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Abstract. Changes in Heat Index (a combined measure of temperature and humidity) associated
with global warming are evaluated based on the output from four extended integrations of the GFDL
coupled ocean-atmosphere climate model. The four integrations are: a control with constant levels
of atmospheric carbon dioxide (G a second integration in which an estimate of the combined
radiative forcing of greenhouse gases and sulfate aerosols over the period 1765-2065 is used to
force the model, and a third (fourth) integration in which atmospherie @reases at the rate

of 1% per year to double (quadruple) its initial value, and is held constant thereafter. While the
spatial patterns of the changes in Heat Index are largely determined by the changes in surface air
temperature, increases in atmospheric moisture can substantially amplify the changes in Heat Index
over regions which are warm and humid in the Control integration. The regions most prone to this
effect include humid regions of the Tropics and summer hemisphere extra-tropics, including the
southeastern United States, India, southeast Asia and northern Australia.

1. Introduction

Projections from the latest generation of climate models (Kattenberg et al., 1995)
suggest that global surface air temperature will increase substantially in the future
due to the radiative effects of enhanced atmospheric concentrations of greenhouse
gases. A number of studies have explored the potential changes in the climate
system associated with global warming (Kattenberg et al., 1995; Warrick et al.,
1995; Santer et al., 1995, and references therein). Other studies have explored the
impact of global climate change on the spread of disease (Stone, 1995).

In this study we examine a very direct measure of the impact of global warming
on human health and comfort. The Heat Index (defined in the next section) is a
measure of the combined effects of temperature and atmospheric moisture on the
ability of the human body to dissipate heat. Periods of very high Heat Index have
been associated with adverse human health consequences (Kalkstein et al., 1993),
and there is some observational evidence of upward trends in summer Heat Index
values over the United States in recent decades (Gaffen and Ross, 1998). It is the
intent of this paper to examine the changes in Heat Index simulated by a coupled
ocean-atmosphere climate model in response to altered radiative forcing. These
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results illustrate the important extra burden that enhanced levels of atmospheric
water vapor may place on human comfort as a consequence of global warming.

2. Definition of Heat Index

Steadman (1979, 1984, 1994) developed the ‘Heat Index’ (also called ‘apparent
temperature’) as a means to quantify the effects of various environmental factors,
including wind, radiation, and atmospheric moisture content, on the ability of the
human body to dissipate heat. The Heat Index (as used in this study, and which
we refer to as the ‘Steadman Heat Index’) is a measure of the stress imposed
on humans by elevated levels of atmospheric moisture (this version of the index
neglects the effects of wind and radiation changes). These conditions inhibit the
ability of the body to dissipate heat through evaporation, thereby causing discom-
fort. Specifically, for a given atmospheric temperature and water vapor pressure,
the Steadman Heat Index (SHI) is defined as the temperature that would produce
an equivalent stress on the body if the water vapor pressure were changed to a
predetermined reference pressure (specifically, 1.6 kPa, which is the saturation
vapor pressure of water at 1&). For example, an air temperature of°8with a
relative humidity of 60 percent translates to an apparent temperature (heat index)
of 33°C. The difference between the SHI and air temperature is a measure of the
heat stress placed on the human body by elevated atmospheric water vapor content.
Note that the SHI can be less than the air temperature when the atmospheric vapor
pressure is less than the reference amount, indicating the enhanced ability of the
body to dissipate heat through evaporation under dry conditions (such as typically
found in desert and mountainous regions).

The relationship between temperature, humidity, and the SHI is illustrated in
Figure 1, which shows the SHI as a function of temperature for two different (con-
stant) levels of relative humidity. These curves are meant to depict the functional
form of the SHI, and are not a projection of any future conditions. Note that the
relationship is nonlinear, and that the slope increases with temperature. Further,
the slope and curvature are larger (at a given temperature) for the case with higher
relative humidity. Both of these features are a consequence of the approximately
exponential dependence on temperature of the saturation vapor pressure of water
vapor (as described by the Clausius—Clapeyron equation, also displayed in Fig-
ure 1). Note that values of SHI are not plotted for values of temperature and relative
humidity which exceed the range over which the calculation of the SHI is valid.

An inspection of the curves in Figure 1 shows that for a specified increase of
temperature, with constant relative humidity, the increase in SHI will be larger for
() higher initial temperatures, and (ii) larger relative humidity values. Note also
that the difference between air temperature and the SHI increases as a function of
temperature (this is illustrated by the increasing distance between the solid curves
and the darker dashed line as temperature increases). Therefore, as the temperature
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Figure 1. Dependence of Steadman Heat Index on air temperature and relative humidity. The two
solid lines denote Heat Index as a function of temperature for two cases with differing levels of
(constant) relative humidity. The dashed line is used as a reference with slope of 1. The differences
between either solid line and the dashed line denotes the difference between the Steadman Heat Index
and the temperature (this difference is referred to later in the text as the ‘moisture-induced stress’).
For reference, the dot-dashed line shows the dependence of saturation vapor pressure (right ordinate)
on temperature.

increases under enhanced levels of greenhouse gases, the difference between the
SHI and the air temperature (a measure of the stress on the body due to enhanced
moisture levels, which we shall refer to as the ‘moisture-induced stress’) will in-
crease as the moisture content of the atmosphere increases (unless a pronounced
decrease in relative humidity occurs, which model projections indicate is unlikely

— this is examined below). The moisture-induced stress can be appreciable, even
for unchanged relative humidity. As illustrated by these curves, such an effect

is expected to be most pronounced in regions which are already both warm and
humid. It is this increase which is the subject of this paper.

Steadman (1979, 1984, 1994) describes extensive and detailed efforts to
quantify the impact on human comfort of elevated levels of atmospheric moisture.
While different methodologies may result in different quantitative measures, the
underlying physical principles are robust. As the atmosphere is warmed its ability
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to hold moisture increases approximately exponentially. With the exception of a
dramatic decrease in relative humidity as the air warms, the absolute moisture
content of the air will increase. Since evaporative cooling of the body is inhib-
ited by atmospheric moisture content, elevated levels of atmospheric moisture will
generally cause increased human discomfort. While the quantification of this effect
has uncertainties, the underlying physical principles are the laws of moist-air ther-
modynamics. In fact, the remaining uncertainties in the model-based projections of
future warming are very likely to be greater than the uncertainties associated with
the details of the Heat Index calculation.

3. Description of Model Integrations Used

The changes in the SHI associated with global warming are evaluated based on the
output of three multi-century integrations of the GFDL coupled ocean-atmosphere
climate model subject to time-varying concentrations of greenhouse gases and (in
one case) aerosols, along with a control integration. The coupled model consists
of separate atmospheric and oceanic components which interact through the ex-
change of heat, fresh water, and momentum at the air-sea interface (for details of
the model formulation and experimental designs see Manabe and Stouffer (1994)
and references therein). The model is forced with a seasonal cycle of insolation
at the top of the atmosphere, but there is no diurnal cycle. The model is global in
extent, with geography consistent with its resolution.

The atmospheric component has an approximate resolution dioh§itude
by 4.8 latitude, with 9 unevenly spaced layers in the vertical. Energy and water
balances are computed over land surfaces. The ocean component has an approx-
imate resolution of 3.%7in longitude and 4.5in latitude, with 12 unevenly spaced
layers in the vertical. A simple sea-ice model is used. Adjustments of the heat and
fresh water fluxes, determined from preliminary integrations of the separate model
components, are applied at the air-sea interface to help keep the model’s climate
near a realistic mean state. These adjustments do not vary from one year to the
next.

The first integration, a control experiment with an atmospheri¢ Gidcentra-
tion of 300 ppm, is 1000 years in length. In the second experiment an estimate of
the combined radiative forcing of greenhouse gases and the direct effect of sulfate
aerosols over the period 1765-2065 is used to force the model (Haywood et al.,
1997). This 300 year integration (hereafter referred to as the ‘transient aerosol’
experiment) started from an arbitrary point in the control integration. Haywood et
al. (1997) demonstrated that while increasing greenhouse gases tend to warm the
model’s climate, enhanced levels of atmospheric sulfate aerosols can potentially
offset this warming. However, the relative cooling by sulfate aerosols diminishes
as the greenhouse gas concentration increases. In the third (fourth) experiment,
atmospheric C@levels increase at the rate of 1% per year until the, C@nhcen-
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tration is double (quadruple) the initial value; thereafter, the C@hcentration is
held constant. The third (fourth) experiment will be referred to hereafter as the
2 x COy' (‘4 x COy') case. The third and fourth experiments were 500 years in
length.

4. Simulated Changes for the Transient Aerosol Experiment

We first examine simulated changes in the transient aerosol experiment. This ex-
periment is designed to estimate the response of the Earth’s climate system to a
representation of radiative forcing changes from greenhouse gas and sulfate aerosol
changes over the period 1765-2065. In Section 5 we will examine changes for
additional experiments using more idealized time series of radiative forcing (the
2 x CO, and 4x CO, experiments).

4.1. ATMOSPHERIC MOISTURE

Since the SHI is affected by atmospheric moisture as well as temperature, it is
desirable to evaluate the changes of near-surface atmospheric moisture content
associated with the transient aerosol experiment. Long-term means were computed
for July using all 1000 years of the control experiment and years 2011-2040 of
the transient aerosol experiment (see Haywood et al., 1997, for a depiction of the
changes with time of global mean surface air temperature for this experiment). The
period 2011-2040 was chosen for study as an indicator of potential climate changes
over the next several decades; this averaging period is used for all results shown
from the transient aerosol experiment. Shown in Figure 2 are the changes in specific
and relative humidity for July between the two experiments. Figure 2a indicates
that near-surface atmospheric specific humidity increases at almost all locations
on the globe. The increases are largest over the tropics and middle latitudes of the
summer hemisphere. There is also an increase in oceanic evaporation (not shown)
associated with the global scale increase of surface air temperature (shown below).

In contrast, Figure 2b shows that changes in relative humidity are near zero
over most oceanic regions, with some decreases of up to 8% over the continental
interiors of North America, Europe and Asia. These continental decreases are re-
lated to significant changes in the land-surface hydrologic balance (Wetherald and
Manabe, 1995) associated with global warming. In spite of the decrease in relative
humidity, specific humidity still increases over those continental locations, thus
denoting greater total water vapor in the near-surface atmosphere. The increases in
total water vapor contribute to the increases in SHI shown below.
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Figure 2. Differences for July between the transient aerosol experiment (years 2011-2040) and
the long-term mean of the control integration for (a) near-surface specific humidity (g/kg) and
(b) near-surface relative humidity. The relative humidity difference is computed as the percentage
saturation in the transient aerosol experiment minus the percentage saturation in the control
experiment.
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Figure 3.(a) Time-mean differences of near-surface air temperaturgQ)rbetween the transient
aerosol integration and the Control integration (see text for experiment details). The time-means
were computed for July using years 1-1000 of the Control integration and years 2011-2040 of the
transient aerosol integration. (b) Same as (a) except using Heat Index. Heat Index values are not
defined for temperatures less than°@ such regions are left blank (primarily mountainous and
high latitude locations). (c) Time-mean difference between ‘moisture-induced stress’ in transient
aerosol experiment and ‘moisture-induced stress’ in Control (the term ‘moisture-induced stress’ is
defined in text).
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4.2. CHANGES IN NEAR-SURFACE AIR TEMPERATURE AND SHI

The other term contributing to changes in SHI is near-surface air temperature.
Shown in Figure 3a is a spatial map of the changes in near-surface air temperature
between the transient aerosol and control experiments. Temperature changes are
largest in the Northern (summer) Hemisphere mid-latitude continental regions,
although there are substantial changes in the Tropics and Southern Hemisphere
sub-tropics. The warming over the oceans results in increased evaporation.

Monthly mean near-surface air temperature and relative humidity values were
used to compute the SHI from linear interpolation of the values in a table from
Steadman (1996, personal communication; this is a slightly updated version of
Table 3 in Steadman, 1994). Shown in Figure 3b are the differences of the SHI for
July between the transient aerosol and control experiments. The spatial pattern of
the SHI differences is generally similar to that of the temperature changes, indic-
ating that temperature changes are the dominant term in creating changes in the
SHI. The magnitude of the SHI increase is generally larger than the temperature
increases, denoting the substantial additive role that atmospheric moisture plays.
One measure of that role is indicated by the difference between the SHI and sur-
face air temperature, referred to above as the ‘moisture-induced stress’. Where this
term is positive (i.e., SHI values greater than the surface air temperature) atmo-
spheric moisture is adding to the heat stress on the body. The differences in the
moisture-induced stress between the transient aerosol experiment and the control
were evaluated for July, and are displayed in Figure 3c. Note that this quantity can
be expressed as:

difference in ‘moisture-induced stress’[SHI — SAT Jaeroso— [SHI — SAT Lontrol»

where ‘SAT’ is surface air temperature (lowest model atmospheric level). Positive
values of this difference indicate that atmospheric moisture changes are amplifying
the changes in the SHI (i.e., the SHI exceeds the surface air temperature by a
larger margin in the transient aerosol integration than in the Control integration).
As one might surmise from the discussion in Section 2, the differences are largest
in tropical and subtropical regions which were already warm and moist. The differ-
ences approach or exceetlllin the southeastern United States, the Caribbean, the
northern Indian Ocean and adjoining continental regions, parts of southeast Asia,
and the western tropical Pacific. These moisture effects account for up to 35% of
the increases in the SHI. Note the substantial increases in specific humidity in these
regions (see Figure 2a). It must be pointed out, however, that this model has a bias
towards excessive relative humidity over oceanic regions in the control integration.
In contrast, there is only a small difference in moisture-induced stress over the arid
regions of northern Africa, the Middle East, central Asia and south central Africa,
where the increases in specific humidity are relatively small.

While July near-surface air temperature increases are largest over the midlat-
itude continental interiors, the differences in ‘moisture-induced stress’ are more
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Figure 4. Time series of SHI averaged over the southeastern United Stat€@IV(g& W,
31° N-4C N) for the transient aerosol experiments. Only values from July are plotted. The heavy
(thin) line shows the time series after applying a 40 (10) year low-pass filter.

closely linked to coastal and oceanic regions (see Figure 3c). One of the principal
reasons for this is that summer soil moisture decreases substantially in mid-latitude
interiors in the transient aerosol experiment (as well as theCX, and 4x CO,
experiments to be discussed later). This phenomenon is referred to as ‘summer dry-
ing’ (see Wetherald and Manabe, 1995, for further discussion). The soil moisture
decreases are associated with reductions in relative humidity during July of up to
8% over central North America in the transient aerosol integration compared to the
Control integration (see Figure 2b). This feature tempers the ability of atmospheric
moisture to amplify the Heat Index increases in the continental interiors, resulting
in a relatively larger moisture-induced stress over the more humid regions. The
net effect is that the drier, midlatitude continental interiors experience larger tem-
perature increases but the amplification of the Heat Index increases by moisture
is relatively small. The more humid tropical and subtropical regions have smaller
temperature increases but larger amplification of the Heat Index increases via the
moisture effect.

The time series of July Heat Index values from the transient aerosol experiment
averaged over a portion of the southeastern United Statés\I9A9 W, 31° N—
40° N) is shown in Figure 4. The ability of climate models to make projections on
regional scales is limited, and thus this time series should not be interpreted as a
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literal statement of expected conditions in the southeastern United States. Rather,
this is an illustration of the temporal changes in the SHI in a region in which SHI
increases are amplified by moisture increases due to the warm, humid nature of
the climate in the Control integration (this amplification is shown in Figure 3c).
The period 1765 to approximately 1995 has little trend in SHI. However, there are
rapid increases in the SHI after the year 2000, consistent with the model-predicted
increasing surface air temperature (see Haywood et al., 1997). Note that there
are large swings in the SHI on time scales of several years to a decade or more.
These are a manifestation of the internal variability of the system, and increase the
difficulty of detecting climate change.

While the southeastern United States time series shown in Figure 4 should not
be viewed as a forecast of regional climate change, it is still useful to assess the
credibility of the model over this region. This was evaluated by gathering observed
time series of air temperature and relative humidity from surface stations in this
region, and using these to compute observed SHI values. The simulated means
of surface air temperature and SHI for July in the control experiment were in
fair agreement with the long term means of the observed temperature and SHI
values for this region. The comparison also indicates, however, that this model has
an apparent bias of substantially overestimating the temporal variability of both
surface air temperature and SHI in this region during summer, related to excessive
drying of the soil.

5. Simulated Changes for the 2« CO;, and 4 x CO, Experiments

The transient aerosol experiment provides a perspective on potential changes in
atmospheric temperature, moisture, and SHI over the next several decades assum-
ing a particular scenario of radiative forcing. It is also useful to examine changes
that might occur on somewhat longer time scales assuming effective greenhouse
gas concentrations in the atmosphere reach double or quadruple the pre-industrial
levels.
Time-means were computed for the 30 years immediately after thdev€ls
had reached double (quadruple) their initial values in theZD, (4 x CO,) exper-
iments (these correspond to model years 71-100 and 141-170 foxt&2 and
4 x CO, experiments respectively). It should be noted that for those time periods
in the CQ experiments the model integrations had not yet achieved a thermal
equilibrium with the new radiative forcings (which can take centuries to millennia).
Shown in Figure 5 are the changes in near-surface atmospheric specific and
relative humidity for the 2< CO, experiment. The patterns of these changes are
similar to those from the transient aerosol experiment, but are somewhat larger
in magnitude. In particular the magnitude of the reduction in relative humidity in
the 2 x CO, integration over North America and Europe has increased to more
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Figure 5. Differences for July between the>2 CO, experiment (years 71-100) and the long-term
mean of the control integration for (a) near-surface specific humidity (g/kg) and (b) near-surface
relative humidity. The relative humidity difference is computed as the percentage saturation in the
2 x CO, experiment minus the percentage saturation in the control experiment.
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than 10% in some areas. However, there is still a substantial increase in specific
humidity over those regions.

The changes in near-surface air temperature, SHI, and ‘moisture-induced stress’
are shown in Figure 6 for thex2CO, experiment minus the control. The spatial pat-
terns are quite similar to those from the transient aerosol experiment (see Figure 3),
although somewhat larger in magnitude.

A more dramatic example of such changes is indicated in Figure 7, which
shows changes of near-surface air temperature, SHI, and ‘moisture-induced stress’
between the £ CO, and the control experiments. The structure is similar to that for
the transient aerosol anckZ O, experiments, but the magnitudes of the changes in
surface air temperature, SHI, and moisture-induced stress are substantially larger.

The time series of July surface air temperatures and Heat Index values from
the control, 2x CO, and 4x CO, experiments averaged over a portion of the
southeastern United States {(3-79 W, 31° N-40° N) are shown in Figure 8.

Note that the changes in SHI are substantially larger than those of surface air
temperature, thereby quantifying the effects of moisture. The larger increase of
SHI relative to surface air temperature indicates the amplification of the SHI by

atmospheric moisture.

The above suite of analyses (shown in Figures 2—8) were for the month of July.
Similar analyses were performed for all calendar months. The effect of moisture
changes on the increases of SHI varies with the seasonal cycle, and is largest in re-
gions and seasons with warm, humid conditions. For example, in January (Figure 9)
the largest differences in ‘moisture-induced stress’ in tR€2, experiment occur
in the Caribbean, parts of tropical and subtropical South America, southern Africa,
the tropical Indian Ocean, northern Australia, and the western tropical Pacific and
maritime continent. The results for the transient aerosol ard>D, experiments
(not shown) have a similar spatial pattern but differ in magnitude.

One limitation of the present study is that only monthly mean model output
were available for analysis. In addition, a diurnal cycle of insolation was not incor-
porated in the model. Calculating the SHI using hourly data from a model with a
diurnal cycle would likely lead to higher values of the SHI due to the non-linearity
of the SHI. Further, as a result of both the higher variance of daily data and the
non-linearity of the SHI, it is anticipated that individual days (and stretches of
days) would have SHI increases considerably larger than the results presented for
monthly means.

6. Summary and Conclusions

The Heat Index (also called apparent temperature) is a measure of the stress placed
on humans by elevated levels of atmospheric temperature and moisture. As the
atmospheric moisture content increases, the ability of the human body to release
heat through evaporation is inhibited, thereby causing discomfort and stress.
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Figure 6. (a) Time-mean differences of near-surface air temperatur@@)nbetween experiment

2 x CO, and the Control integration (see text for experiment details). The time-means were
computed for July using years 1-1000 of the Control integration and years 71-100 ok tB©32
integration. (b) Same as (a) except using Heat Index. Heat Index values are not defined for
temperatures less than 40; such regions are left blank (primarily mountainous and high latitude
locations). (c) Time-mean difference between ‘moisture-induced stressxi€@, experiment and
‘moisture-induced stress’ in Control (the term ‘moisture-induced stress’ is defined in text).
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Figure 7.Same as Figure 6 except using differences between experime@@ (years 141-170)
and the Control. Note the change in the color shading levels versus Figure 6.

Changes in Heat Index associated with three different scenarios of global warm-
ing have been presented. In the first integration an estimate of the combined
radiative forcing of greenhouse gases and the direct effect of sulfate aerosols over
the period 1765-2065 is used to force the model. In the second (third) integration,
atmospheric C@increases at a rate of 1% per year to twice (four times) its initial
value, and is held constant thereafter. It has been shown that changes in the Heat
Index resulting from increases in atmospheric moisture can account for a consider-
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Figure 8. (a) Time series of surface temperature averaged over the southeastern United States for
the three experiments. Only values from July are plotted. Prior to plotting, a 10 year low pass filter
was applied to the time series. (b) Same as (a) for Heat Index. In theC®, experiment the
combination of temperature and humidity is occasionally so large that Heat Index values are not
defined (see text for discussion). In such cases, the spatial mean is computed using only those spatial
locations with defined Heat Index values.
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Figure 9.Same as Figure 6, using data from January.

able fraction (up to 35%) of the total increases in the Heat Index. These increases
are largest over humid regions of the Tropics and summer hemisphere extra-tropics.
Thus, in evaluating the potential impact of future climate change on human health
and comfort, it must be stressed that changes in surface air temperature are only one
part of the story. Changes in atmospheric moisture content also play a significant
role, with potentially undesirable consequences.
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It should be noted that the results presented here are from one particular nu-
merical model. When subjected to a doubling of effective,€@ncentrations the
equilibrium response of the atmospheric model used in this study coupled to a
mixed layer model of the ocean is 3C. This is in the upper half of the range of
sensitivities (1.85C-4.5°C) published in the 1995 IPCC report (see Kattenberg et
al. 1995). In addition, regional features, such as summertime continental surface air
temperatures, must be regarded as more uncertain than global mean temperatures.
Similar calculations using data from other models could well produce results which
are quantitatively different, but which we suspect would be qualitatively similar.
Even a model with a significantly smaller sensitivity to greenhouse gas increases
would still exhibit this effect, albeit with reduced amplitude. The fundamental
physical relationships governing these results are the laws of thermodynamics. As
the atmosphere warms its ability to hold moisture increases; this translates into
an increased stress on the human body, the magnitude of which is dictated by the
magnitude of the temperature and moisture increases.
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