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Abstract. Recent simulations of deep convection with a
spectral microphysics cloud model show that an increase in
aerosol concentration can have a significant effect on the na-
ture of convection with more ice precipitation and less warm
rain in polluted air. The cloud lifetime and the area covered
by cloud anvils of deep convection are also larger for pol-
luted air. Therefore, it is possible that the increase of anthro-
pogenic aerosols in most of the 20th century has increased
humidity and perhaps also cloudiness in the mid- to upper
troposphere. Satellite data of upper tropospheric relative hu-
midity in 1979–1997 and observed changes in cloudiness
support this hypothesis. As changes in upper tropospheric
humidity strongly affect longwave radiation, it is possible
that anthropogenic aerosols have had a significant warming
effect in addition to their other known effects on radiation.

1 Introduction

Climate sensitivity to the doubling of atmospheric CO2
strongly depends on feedbacks associated with water vapor
and clouds. An estimate of the sensitivity can be pursued by
studying the physical processes themselves or by constrain-
ing the sensitivity with observations. In the latter method, it
is crucial to account for all possible changes in the Earth’s
atmosphere that may have affected the temperature record.
One important example is changes in the amount of anthro-
pogenic aerosols. The more aerosols and their effects have
been studied, the more complicated role they seem to have
in the behavior of the atmosphere. It is well known that they
affect radiation, not only directly but also through various
interactions in the microphysics of clouds and precipitation.
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Also, some of their effects are far from linear. For exam-
ple, aerosols’ effect on precipitation can be even qualitatively
different in pristine and polluted environments (Rosenfeld et
al., 2008; Wild, 2009). Complicated as their role may be,
aerosols are of first order importance to the climate varia-
tions associated with anthropogenic changes in the composi-
tion of the atmosphere. Therefore, it is an intriguing question
whether aerosols have yet another, so far overlooked effect
on the Earth’s atmosphere.

In this paper, we draw attention to an effect that was
pointed out by Ramanathan et al. (2001). As they stated,
“Suppression of precipitation in the updrafts of very deep
clouds, especially in the tropics, can also transport more wa-
ter and aerosols into the upper troposphere and the lower
stratosphere. The accompanying increase in the upper tro-
posphere water vapor greenhouse effect can counter some of
the aerosol cooling effect”. In a steady state, however, the to-
tal amount of precipitation is constrained by energy balances.
Changes in microphysics can, however, affect humidity even
in the absence of changes in the total amount of precipitation,
as will be argued in Sect. 5.

As a first attempt to approach this problem we ask the fol-
lowing questions in the similarly numbered sections of this
work: (2) What is the mechanism of a possible humidity in-
crease associated with aerosols? (3) Do observations support
changes in the upper tropospheric humidity due to known
trends in the amount of anthropogenic and other aerosols?
We use sulfate aerosols as a proxy for pollution aerosols and
also discuss changes in desert dust and smoke from biomass
burning. (4) Do observations show changes in cloudiness or
other quantities that could be associated with the suggested
humidity increase? (5) It has been shown in many studies
that, to the first order, humidity in the free troposphere can be
simulated without explicitly accounting for the microphysics
in clouds. Does that mean that changes in the microphysics
associated with changes in the amount of aerosols cannot
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affect tropospheric humidity? We argue that this is not the
case. (6) How large an effect could a few percent increase in
upper tropospheric relative humidity have on radiation?

Due to the potential importance of this topic to sensitivity
studies, we feel that a qualitative approach is justified as a
first step to understand what the issues are. We hope that
this paper encourages research on the effect of changes in
microphysics on tropospheric humidity, and especially in the
upper troposphere.

2 What is the mechanism of humidity increase
associated with aerosols?

Khain et al. (2005 and 2008) studied the effect of aerosols
on the development of deep convective clouds with freez-
ing level in the midtroposphere (about 4 km altitude) us-
ing a spectral microphysics cloud model. Their simulations
showed more ice particles in the upper troposphere in pol-
luted air than in clean air. The ice particles in polluted air
fell slowly from higher levels and often far from the cloud
updrafts and sublimated as they fell. The lifetime of clouds
in a polluted atmosphere was also longer, which the authors
attributed to the existence of a large quantity of ice crystals
and small graupel with a long residential time. On the con-
trary, rain in clean air formed at lower levels and fell down
through the cloud updrafts or in the close vicinity of them
and there was a smaller hydrometeor mass left in the air aloft
than in polluted clouds. Note that the more ice there is in the
upper troposphere, the larger the potential for sublimation is,
whether it is associated with sedimentation of ice, mixing of
air, or some other process. Khain et al. (2005) showed that
an increase in aerosol amount was also associated with an
increased level of the heating peak associated with the la-
tent heat release. An increase in the area covered by upper
tropospheric cloud was also noted for polluted air. These dif-
ferences are summarized schematically in Fig. 1.

Over two thirds of precipitation on Earth occurs within
the Tropics (Hong et al., 1999), where the freezing level lies
in the midtroposphere, as in the cloud model simulations of
Khain et al. In midlatitudes, the freezing level is also close
to that altitude most of the year. Therefore, the result of
aerosols enhancing the formation of upper tropospheric ice
clouds possibly applies to a large fraction of precipitation
on Earth. Note that as no general circulation model (GCM)
explicitly parameterizes aerosol effects on convective clouds
(Quaas et al., 2009), this effect cannot be seen in GCM re-
sults.

In Sect. 5, we will further discuss whether changes in the
microphysics of convective clouds can cause changes in up-
per tropospheric humidity. We note that such an effect has
been seen in a simulation of radiative-convective equilibrium
of an aquaplanet with a constant sea surface temperature, us-
ing a two-dimensional cloud-resolving convection parame-
terization (Grabowski, 2003). With prescribed radiation, up-
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Figure 1. Differences in deep convection in clean and polluted air schematically. Differences  2 
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section 4). We suggest higher upper tropospheric humidity in polluted air as a result of 6 
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as well as Soden (2004, see section 5) support higher humidity associated with larger ice 8 
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Fig. 1. Differences in deep convection in clean and polluted air
schematically. Differences in(a) and(b) are based on cloud model
simulation results by Khain et al. (2005, 2008) and are supported by
observational studies of Zhang et al. (2007) and Koren et al. (2005),
who found increased upper level cloudiness associated with an in-
creased amount of pollution (see Sect. 4). We suggest that higher
upper tropospheric humidity in polluted air is a result of convection
(as in c). Observational studies of Udelhofen and Hartmann (1995,
see Sect. 4) as well as Soden (2004, see Sect. 5) support higher
humidity associated with larger ice anvils.

per tropospheric relative humidity (UTRH) was about 10%
higher in the simulation with small cloud and precipitation
particles than in the simulation with large cloud and precipi-
tation particles. With interactive radiation, the difference was
much smaller. The microphysics scheme, however, consid-
ered just two classes of condensed water, cloud water and
rain with a threshold temperature for the transition between
liquid and solid. Also, in the scheme there was no distinc-
tion between latent heating of condensation and deposition.
These simplifying choices may have had some effect on the
simulation of UTRH.

3 Do observations suggest changes in the upper
tropospheric relative humidity due to changes
in the amount of anthropogenic aerosols?

There are many natural and also anthropogenic sources of
aerosols. We use sulfate aerosols as a proxy for pollu-
tion aerosols. This is because sulfate aerosols are a key
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component when changes in anthropogenic aerosols in the
20th century are considered. Also, Streets et al. (2006)
showed that trends of SO2 and black carbon are qualitatively
similar globally. It has been suggested that changes in their
trends may be the cause of reduction of aerosol optical depth
over world oceans (Wild, 2009). We also consider aerosols
from biomass burning and desert dust.

Recent estimates of the global sulfur emissions show a
large increase in the 20th century. Sulfur emissions increased
globally from about 10 Tg S in 1900 to about 25 Tg S in 1940
and to about 70 Tg S in 1980 (Stern, 2006). In the 1980s,
many studies show a leveling off of emissions with a fairly
rapid decline occurring in the 1990s (Smith et al., 2004;
Stern, 2006; Streets et al., 2006). As the amount of sulfate
aerosols in the troposphere depends directly on sulfur emis-
sion, the effect of sulfate aerosols’ forcing on the climate is
also expected to adjust quickly to changes in sulfur emission.

Khain and Pokrovsky (2004) noted that the main aerosol
effect on deep convective clouds in their model simulations
came from aerosols penetrating the cloud base. In other
words, aerosols in the boundary layer were more important
than aerosols in the free troposphere. However, they sim-
ulated a deep and wide convective cloud. For other types
of clouds, especially narrower convective clouds, free tropo-
spheric aerosols may be more important.

Fridlind et al. (2004) showed evidence that subtropi-
cal anvil cloud nuclei are dominated by midtropospheric
aerosols. They note that longe-range transport can therefore
dominate the effect of local sources of pollution on subtropi-
cal anvil clouds.

Satellite data which have been available since 1979 do
not reveal a systematic global-scale change in the UTRH be-
tween 1979 and 1997 (Bates and Jackson, 2001; McCarthy
and Toumi, 2004). Also, Soden et al. (2005) showed that
the behavior of global upper tropospheric humidity in the
period 1982–2004 can be much better approximated by the
assumption of constant relative humidity than the assump-
tion of no moistening at all. The absence of any signifi-
cant trend in UTRH is not surprising as the trend of sulfur
emissions has been estimated to be small in the 1980s and
it has been clearly negative only since the 1990s. Regarding
the global changes in relative humidity, it is very unfortu-
nate that there is reliable data on upper tropospheric humid-
ity only after the largest change in sulfur emissions had al-
ready taken place between the 1940s and the 1970s. Current
understanding of the magnitude of problems related to hu-
midity measurements at cold temperatures with radiosonde
sensors (Elliott and Gaffen, 1991; John and Buehler, 2005)
discourages using them for global trend studies, even though
local trends have been obtained with radiosonde data (Tref-
feissen et al., 2007). It may therefore be impossible to obtain
reliable global relative humidity data from the period when
sulfur emissions increased most.

When it comes tolocal trends of UTRH and whether those
can be associated with trends in the anthropogenic aerosols,

a few facts have to be taken into account. First, aerosols’
effect on microphysics is not linear. The effect of increas-
ing the amount of aerosols in pristine and polluted atmo-
sphere can be very different as stressed by Wild in his re-
view of global dimming and brightening (2009; see also Ek-
man et al., 2007). Second, recent research suggests that an-
thropogenic pollution sources affect aerosol levels on a large,
even global, scale (Kishcha et al., 2007 and other references
in Wild, 2009). Third, the suggested aerosol effect on local
UTRH depends on the existence of convection. Fourth, the
local effects of aerosols depend also on the wind field which
advects the aerosols.

McCarthy and Toumi (2004) analysed relative humidity
fields from the High-Resolution Infrared Radiation Sounder
(HIRS). Their data shows an increase of UTRH in the tropics
from 1979 to 1997 and a decrease in both Northern (NH) and
Southern Hemisphere (SH) subtropics and higher latitudes,
except north of 40◦ N. These changes are shown schemati-
cally in Fig. 2. If Stern’s (2006) estimate is correct, on the
global level there was a decreasing trend in sulfur emissions
in 1979–1997. On the other hand, in Asia, sulfur emissions
increased during most of this period (Stern, 2006; Streets et
al., 2006). A rather large increase also occurred in South
Asia from 1980 to 2000 (Streets et al., 2006). We suggest
that part of the general decrease of UTRH in subtropics and
middle latitudes could have its root in the decrease of global
sulfur emissions (Fig. 2). However, changes in UTRH are
rather small in the close vicinity of Asia. The absence of
changes of UTRH in (South) Asia may be due to the satu-
ration of cloud microphysics effects with high concentration
of pollution. Large changes in UTRH have occurred in other
tropical regions as we will discuss below.

Two other major sources of aerosols in the atmosphere
in addition to anthropogenic air pollution are desert dust
and smoke from biomass burning (Rosenfeld et al., 2001).
Biomass burning leads to large quantities of small cloud con-
densation nuclei that can suppress precipitation. Rosenfeld et
al. (2001) have shown evidence that also desert dust from the
Sahara (and Sahel regions, see Nicholson, 2000) suppresses
precipitation. Therefore, changes in the amount of those
aerosols have to be taken into account in trying to pin down
a possible link between UTRH and changes in the number
of cloud condensation nuclei (CCN). Note that in McCarthy
and Toumi’s analysis, the largest local increase of UTRH has
occurred interestingly in the vicinity of equatorial Africa and
also over equatorial South America (their Fig. 5). Elsewhere
in the tropics, the increase has been much smaller. There
have been no large changes in sulfur emissions in these re-
gions, but changes in the other main sources of aerosols have
occurred there. West Africa is the source of almost half of the
mineral aerosols in the atmosphere (Andreae, 1995). Nichol-
son (2000 and references therein) show that in the 1980s
there was a strong negative anomaly in the rainfall in the
Sahel region of West Africa, which is the source of most
of the desert dust. In the 1980s, the frequency of dust over
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Fig. 2. A schematic representation of global emissions of sul-
fur from Stern (2006) and UTRH changes from McCarthy and
Toumi (2004) in midlatitudes, tropics, and two different latitude
bands. UTRH has decreased everywhere except in the tropics and
north of 40◦ N in 1979–1997. It is argued that this decrease may
be related to the global decrease of sulfur emissions. The particu-
larly strong increase of UTRH in the tropics in 1983–1989 may be
associated with high desert dust levels and the increase in biomass
burning in South America. See text for details.

West Africa and dust concentrations in more distant regions
(e.g. Barbados) were remarkably higher than in the two ear-
lier decades.

Mahowald et al. (2007) analyzed visibility data from me-
teorological stations in dusty regions to assess the anthro-
pogenic impact on desert dust emissions. Their data suggest
a peak in desert dust emissions in 1985 both in West Sahel
and in North Africa on the whole. The visibility was also
worse in 1997 than in 1979 in West Sahel.

There are large uncertainties in the estimates of historical
trends of biomass burning. Still, biomass burning emissions
seem to have increased rapidly since the 1980s (Mieville et
al., 2010). Prins and Menzel (1994) noted increasing trends
in South American biomass burning from 1983 to 1991 by
analyzing 2-week long periods at the peak of the burning
seasons. The analysis of biomass burning emissions of Dun-
can et al. (2003) also shows a clear increase in the monthly
regional aerosol index from the Total Ozone Mapping Spec-
trometer over Brazil from 1983 to 1989 (see their Fig. 8).
The increasing trend continued in the late 1990s. Koren et
al. (2007) found an increase in biomass burning in the Ama-
zon from 1998 to 2005, with a reversal of the trend in 2006.

We suggest that the particularly large positive trends of
UTRH in the vicinity of equatorial Africa and South Amer-
ica during 1979–1997 in the analysis of McCarthy and Toumi
may be related to the aforementioned changes in biomass
burning and desert dust. Further support for this interpre-
tation comes from their analysis of the trend for the latitude
band of 10◦ S–10◦ N, which is schematically reproduced in

Fig. 2. Most of the increase in UTRH in this latitude band ac-
tually took place in 1983–1989, which was the time of both
the increase in biomass burning in South America and an in-
creased source of desert dust over North Africa with a peak
in the latter in 1985 and high values still in 1989 (Mahowald
et al., 2007).

For the latitude band 25◦ S–45◦ S, most of the decrease
in UTRH during the 18 yr of the analysis by McCarthy and
Toumi occurred in 1986–1994 (again schematically shown
in Fig. 2). We suggest that the decrease in this latitude band
as well as the somewhat smaller decrease in parts of the NH
midlatitudes could be due to the general decrease of global
sulfur emissions. It is interesting that the largest decrease
of UTRH occurs in the SH whereas the largest decrease of
sulfur emissions has occurred in the NH. As the sulfur emis-
sions are about ten times larger in the NH than in the SH
and as aerosols due to air pollution may be hemispherically
dispersed (Wild, 2009 and references therein, Mishchenko et
al., 2007), it would not be surprising if the long-term aerosol
trends in the SH reflected changes in the NH emissions. One
explanation for the larger decrease of UTRH in the SH than
in the NH could be the logarithmic sensitivity of clouds to
CCN (Koren et al., 2008 and references therein). Therefore
in pristine environments (which the SH is compared to the
NH), small changes in CCN have a much larger effect on
cloud properties than in polluted environments.

Clearly, a more thorough analysis is needed to understand
why there seems to be a smaller decrease of UTRH in the
NH than in the SH. The main sources of aerosols, their dif-
ferent characteristics of transport, and effects on cloud mi-
crophysics should be taken into account in such an analysis.
It is also possible that the larger decrease of UTRH in the SH
could be due to unknown changes in atmospheric dynamics.

Interestingly, the third region where UTRH has increased
in 1979–1997 is over the boreal regions of Asia (Fig. 5 in
McCarthy and Toumi). We wonder if this increase could be
related to possible changes in biomass burning in this region.
Whatever the reason is, even if it is due to errors in the data,
it has some effect on the smaller decrease of UTRH in the
NH midlatitudes as compared to the SH midlatitudes.

Changes in the atmospheric circulation patterns may af-
fect UTRH as well. For example, the North Atlantic Oscilla-
tion (NAO) index has had a positive anomaly in most of the
1980s and 1990s. A positive anomaly in the NAO index is
associated with wet winters in Northern Europe. However,
the region most affected by NAO shows rather small changes
in UTRH in the analysis of McCarthy and Toumi.

Bates et al. (2001) studied the relationship between up-
per tropospheric humidity from HIRS and dynamical states
in the subtropical regions. They found that the largest con-
tribution to theinterannualanomaly time series of the up-
per tropospheric humidity in 1979–1998 came from the east-
ern Pacific. They noted that, in certain conditions, Rossby
waves can propagate deep into the subtropics. Such a sit-
uation is associated with a moistening of the normally dry
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subtropics, particularly in the eastern Pacific. However, the
trend of UTRH in McCarthy and Toumi (their Fig. 5) lacks a
significant contribution from the eastern Pacific, suggesting
that propagation of Rossby waves cannot explain the trend in
UTRH in 1979–1997.

Different observations show that the Hadley cell has
widened by 2–5 degrees since 1979 (Seidel et al., 2008). This
widening can also be seen in climate models (Johanson and
Fu, 2009). It is possible that the Hadley cell widening affects
also upper tropospheric humidity. However, there is no clear
signal of such an effect in the UTRH data. Although there
is a decrease of UTRH in the subtropical regions (Fig. 5 of
McCarthy and Toumi, 2004), this decrease is not restricted
to the region of subsidence associated with the Hadley cell.
This could be due to water vapor transport (e.g. Knippertz
and Wernli, 2010; Cau et al., 2007). However, the UTRH
trend does not show a corresponding large region of increas-
ing humidity, which should exist if the subsidence region of
the Hadley cell has shifted poleward. Moreover, the decrease
in the SH subtropics and the (local) increases in the tropics
did not occur simultaneously (Fig. 2).

Other possible dynamical shifts should also show up as
both positive and negative anomalies in relative humidity. It
is interesting that such anomalies cannot be seen in the anal-
ysis of McCarthy and Toumi.

Johnson and Xie (2010) show that the convectively active
fractional area in the tropics is likely to be conserved in a
warming climate; however, the location of convection can
change as a response to changes in the location of SST ex-
ceeding the threshold for convection. An example of changes
in the location of convection on a shorter time scale is the
dipole mode of SST in the tropical Indian Ocean (Saji et al.,
1999). In principle, this mode can affect UTRH in the West
Indian Ocean and around Indonesia. However, there is no
change in UTRH in the region of Indonesia in the analysis
of McCarthy and Toumi. Moreover, the increase of UTRH
in the tropics occurred mainly in 1983–1989 (Fig. 2). Dur-
ing this time interval, the changes in the dipole mode of the
Indian Ocean were quite weak.

Another important large-scale circulation change that
can affect UTRH is El Nino and the Southern Oscillation
(ENSO). To minimize ENSO’s effect, certain months (and
years, in a separate checkup) were excluded in the data anal-
ysis of McCarthy and Toumi. They conclude that ENSO can-
not explain the observed trends in UTRH. It is also notable
that there are no large changes in UTRH in regions most af-
fected by ENSO.

A weakening of tropical circulation, both Walker and
Hadley circulation, is suggested by recent studies (e.g., Vec-
chi et al., 2006; Lu et al., 2007). A weakening of tropi-
cal circulations with a slight increase of precipitation is also
expected to occur with the warming of the climate by sim-
ple reasoning (e.g. Knutson and Manabe, 1995; Vecchi et
al., 2006; Held and Soden, 2006). The possible net effect
on UTRH from these changes is not known. However, as

McCarthy and Toumi note, changes in the hydrological cy-
cle, or overturning circulation, cannot be the reason for the
UTRH changes as the (rather local) increase of UTRH in
the tropics and the decrease in the SH subtropics did not oc-
cur simultaneously (Fig. 2). McCarthy and Toumi conclude
that some other decadal-scale ocean-atmosphere variability
or sensitivity to intersatellite calibration may be the reason
for the observed trends in UTRH.

While many extratropical stations have shown a reversal of
dimming to brightening during the 1980s (see also Sect. 4),
there is some suggestion of ongoing dimming in the tropics,
although it cannot be verified due to the lack of reliable long-
term observations there (Wild, 2009). Lately, Kishscha et
al. (2007) found that aerosol optical depth (AOD) increased
in the tropics and decreased in the subtropics and middle lati-
tudes of both hemispheres in 2000–2006. It is interesting that
these latitudinal bands with different signs of inferred aerosol
trends are roughly the same as the latitudinal bands with dif-
ferent signs of trends of UTRH in 1979–1997 (McCarthy and
Toumi, 2004).

4 Do observations show changes in upper tropospheric
cloudiness or other quantities that may be related to
upper tropospheric relative humidity?

If aerosols affect the amount of upper tropospheric ice par-
ticles generated in deep convection as in the simulations of
Khain et al. (2005, 2008), a decrease of upper tropospheric
cloudiness could be one observable result of a decrease in an-
thropogenic aerosols. The simulations of Ekman et al. (2007)
of a deep convective cloud with a cloud-resolving model in-
cluding an explicit aerosol model suggests that the concentra-
tion of ice nuclei may be important for the size of the anvil
cloud. With regard to the concentration of ice nuclei, esti-
mates of global black carbon emissions show a peak in the
1980s and a decrease thereafter (Streets et al., 2006). There-
fore, the trends of sulfur and black carbon emissions are sim-
ilar although not identical.

Interestingly, there is some consistency between different
satellite and surface observations of a reduction in high cloud
cover during the 1990s relative to the 1980s (Trenberth et al.,
2007). If global sulfur emissions leveled off in the 1980s and
decreased rapidly in the 1990s as discussed in Sect. 2, the
changes in the upper tropospheric cloud amounts are quali-
tatively what we would expect due to these changes in emis-
sions.

Koren et al. (2005) evaluated the aerosol effect on clouds
using large statistics of satellite data over the North Atlantic
Ocean. They found that polluted clouds developed more ex-
tensive ice anvil clouds than clean clouds. This result re-
mained the same when meteorological effects on the cloudi-
ness were accounted for by analyzing the data separately for
different vertical wind categories. A similar effect of pol-
lution on high clouds was also suggested by the study of
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Zhang et al. (2007). They found a trend of increasing winter-
time deep convective clouds and high clouds over the Pacific
Ocean from satellite cloud measurements from 1984–2005.
They suggested that an increasing amount of aerosols from
the Asian pollution outflow was the reason for the increases
in the cloud amounts.

May et al. (2009) analysed 44 cases of storms north of
Darwin to study how aerosols affect them. Their results were
not consistent with those of Koren et al. (2005). However, the
observed systematic variation of moisture between the high
and low aerosols cases, as well as other possible differences
in the convective environment, may have affected this result.

Udelhofen and Hartmann (1995) studied the effect of trop-
ical cloud systems on the UTRH. In their analysis, UTRH
increased linearly with the amount of upper level cloud. So-
den (2004) also found a positive relation between upper tro-
pospheric cloudinesss and downstream humidity in a convec-
tive event (see Sect. 5). These observational studies together
suggest that increased pollution leads to more extensive ice
anvil clouds and that increased upper level cloudiness is as-
sociated with increased UTRH.

In addition, the timing of dimming in 1960–1990 and
brightening in many locations after 1990 suggests that
changes in aerosol amount and perhaps also clouds may be
the main reason for such changes in the surface short-wave
radiation (Wild, 2009). For example, increases of cloudiness
have been reported over many continental regions while there
was dimming. However, it is not yet clear how much of the
dimming is due to changes in clouds.

5 Can we expect changes in microphysics to have an ef-
fect on upper tropospheric humidity?

Possible changes in the humidity profile of the extensive sub-
siding regions of the subtropics could have a large effect on
the nature of the water vapor feedback (e.g. Pierrehumbert
and Roca, 1998). It has been argued that this humidity is
governed by poorly understood microphysics. On the other
hand, it has been suggested that the subtropical humidity can
be predicted to first order if the large-scale wind and tem-
perature fields are known and that information about water
condensate in the clouds is less important (e.g., Salathe and
Hartmann, 1997; Dessler and Sherwood, 2000). (For a re-
view of the latter theory, see Sherwood et al., 2010.) How-
ever, the assumption of no delay in the occurrence of precip-
itation (Dessler and Sherwood, 2000) and the depth of the
horizontal outflow from convection (Salathe and Hartmann,
1997) were found to be important for the correct simulation
of humidity. In addition, Soden (2004) found that themax-
imum extent of cirrus anvil coverageduring the lifecycle of
a convective event was associated with a higher downstream
humidity level following the anvil’s dissipation. His analysis
suggested that this moistening effect was not attributable to
the evaporation of cirrus condensate but instead was due to

more vapor detrainment being associated with larger cirrus
anvil coverage.

Dessler and Minschwaner (2007) used a trajectory-based
large-scale control (LSC) model to investigate the regulation
of tropospheric humidity. They conclude that the good agree-
ment between the model and the measurements supports the
idea that detailed microphysics need not be included to accu-
rately simulate water vapor. In their model, using a non-zero
sedimentation time for ice degrades the simulated humidity
field. This result must, however, depend on the value of the
parameter used for condensation. Dessler and Minschwaner
used a relative humidity threshold of 100% for condensation.
To account for subgrid-scale processes, a lower value could
be chosen for this parameter. In that case, the correct simula-
tion of water vapor could well require a non-zero sedimenta-
tion time for ice. Such a result would support the important
role of microphysics, particularly the transport and sublima-
tion of ice.

The moistening potential associated with transported ice
was shown with the same LSC model by using a timescale
of one day for the sedimentation of ice. The amount of water
vapor in the upper troposphere more than doubled when this
timescale was used.

Folkins et al. (2002) showed that the relative humidity be-
tween 11 and 14 km in the tropics is determined by the deep
convection detrainment profile, the temperature profile and
the height of zero radiative heating. However, they suggest
that below this layer, the sublimation of ice and the evapo-
ration of water could be important in increasing the relative
humidity of unsaturated air.

As a conclusion, changes in upper tropospheric humid-
ity due to changes in the microphysics of clouds cannot be
ruled out based on the idealized studies discussed above,
even if the simple models would be successful in predict-
ing the crude features of the humidity field correctly. Re-
cent studies by Wright et al. (2009a, b) suggest a direct ef-
fect of microphysics on the humidity. Wright et al. (2009a)
showed that larger amounts of detrained ice in convection
were associated with enhanced upper tropospheric moisten-
ing. Moreover, Wright et al. (2009b) showed that the direct
effect of condensate evaporation in a climate model was to
increase relative humidity by several per cent. They point out
that there may have been too much ice to sublimate in their
model. However, even small changes in the relative humid-
ity matter for the radiation as will be shown in the following
section.

6 How large an effect could a few percent increase in
the upper tropospheric relative humidity have on
radiation?

Shine and Sinha (1991) estimated the radiative forcing asso-
ciated with increases of humidity. They increased water va-
por mixing ratio by 10% in layers of 50 hPa depth at different
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altitudes. The original humidity was taken from Manabe and
Wetherald (1967). The relative humidity change that the 10%
increase in water vapor mixing ratio corresponds to is shown
in Fig. 3. The relative humidity change increases from 1.4%
at 200 hPa to 3.7% at 500 hPa, the mean value being about
2.6%. We want to stress that for radiation, relative changes
matter more than absolute changes.

We assume that relative humidity increases from 175 hPa
to 525 hPa according to Fig. 3 and calculate the resulting
change in the net infrared flux at the tropopause by summing
the effect of individual perturbations in Fig. 3 of Shine and
Sinha (summing up the effect from different layers will re-
sult in an error of about 10% according to Shine and Sinha).
The corresponding decrease in the net infrared flux is about
0.9 W m−2 for the tropics, 0.8 W m−2 for summer midlati-
tudes and 0.5 W m−2 for winter midlatitudes. These results
are for clear sky conditions but note that we use these calcu-
lations just to get a rough estimate for the magnitude of the
effect.

Rather similar values for the changes in the outgoing long-
wave radiation due to a relative humidity increase in the
upper troposphere were obtained by Udelhofen and Hart-
mann (1995).

7 Conclusions

Ramanathan et al. (2001) suggested that the suppression of
precipitation associated with increasing amounts of aerosols
could be associated with an increase of upper tropospheric
humidity and that this could counter some of the aerosol
cooling effect. Interestingly, there is some evidence for such
an effect of aerosols from biomass burning and other sources
on the observed positive moisture trend in the stratosphere
(e.g. Sherwood, 2002; Notholt et al., 2005). The effects of
aerosols on clouds properties that could lead to moistening
in the upper troposphere can be seen in the recent spectral
microphysics cloud model simulations by Khain et al. (2005,
2008). We argue that even in the absence of changes in
net precipitation, i.e. no mean suppression of precipitation,
aerosols can affect upper tropospheric humidity. Based on
the results of Shine and Sinha (1991), we estimate that a
2–3% increase in relative humidity from 175 to 525 hPa
could change the net infrared flux at the tropopause by about
0.8 W m−2. Note that since no GCM explicitly parameterizes
aerosol effects on convective clouds (Quaas et al., 2009), this
effect cannot be seen in GCMs.

Unfortunately, reliable observations of humidity in the up-
per troposphere from the time anthropogenic aerosols were
increasing most rapidly (1940–1980) are lacking, due to
problems of radiosonde data and lack of satellite data before
1979. However, satellite data on upper tropospheric relative
humidity after 1979 (McCarthy and Toumi, 2004) are con-
sistent with the hypothesis that changes in the amounts of
anthropogenic aerosols, smoke aerosols from biomass burn-
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Figure 3. Relative humidity increase in the upper troposphere corresponding to increasing 5 
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Fig. 3. Relative humidity increase in the upper troposphere corre-
sponding to increasing water vapor mixing ratio from Manabe and
Wetherald (1967) by 10% as in Shine and Sinha (1991).

ing and desert dust can have affected upper tropospheric rel-
ative humidity between 1979 and 1997. We have summa-
rized schematically the trends in global sulfur emissions and
UTRH (from McCarthy and Toumi, 2004) in Fig. 2. There
has been a decrease in UTRH in midlatitudes when sulfur
emissions were decreasing (global emissions decreased from
about 71 to about 58 TgS between 1979 and 1997 according
to Stern, 2006). The decrease of UTRH is stronger in the SH
than in the NH. This could be due to the logarithmic sensi-
tivity of clouds to CCN and more pristine conditions in the
SH than in the NH. However, it is also possible that other
sources of aerosols or unknown changes in the atmospheric
circulation in the NH could be the reason. Also, if the large
increase over the boreal regions of Asia is due to problems
in data at higher latitudes, then the real difference between
trends in NH and SH midlatitudes would be smaller.

The large positive trend of UTRH in the tropics (10◦ S–
10◦ N; Fig. 2) has a large contribution from positive trends in
the vicinity of equatorial Africa and over South America and
occurred mainly during 1983–1989, when biomass burning
was increasing in South America and when the dust levels of
West Africa were anomalously high (Nicholson, 2000; Ma-
howald et al., 2007). Both the location and the timing suggest
that aerosols may be the culprit for the increase of UTRH in
the Tropics.

Observed global cloudiness changes, with less upper tro-
pospheric cloudiness in the 1990s than in the 1980s, also
support the hypothesis that aerosols may have affected mi-
crophysics in a way to increase the total water amount in
the upper troposphere. Satellite data from over the North
Atlantic ocean suggest that polluted clouds develop more
extensive ice anvils than clean clouds (Koren et al., 2005).
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Satellite data also suggest that UTRH increases linearly with
the amount of upper level cloud (Udelhofen and Hartmann,
1995). Changes in cloudiness may be one reason for the ob-
served dimming before 1990 and brightening thereafter. The
effect of upper tropospheric cloud changes on the net radia-
tion depends on cloud optical depth and cloud top height (Fu
et al., 2002) and other properties of the clouds. However, an
increase in UTRH associated with increased aerosol amounts
would have decreased the outgoing longwave radiation.

We conclude that the large increase of anthropogenic
aerosols in the 20th century may have increased global
UTRH and thereby decreased outgoing longwave radiation
during most of the 20th century. The changes in UTRH
during 18 yr (1979–1997) were about 1–2% in the midlat-
itudes. If the observed decrease of UTRH in midlatitudes
were indeed associated with the decrease of sulfur emissions
in 1979–1997, then larger absolute changes in UTRH may
have occurred in the 20th century when sulfur emissions in-
creased from about 10 Tg S to about 70 Tg S (Stern, 2006).
However, careful analysis of data is needed to see whether
this is indeed the case.

To learn more about the effect of anthropogenic aerosols
on UTRH, both numerical simulations and observational
studies are needed. We plan to use satellite data to evaluate
relationships between anthropogenic aerosols, upper tropo-
spheric clouds and UTRH. Allan et al. (2010) have shown
how sensitive observed precipitation trends are to data set
employed and how inter-comparisons of different data set
products are needed. Caution is also required in using UTRH
data sets. For example, the data set used by McCarthy and
Toumi was affected by the clear-sky bias. Therefore, com-
parison with other data sets is required to verify or to rule out
the proposed effect.

Ultimately, numerical simulations of radiative-convective
equilibrium are needed to obtain an estimate of the global
effect of anthropogenic aerosols on UTRH. A good repre-
sentation of convection, which can account for convection’s
growth into mesoscale (for example the cloud-resolving con-
vection parameterization of Grabowski, 2003), as well as a
good microphysics scheme are needed to achieve this goal.
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