ð Þ � exp
L Tð Þ
Rv

1
T0

� 1
T

� �� �
ð2Þ

where es(T0) = 6.11 hPa is a reference saturation vapor
pressure at T0 = 273.15 K, L(T) is the latent heat of
vaporization, and Rv is the gas constant for water vapor.
Once es(T) is calculated, vapor pressure, e, is then
determined as

e ¼ es T0ð Þ RH
100%

ð3Þ

Concordance correlation coefficients were used to as-
sess AH variability within classrooms (intra-room), be-
tween classrooms (inter-room), and between schools
(inter-school).

Estimated 1-hour influenza virus survival (IVS) was
calculated using findings derived from laboratory sur-
vival experiments [1]:

IVS ¼ exp 4:516 � 0:0719eð Þ � 1 ð4Þ

Predictors of indoor AH were assessed using time-series
Auto-Regressive Conditional Heteroskedasticity (ARCH)
models to account for daily periodicity [11]. Auto-regression
is essential in a time series model as it allows indoor AH at
time, t, to be adjusted for prior measurements. In this case,
we included in all models the previous two measurements
of indoor absolute humidity (t-1 and t-2), as well as the prior
24 hour measurement. Conditional heteroskedasticity uti-
lizes non-constant variance, which accounted for periods of
different variance within the data. Indoor AH was predicted
by two sets of models. First, using hourly data from January-
March 2011, indoor AH was predicted by outdoor AH,
adjusted for differences by school location, with and without
adjustments for outdoor temperature, and indoor tempe-
rature (Models A-C, Table 2). Second, using 5-minute data
from January 31- February 4, 2011, indoor AH was pre-
dicted by CO2 levels, adjusted for differences by room, with
and without adjustment for indoor temperature, and for
whether or not school was in session, as a proxy for the
presence of students and staff in the environment (Models
D-E, Table 3). Robust standard errors were used throughout.
We report raw associations between physical measurements
of indoor AH and associated variables; also, to assess the de-
gree of sensitivity of indoor AH to these variables, we pre-
dicted the change in AH for a one standard deviation (SD)
change in each.

Results
Intra- and inter-room and inter-school variability
We explored sensor agreement for indoor AH from
January through March using concordance correlation
coefficients (CCC) at 3-hour time intervals; details of

Table 1 School descriptions and ventilation capacities

Size in square feet
(year of construction)

Number of rooms Sensor placement HVAC systems

School 1 Main Building:
33,095 (1950)

15 classrooms Intra-Room Variability: 5 sensors in each of 3 rooms Air Exchange: 15 cubic feet per minute
(CFM) per person

Addition: 16,813
(1965)

7 student service
rooms

Inter-Room Variability: 14 unique rooms Heat: Steam and hot water

Inter-School Variability: 32 combined rooms
between schools

School 2 Main Building:
145,279 (1962)

29 classrooms Intra-Room Variability: 5 sensors in 1 room Air Exchange: 15 cubic feet per minute
(CFM) per person

Addition: 20,704
(1989)

25 student service
rooms

Inter-Room Variability: 18 unique rooms Heat: Hot water

Inter-School Variability: 32 combined rooms
between schools
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sensor comparisons are listed in Table 1. There was little
variability in indoor AH measurements at different loca-
tions within individual classrooms (intra-room concord-
ance correlation coefficients [CCC] >0.90 in both School
1 and 2). Greater variability was observed between class-
rooms in both School 1 and School 2 (inter-room CCC,
0.81 [CI: 0.76, 0.87] and 0.88 [CI: 0.84, 0.92], respect-
ively) and between School 1 and School 2 as a whole (in-
ter-school CCC, 0.81 [CI: 0.75, 0.88]).

Daily and hourly variability
Outdoor AH, indoor AH, RH, and temperature from a
representative sensor in School 1 from January to early
March are displayed in Figure 1. The median outdoor
AH was 4.62 mb (range: 1.83 mb to 12.50 mb). The me-
dian indoor AH was 4.86 mb (range: 2.60 mb to 10.34
mb), with low and high levels that corresponded tempor-
ally to those for outdoor AH.

Adjusting for between school differences, daily period-
icity in indoor AH, and auto-regressive lags within the
model, outdoor AH was associated with indoor AH over
the course of the winter school period (ARCH model re-
gression coefficient 0.51; confidence intervals [CI] 0.48,

0.54; p < 0.001; Table 2: Model A). Further adjustments
for outdoor temperature and indoor temperature did not
substantially modify the association between outdoor
and indoor AH (Models B, C). In the adjusted model
(Model C), a one standard deviation (SD) increase in
outdoor AH was associated with a 0.90 mb average in-
crease in indoor AH, while a one SD increase in outdoor
and indoor temperatures were associated with a −0.24
mb and 0.33 mb average difference in indoor AH, re-
spectively. All three coefficients were highly statistically
significant in the adjusted model (p < 0.001).

We assessed 5-minute indoor AH variations during a
representative school week in early February 2011.
Changes in indoor AH were closely associated with
changes in CO2 levels during the school day (Figure 2).
In contrast, measures of CO2 and indoor AH on week-
ends and holidays when staff and students were not
present did not demonstrate this relationship (data not
shown). We accounted for this difference by adjusting
for indoor temperature and school vs. non-school hours
(Model E); however, the association between CO2 and
indoor AH was nearly identical before and after adjust-
ment (Models D and E). In the adjusted model (Model E),
a one SD increase in CO2 corresponded to a 0.27 mb aver-
age difference in indoor AH (p < 0.001).

Humidity modification
The feasibility of increasing classroom indoor humidity
with household humidifiers on weekend days is shown
in Figure 3. Mean baseline indoor AH in a single room
increased from 4.89 mb to a peak of 8.97 mb in a little
over 4 hours. After humidification was discontinued, AH
reduced 50% in 2 hours and was reduced to baseline
levels in control rooms after 8 hours.

Virus survival
Using estimates of virus survival from laboratory experi-
ments (Equation 4) [1], maximum projected virus survival
of 75% at 1 hour is observed at the lowest measured AH
of 2.67 mb (Figure 4A). Conversely, peak wintertime AH
values of 9.45 mb correspond to an estimated 1 hour virus
survival of 45% (absolute difference: decrease in virus sur-
vival of 30%). We estimated projected virus survival
changes at indoor humidification target RH levels of 40
and 60% (Figure 4B), values typically reached during non
winter-time months and in our humidification experi-
ments (Figure 3). At 60% RH, median virus survival from
January through March is predicted to be 34%.

Discussion
Indoor absolute humidity in grade schools varies sub-
stantially during winter—often to levels that are very low—
and these fluctuations are associated primarily with
changes in outdoor AH (Figure 1). In addition, during

Table 2 Daily changes in indoor AH associated with
changes in outdoor AH

Outdoor AH Outdoor
Temperature

Indoor
Temperature

Model A* 0.51 [0.48, 0.54]

Model B* 0.50 [0.48, 0.52] -0.02 [-0.04, -0.002]

Model C* 0.48 [0.39, 0.57] -0.05 [-0.07, -0.02] 0.36 [0.27, 0.44]

1 SD 1.86 mb 4.89°C 0.91°C

AH, absolute humidity; ARCH, auto-regressive conditional heteroskedasticity.
*The regression coefficient shows the increase in average indoor AH (mb)
associated with a 1 mb increase in outdoor AH.
ARCH model association between indoor absolute humidity (mb) and outdoor
absolute humidity with and without adjustments for outdoor and indoor
temperature from January to early March at 3-hour time intervals, 2011;
Models A, B, C adjusted for differences by school and outdoor AH, Model B, C
adjusted for outdoor temperature, Model C adjusted for indoor temperature;
All coefficients statistically significant with p < .001.

Table 3 Hourly changes in indoor AH associated with
changes in CO2

100 x CO2* Indoor
Temperature

School vs n
on-school Hours

Model D* 0. 15 [ 0.14, 0.16]

Model E* 0. 15 [0.15, 0.16] -0.08 [-0.01, -0.07] 0.09 [0.07, 0.11]

1 SD 1.59 mb 1.85°C N/A

AH, absolute humidity; ARCH, auto-regressive conditional heteroskedasticity.
*The regression coefficient shows the increase in average indoor AH (mb)
associated with a 100 unit increase in CO2 (ppm).
ARCH model association between indoor absolute humidity (mb) and CO2

(ppm) with and without adjustments for indoor temperature and school vs.
non-school hours at 5-minut time intervals during a representative school
week in early February 2011; Models D, E adjusted for differences by room
and CO2, Model E adjusted for indoor temperature and school vs non-school
hours; All coefficients statistically significant with p < .001.
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an individual school day, we noted that diurnal changes in
indoor AH were associated closely with levels of CO2

(Figure 2). We speculate these diurnal changes in indoor
AH are primarily due to the contribution of moisture from
human respiration by students, teachers and other staff, al-
though the use of toilets, sinks, and water fountains during
weekday hours may account for a portion of these changes.
Finally, we showed that classroom humidifiers can increase
indoor AH substantially over several hours (Figure 3).

The implications of these findings are important with
respect to the potential impact of ambient indoor AH and
humidification on survival of influenza virus in the school
environment. Modest, achievable changes in indoor AH
are likely to have a substantial effect on 1-hour influenza
virus survival, as projected from laboratory experiments
(Figures 4A, 4B) [1]. For example, mean calculated 1-hour
virus survival is projected to decrease from approximately
75% during periods when indoor AH is very low (~3-4

Figure 1 Daily changes in winter-time absolute humidity, relative humidity, and temperature. January 19, 2011-March 9, 2011 3 hour time
series of indoor temperature, relative humidity and outdoor absolute humidity from representative sensor in School 1.

Figure 2 Hourly changes in absolute humidity and school-day CO2. Time series of average CO2 and indoor absolute humidity during the
school day for the week of January 31 to February 4, 2011 in School 1. The dashed line represents mean CO2 levels measured every 5 minutes.
The solid line is average indoor absolute humidity for the same week.
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Figure 3 Changes in indoor absolute humidity during classroom humidification. Impact of humidifier on classroom indoor absolute
humidity on winter weekend day in School 1. Grey lines represent 5-minute individual recordings from 4 different humidity sensors within single
room. Mean absolute humidity of these sensors is shown in black. 50% of the humidification effect was gone within 2 hours post humidification.

Figure 4 A: Calculated daily virus survival at measured absolute humidities. Time series of 1-hour indoor absolute humidity from
representative room in School 1 and calculated 1-hour virus survival; Winter 2011. B: Projected virus survival at measured absolute and target
relative humidities. Relationship between measured absolute humidity and projected 1-hour virus survival; Relationship between target relative
humidities of 40 and 60% and projected 1-hour virus survival with the assumption of no other changes in the environment apart from
humidification; Winter 2011, School 1.
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mb) to 35% when indoor AH is raised to 10 mb, a target
we demonstrate can be achieved over several hours by a
classroom humidifier set to a target RH of 60% on a win-
ter day. During late spring and early fall, indoor school
AH often reached 10mb and 60% RH (data not shown).
Our estimation of changes in virus survival are limited to
models constructed from a single set of animal experi-
ments; however, other experiments have demonstrated
similar increases in survival at very low humidity [12,13].
These data suggest that raising wintertime indoor AH to
levels typically experienced indoors during fall and spring
offers a strategy to reduce transmission of influenza in
schools, and potentially the community, particularly when
combined with vaccination and other non-pharmaceutical
interventions [14-18]. As our measures reflect changes in
1 hour virus survival, humidification over a longer period
(4 hours or longer) would afford a greater opportunity to
reduce transmission more substantially. Indeed, this inter-
vention may be particularly important when influenza
outbreaks (or pandemics) due to novel influenza viruses
occur and effective vaccines and antiviral medications are
not available. However, the potential effects of wintertime
humidification in older buildings need to be evaluated
with respect to the potential for building rot or prolifera-
tions of mold.

Further research is needed to directly investigate the
association of indoor AH with influenza virus survival in
the school environment and to evaluate the effect of in-
door AH on the incidence of influenza illness and school
absence among school children. We also need a better
understanding of school Heating Ventilation and Air
Condition (HVAC) systems and their capacity for hu-
midification, as well as additional tests of classroom hu-
midification, to better estimate the potential benefit of
humidification on decreasing influenza transmission in
schools.

Our study is limited by the fact that we measured indoor
AH in 2 schools using a single type of sensor in a region
with very cold, dry winters. The schools were both older
facilities and their HVAC systems had limited capacity for
humidification. Measurement of indoor AH in newer facil-
ities with humidification equipment may demonstrate dif-
ferent results. Our tests of classroom humidification were
performed under controlled conditions (doors to the
classroom closed and HVAC ventilation turned off), and
additional study of the feasibility of classroom humidifica-
tion under routine operating conditions is needed. Finally,
our projections of virus survival are limited in that they
are calculated using data from previously reported labora-
tory experiments of influenza virus survival, and we did
not include direct measures of infectious virus or virus
RNA [19-21]. As such, these projections serve only as an
estimate of the potential impact of increasing AH in
schools on influenza virus survival.

Conclusions
We report here environmental assessments exploring
the association of absolute humidity on influenza epi-
demiology by expanding our understanding of AH in
school classrooms. We note the potential for very low
indoor AH, a condition that occurs frequently during
wintertime months in some regions, to increase the sur-
vival and transmission of influenza in this environment.
Further investigation is necessary to determine whether
increasing humidity in school classrooms is a feasible
and effective means of decreasing influenza transmission
among school children and in the community.
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