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Abstract

We present a sensitivity study on the effects of spatial and temporal resolution of at-
mospheric relative humidity (RH) on calculated aerosol optical thickness (AOT) and
the aerosol direct radiative effects (DRE) in a global model. Using the same aerosol
fields simulated in the Global Modeling Initiative (GMI) model, we find that, on a global5

average, the calculated AOT from RH in 1◦ latitude by 1.25◦ longitude spatial resolu-
tion is 11% higher than that in 2◦ by 2.5◦ resolution, and the corresponding DRE at
the top of the atmosphere is 8–9% higher for total aerosols and 15% higher for only
anthropogenic aerosols in the finer spatial resolution case. The difference is largest
over surface escarpment regions (e.g. >200% over the Andes Mountains) where RH10

varies substantially with surface terrain. The largest zonal mean AOT difference occurs
at 50–60◦N (16–21%), where AOT is also relatively larger. A similar increase is also
found when the time resolution of RH is increased. This increase of AOT and DRE with
the increase of model resolution is due to the highly non-linear relationship between
RH and the aerosol mass extinction efficiency (MEE) at high RH (>80%). Our study15

suggests that caution should be taken in a multi-model comparison (e.g. AeroCom)
since the comparison usually deals with results coming from different spatial/temporal
resolutions.

1 Introduction

Relative humidity (RH) can significantly influence ambient aerosol optical thickness20

(AOT) and, therefore, aerosol direct radiative forcing (Kinne et al., 2003; Malm et al.,
2005; Pahlow et al., 2006). For example, the AOT at 550 nm measured during ACE-
Asia was tripled when the RH increased from 50% to 95% (Yoon and Kim, 2006).
Accounting for the impact of RH on AOT in CTM simulations requires not only good
performance of the underlying GCM in simulating the moisture field, but also a practi-25

cal consideration of spatial and temporal resolution of the RH field because of the high
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heterogeneity of RH in both space and time. This RH representative issue is directly
relevant to the work of AeroCom, a model intercomparison effort to assess aerosol
properties and their atmospheric influence, which often involves models with different
spatial resolutions (Kinne et al., 2006; Schulz et al., 2006; Textor et al., 2006). For ex-
ample, the horizontal resolutions range from 1.1◦(latitude)×1.1◦(longitude) to 10◦×22.5◦

5

in 20 models involved in the assessment of multi-model optical properties by Kinne et
al. (2006).

The non-linear relationship of RH and aerosol mass extinction efficiency (MEE) re-
sults in the issue of RH representativeness in AOT calculation. MEE multiplied with
aerosol dry mass determines AOT. Figure 1 shows the change of MEE of sea salt10

particles (left) and internally mixed fossil fuel particles (right) as a function of RH. The
figure indicates that the change of aerosol MEE with RH is highly non-linear especially
at RH >80%. In other words, a small uncertainty in RH under ambient conditions will
translate into a very large uncertainty in MEE. Due to this non-linear relationship, the
sub-grid RH variation will inevitably yield an AOT difference among AOTs which are cal-15

culated by different spatial (or temporal) averaged RHs even though the RHs originate
from the same GCM.

The objective of this paper is to investigate the potential AOT changes induced solely
from the different RH spatial and temporal resolutions in global models. This study
helps us to estimate the extent to which the AOT diversities in the AeroCom models20

may be caused just by different model resolutions. We will address this issue from a
single global model framework and for all aerosol components simulated in the model.
Specifically, we will answer:

1. What is the AOT variation in terms of RH representation for two typical spatial
resolutions (i.e. 1◦(latitude)×1.25◦(longitude) vs. 2◦×2.5◦) and for two typical time25

intervals (i.e. 3 h vs. 6 h) over which RH is averaged?

2. 2. Where and when is the AOT most sensitive to the different representations of
RH?
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The examined RH resolutions (Table 1) are the most common resolutions used in
the current models. For example, 13 out of 20 models evaluated by Kinne et al. (2006)
have a horizontal resolution close to 2◦×2.5◦. In addition, we will use a radiative transfer
model to examine the variations of aerosol DRE at the top of atmospheric (TOA) due
to the AOT differences resulting from different resolutions to give an overall estimation5

of the effect on climate.
Our study extends a previous idealized study on the effects of sub-grid variations of

RH on the direct radiative forcing (DRF) of sulfate aerosol using a limited-area-model
(Haywood et al., 1997). The study found that the estimated DRF (the difference in DRE
simulated with and without sulfate aerosol) using a low resolution (160 km by 160 km)10

was approximately 73% and 60% lower than that using a high resolution (2 km by 2 km)
for clear sky and cloudy sky, respectively.

We first describe in Sect. 2 the models used in this study and the three sensitivity
experiments. We then show the results of model AOT calculated at different spatial
and temporal resolutions and discuss reasons for those differences in Sect. 3.1 to 3.4.15

The corresponding changes of DRE are shown in Sect. 3.5. Finally the conclusions
and implications of the study are given in Sect. 4.

2 Model description and experiment design

2.1 GMI aerosol module

The Global Modeling Initiative (GMI) model is designed to maintain a modular 3-D CTM20

that can be used to assess the impact of various natural and anthropogenic perturba-
tions on atmospheric composition and chemistry (e.g., Strahan and Douglass et al.,
2004; Strahan et al., 2006, 2007; Considine et al., 2004; Douglass et al., 2004, 2006;
Liu et al., 2007). GMI can be driven by several different meteorological fields (Liu et
al., 2007). In this study, we use the assimilated meteorological fields from NASA’s God-25

dard Earth Observation System Version 4 (GEOS-4) data assimilation system (DAS)
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(Bloom et al., 2005). The original GEOS-4 DAS data have a spatial resolution of 1◦

latitude, 1.25◦ longitude, and 55 vertical layers with a top lid at 0.01 mb, but they are
usually degraded to 2◦ latitude, 2.5◦ longitude, and 42 vertical layers (reduced lay-
ers in stratosphere) for GMI simulations. The GEOS-4 DAS meteorological fields are
archived once every 3 h.5

The general physical and chemical processes in GMI for aerosols have been de-
scribed by Liu et al. (2007). The model simulates aerosol mass distribution for sulfate,
black carbon, organic carbon, dust, and sea salt. Instead of using the prescribed emis-
sions in Liu et al. (2007), the dust and sea-salt emissions are calculated in GMI with
the emission algorithms similar to those in the GOCART model (Ginoux et al., 2001;10

Chin et al., 2002, 2004). Briefly, dust emission rates of eight size groups (0.1–10µm)
are calculated as a function of surface topographic depression, surface type, 10 m wind
speed, and surface wetness (Ginoux et al., 2001), and sea salt emissions for 4 size
groups (0.1–10µm) are calculated as a function of surface wind speed (Monahan et
al., 1986; Gong et al., 1997, 2003). For all aerosol type and size groups, lognormal15

distributions are assumed.
Three aerosol optical properties (AOT, single scattering albedo (ω), and asymmetry

factor (g)) were calculated for the AOT analyses and for the radiative transfer sim-
ulation. The AOT is calculated using the aerosol mass combined with aerosol MEE.
Aerosols originating from fossil fuel are assumed to be internally mixed, as are aerosols20

from biomass burning. All other aerosols are externally mixed. MEEs are calculated by
Mie scattering theory for each of the particle types, i.e. each of the eight dust bin sizes,
fine mode and coarse mode of sea salt, internally mixed fossil fuel particle, internally
mixed biomass burning particle, natural sulfate, and natural OC, by given the corre-
sponding size distribution and complex refractive index of each particle type. Aerosol25

MEEs (as are AOT, ω, and g) are RH dependent except dust. The three properties are
also wavelength dependent in order to account for the effect of the whole shortwave
spectrum for DRE. However, only AOT (550 nm) is used in the AOT-RH analyses. The
refractive index of internally mixed aerosols is determined by volume weighted refrac-
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tive indices of the individual aerosols. The size distribution and the hygroscopic growth
factors for internally mixed fossil fuel and biomass burning particles, as well as for natu-
ral sulfate and organic matter, are described in Liu et al. (2007). The optical properties
for dust and sea-salt are from Chin et al. (2002). The calculated aerosol MEE is tabu-
lated as a function of aerosol types, relative humidity, size bins, and the mass fraction5

of BC (for fossil fuel and biomass burning aerosols).

2.2 Radiative transfer model

The aerosol direct effect on solar radiation is calculated with the Goddard Space Flight
Center radiative transfer model (Chou and Suarez, 1999; Chin et al., 2001; Weaver et
al., 2001). This model accounts for absorption by O3, CO2, O2, H2O, and aerosols,10

and accounts for scattering by clouds, aerosols, and gases. The solar spectrum (0.2 to
10µm) is divided into eight bands in the UV and visible range and three bands in the
near infrared.

Three aerosol radiative properties described in Sect. 2.1 determine the aerosol ra-
diative effect. In addition to the aerosol information, the radiative transfer code requires15

fields of temperature, specific humidity, cloud optical thickness, cloud fraction, and sur-
face albedoes. These fields are supplied by the GEOS-4 DAS meteorological fields.

2.3 Experimental setup

We performed three experiments (Table 1) to investigate the differences in model cal-
culated AOT and aerosol DRE resulting from the use of different spatial and temporal20

resolutions of the RH field. In all three experiments, the RH was obtained from the
GEOS-4 DAS, and the GMI simulated aerosol mass was unchanged in order to high-
light the AOT change solely due to the RH resolution change.

We first calculated AOT using the RH at the typical GMI model resolution, which is
3 h in time and 2◦ latitude by 2.5◦ longitude with 42 vertical layers in space. Recall that25

in this case, the RH field had been degraded from the original GEOS-4 DAS 1◦x1.25◦
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resolution. We denote this calculation as the base case (BASE).
We then conducted two sensitivity studies, each differs from BASE in horizontal or

temporal resolution: in the first one, the horizontal resolution of the RH was increased
from 2◦ latitude×2.5◦ longitude in BASE to the original GEOS-4 DAS resolution of
1◦×1.25◦ (a factor of 4 increase of spatial resolution), while in the second case, the5

RH time resolution was decreased from the 3-h average in BASE to a 6-h average (a
factor of 2 increase of temporal resolution).

All experiments are run for one and half year (1 July 2000–31 December 2001) with
the first half year as a spin up time.

3 Results10

In this section, we first examine the AOT simulation in the base case (Figs. 2 and 3),
and then summarize the relationship between AOT and RH in terms of the change in
the RH spatial and temporal resolution. The variations in AOT caused by the different
RH resolutions are shown in Figs. 4–7.

3.1 The AOT simulation in the base case15

The base case AOT from the GMI model is compared with satellite measurements
from MODIS and MISR in Fig. 2 for April 2001. Overall, the GMI captures the main
features of the observed AOT. For example, both model and satellite data show very
high AOTs over Southeast Asia and east Asia. This is because April is the month with
high biomass burning emission over Southeast Asia and with high dust events over east20

Asia along Taklimakan, Mongolia, and Gobi regions. The other high AOTs are evident
over polluted land areas such as Western Europe and Eastern North America and over
the deserts such as in western Africa, as well as downwind from these regions. The
lowest AOT occurs typically during SH tropical region. Nevertheless, the modeled AOT
is generally lower than satellite observations over most remote oceans.25
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The base case AOT from the GMI model is also compared with available AERONET
measurements in April 2001 in Fig. 3. The correlation of the two datasets is quite
high (R=0.81). The relative bias (B), which is defined as a ratio of the sum of model
AOTs verses the sum of measured AOTs over the AERONET stations, indicates that
the overall model AOT is slightly lower than that of the measurement (B=0.79). Con-5

sidering the lower model oceanic AOT than that of satellites as discussed in the above
model-satellite comparison, the calculated B might be reduced if more ocean station
measurements were involved.

As we will discuss in the next section, the model resolution might contribute to the
AOT underestimation in our base case simulation.10

3.2 Effect of the change RH spatial resolution on AOT

Monthly mean AOT differences associated with the change of RH horizontal resolution
for April 2001 are shown in Fig. 4. The upper panel of the figure shows the absolute
difference [AOT(CTRH)−AOT(BASE)] and the lower panel shows the relative differ-
ence [(AOT(CTRH)−AOT(BASE))/ AOT(BASE)]. The figure shows that regional AOT is15

sensitive to the choice of the two prescribed RH horizontal resolutions (Table 1). The
highest AOT difference generally occurs over regions with high hygroscopic aerosol
loading, such as NH middle latitudes, or in regions with sharp RH spatial gradients,
such as land/ocean boundaries and surface escarpments. The AOT change is particu-
larly sensitive to the last case; for example, the relative difference is typically more than20

200% over the Andes Mountains.
A feature revealed in the figure is that the AOT is always enhanced when the RH

horizontal resolution is increased. The numerical reason behind this is the non-linear
relationship between AOT and RH (Fig. 1). As such, the method of calculating AOT us-
ing sub-grid RH first and then averaging will always yield a higher value than that from25

the method of averaging RH first (obtaining RH at low resolution) and then calculating
AOT.

To further investigate where the AOT is most sensitive to the change in the RH spa-
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tial resolution, we averaged the AOT differences over every 10◦ of latitude using the
entire year (2001) simulation. The corresponding annual averaged zonal mean AOT
relative and absolute changes are shown in Fig. 5. A large AOT difference (∼13–21%)
occurs over the middle latitudes in the NH, similar to what is shown in Fig. 4. The
maximum change occurs at 50–60◦N with a value of 0.03, which is equivalent to 18%5

of the local mean AOT. There is a weak peak of absolute AOT change over the South-
ern Hemisphere (SH) storm track (40–65◦S) which is dominated by high hydroscopic
sea salt particles. The months when zonal mean AOT change reaches its maximum
or minimum values during the year are also calculated. However, no apparent time
pattern can be identified. Also shown in Fig. 5 are the differences over three major pol-10

lution regions: eastern US (A), Western Europe (E), and eastern China (C). The large
AOT change in these regions reflects the high hygroscopic properties of the pollution
aerosols which are dominated by sulfate.

An analysis similar to Fig. 3 (BASE) is conducted using the model AOT at the high
horizontal resolution (CTRH). The correlation coefficient of CTRH remains the same15

as that of BASE, but the relative bias (B) of AOTs between the model and AERONET
is increased from 0.79 in the BASE case to 0.86 in the CTRH case. Thus, increasing
resolution does improve the model performance in this study.

3.3 Effect of the change in RH temporal resolution on AOT

The monthly AOT difference for April 2001 derived from simulations with RH aver-20

aged over 3-h and 6-h time resolutions is shown in Fig. 6 with absolute difference
[AOT(BASE)-AOT(CTRT)] in the upper panel and relative difference [(AOT(BASE)-
AOT(CTRT)) / AOT(CTRT)] in the lower panel. Similar to Fig. 4, AOT increases with the
increase of RH resolution. This increase is largest over the NH mid-latitudes and the
SH storm track. There is no significant AOT change in Fig. 6 over high mountainous25

regions. Figure 6 also elucidates that the regions dominated by dust usually have the
smallest AOT change.

Figure 7 shows that the zonal averaged differences in AOT change with the RH
13241
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resolution, binned in 10◦ latitudes for year 2001. The magnitude of the AOT change
attributed to the prescribed RH temporal resolution (Fig. 7) is less than half of that at-
tributed to RH spatial resolution (Fig. 5), however, the former AOT change may be not
that trivial considering that there is just a factor of 2 in temporal resolution change but
a factor of 4 in spatial resolution change. The maximum zonal mean AOT relative and5

absolute changes occur over the middle latitudes in both hemispheres, with equivalent
magnitudes of 0.012 (absolute) and 6–8% (relative) variations. Unlike the case with
varying RH spatial resolutions, the maximum AOT change due to RH temporal resolu-
tion shows a seasonal pattern. In the SH, the maximum difference occurs during late
austral winter and early austral spring, while in the NH, it occurs during the late boreal10

fall and ends in spring. The three regions with high industrial pollution again show high
AOT changes, similar to Fig. 4.

3.4 Factors controlling in the variation of AOT with RH resolution

To gain insight to why the choice of the RH resolution is important for the AOT simu-
lation shown in Figs. 4–7. Figure 8 upper panel shows the monthly average RH field15

for April 2001 at 930 mb. Generally, the RH is higher than 80% over most ocean re-
gions where the AOT change with RH resolution tends to be largest when there is high
loading of hydrated aerosol particles. Over land area, however, RH shows ranges from
less than 20% over northwest Africa (Sahara desert) to more than 90% over northern
South America, with the majority of land area lower than 80%. Particularly over desert20

regions, such as the Sahara desert in Africa, the Indian desert along the Indus valley,
the Taklimakan desert in East Asia, Lake Eyre basin in northwest Australia, the Salton
Sea in southern California, and Altiplano and Patagonia in the Andes (Ginoux et al.,
2001), the RH is typically lower than 40%. In these regions, there is little change of
AOT with the change of RH resolution. The primary reason is that these regimes are25

dominated by hydrophobic particles of dust. In addition, the extremely low RH over
these regions lead to the insensitivity of MEE to the change of RH (Fig. 1) even for the
inflow hydrated aerosols.
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In addition to the RH magnitude and the atmospheric aerosol composition, the varia-
tion of RH in spatial and temporal distributions is also a key factor in determining where
and when a large AOT change occurs. A large AOT change occurs when there are a
large value of RH and a large RH spatial/temporal variation. An overall explanation of
how these two factors in determining the AOT changes is given in Fig. 9. The 3-h RH5

curves on the figure depict the RH temporal variation during April 2001 over 4 selected
sites, two over land and two over ocean (see white circles on Fig. 8 upper panel). Both
land sites, site A in East Asia (110◦E, 28◦N) and site E in Western Europe (30◦E, 56◦N),
have high pollutant aerosols and have comparable absolute AOT differences, 0.020 for
site A and 0.018 for site E (Fig. 6). Nevertheless, the RH characteristics at the two10

sites are apparently different. The monthly mean RH for site A is 95.5% which is much
higher than that for site E 69.9% (Fig. 9 upper panel and Fig. 8 upper panel), while
the RH daily variation is much smaller at site A than at site E (Fig. 9). These opposite
effects compensate each other; ultimately their overall impact on the simulated AOT at
the two sites is very similar. On the other hand, the two ocean sites have a substantial15

difference in absolute AOT change, 0.001 for a site residing in the Indian Ocean in SH
middle latitudes (I:90◦E, 30◦S) and 0.01 for a site within the SH storm track (S:30◦E,
60◦S) (Fig. 6 upper panel). Figure 9 (lower panel) indicates that the two sites have a
similar monthly mean RH, 86.6% for site I and 87.6% for site S. However, the two sites
differ in the RH temporal variation, which results in a large discrepancy of AOT change20

between the two sites.
Many factors, involved in weather system, can impact the variation of the RH field

directly or indirectly; among them, surface topography is particularly important in cer-
tain regions. The effect of topography on the spatial variation of RH, and its translation
to AOT change by adopting different RH resolutions, is elucidated in Figs. 8 (lower25

panel) and 4. The vertical distribution of RH at a slice at 20◦S for April 2001 shows a
break in the RH over the Andes Mountains around longitude 60◦–70◦W. Accordingly,
the maximum relative AOT change over the mountain area can be more than 200%
(Fig. 4 lower panel). Such regions require a better RH representation regardless of
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how good of the underlying GCM calculation. Of course, such regions are usually the
most difficult regions for determining the RH in an underlying GCM, which is, however,
not the focus of this study.

3.5 Effect of the change in RH on the aerosol DRE

To understand the importance of the sub-grid scale change in RH for climate studies,5

we analyzed here the change of aerosol TOA DRE (Wm−2) due to the different RH
resolutions. To do so, we applied the radiation code described in Sect. 2.2 to calculate
DREs with and without aerosols respectively. The difference between them is aerosol
DRE. We repeated such calculations with the AOT, ω, and g obtained from different
spatial and temporal resolutions of RH, as described in Sect. 3.1 to 3.3.10

The aerosol TOA DREs of the three experiments are given in Table 2. The data were
averaged over ocean, land, and global areas for clear sky and whole sky, respectively.
The percentage changes of the aerosol DREs between the controlled and base cases
are listed in the table too.

In the base case, clear sky aerosol DRE at TOA over ocean regions is −4.4 W/m2,15

comparable to other estimates. For example, Yu et al. (2006) estimated this value to
be −4.1 W/m2 with GOCART model simulation, −5.9 W/m2 using the data of MOD-
erate resolution Imaging Spectroradiometer (MODIS), and −5.5 W/m2 with the data
combining Clouds and the Earth’s Energy System (CERES) radiances with aerosol
properties from the MODIS level 2 daily aerosol retrievals at a resolution of 10km.20

Zhang et al. (2005) estimated this value to be −5.3±1.7 W/m2 using aerosol and cloud
data from CERES and MODIS. Over land regions, however, the aerosol clear sky DRE
(−8.4 W/m2) given by the base case study is much higher than the estimates of Pata-
dia et al. (2008) (−5.1±1.14 W/m2) and Yu et al. (2006) (−4.5±0.4 W/m2). Analysis of
speciation contribution indicated that about half of the land aerosol DRE (−3.9 W/m2)25

comes from the dust particles.
The clear sky TOA DRE is enhanced by 8.9% (ocean), 8.0% (land), and 8.4%

(global) when the RH horizontal resolution is increased from 2◦×2.5◦ to 1◦×1.25◦.
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A slightly higher variation over ocean areas comes from the fact that the ocean aerosol
DRE is dominated by the hydrophilic species of sea salt (1/3 of total) and anthropogenic
particles (1/3 of total) with dust (∼8%) and the other nature aerosols contributing to the
rest, while the land DRE is dominated by both anthropogenic particles (1/3 of total) and
hydrophobic dust particles (∼1/2 of total) with a small fraction from sea salt (∼3%) and5

other nature aerosols. The TOA aerosol DRE is reduced by 20–25% from the clear
sky condition to the whole sky, however, the changes of aerosol TOA DRE due to the
changes of RH horizontal resolutions in both conditions are comparable. The change
of aerosol TOA DRE due to the change of RH temporal resolution is only about 1/3
of that due to the change of RH horizontal resolution in both conditions (Again, the10

magnitude of RH temporal resolution change is only half of that in special resolution
change). Regionally, the change in the aerosol TOA DRE is higher over the middle
latitudes of both hemispheres, similar to the pattern of the AOT change.

Considering anthropogenic aerosols alone, the whole sky TOA DREs would be
−2.48 (land), −0.95 (ocean), and −1.41 (global) for the base case study and they15

are enhanced to be −3.33/−1.26/−1.86 respectively in the clear sky condition. The
changes of the TOA DREs due to different spatial resolutions are 16.9%/13.7%/15.1%
for the whole sky condition and 15.6%/12.7%/14.9% for the clear sky condition. These
changes are larger than those contributed from all aerosols even over oceans. This
behavior can be confirmed from the Fig. 1 which shows that the sensitivity of MEE to20

RH is much higher for anthropogenic aerosols than for sea-salt aerosols.
The change of aerosol TOA DRE due to the change of the RH resolutions is not large

considering that it has a wide range of aerosol DRE estimates from literature based on
measurements and model simulations. Nevertheless, the change is systematic: the
higher the resolution, the higher the TOA DRE.25
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4 Conclusions

We investigated the impacts of using RHs representing different spatial and temporal
resolutions on AOT and aerosol TOA DRE simulations. One firm conclusion is that AOT
and TOA DRE always increase with an increase in the RH resolution. On a global basis,
the AOT increases by 11% with the higher spatial resolution and 4% with the higher5

temporal resolution (note that the magnitude of spatial resolution change is twice of that
of temporal resolution change). Correspondingly, DRE at the TOA increases by 9% and
3% for a use of the higher spatial and temporal resolution respectively. Accounting for
anthropogenic aerosols alone for both clear and whole skies increases the TOA DRE
of the finer spatial resolution even higher by 15% because the sensitivity of MEE to RH10

is much higher for anthropogenic aerosols than for sea-salt aerosols. On a regional
scale, the influence of the higher spatial resolution of RH becomes much stronger. The
AOT usually increases by more than 20% over Western Europe and Eastern North
America (note that the AOT itself is also higher over these regions) and could increase
by more than a factor of 2 over the Andes Mountains. Overall, the AOT change is larger15

in middle latitudes than in tropical regions, largely because of the larger contribution of
hydrophobic dust in tropical regions.

Two features of the RH field, its magnitude and variation, are key factors in deter-
mining where and when AOT is most sensitive to RH. Over low RH regions, such as
deserts, AOT is insensitive to the choice of RH resolution due to both the aerosol20

composition (dust dominated) and aerosol optical property (small MEE change even
for hygroscopic aerosols) in such regions. Over high RH regions, such as over most
ocean areas, Europe, and the east coasts of continents, the importance of relative
humidity (RH) on aerosol optical thickness (AOT) is substantially amplified because of
hygroscopicity of aerosols in these regions.25

Our study indicates that the simulated AOT is sensitive to the RH resolution. Two
questions raised here are whether the AOT continues to increase when the RH reso-
lution is increased, and whether a ‘best’ resolution can be determined that represents
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a promise between accuracy and model efficiency. Instinctively, we think that such a
resolution can be found because the sensitivity of the AOT will decline as the spatial
(or temporal) heterogeneity of RH between grid boxes (or over an averaged period)
weakens as the resolution increases. The resolution required for an adequate accu-
racy is likely depends on region. Our results indicate that the middle latitudes of both5

hemispheres tend to require a higher resolution than tropical regions in order to have
the same AOT variation when RH resolution varies.

Our study indicates that the 24% diversity among the AOT annual global means (i.e.
0.11–0.14) from 20 different modules in an AeroCom AOT study (Kinne et al., 2006)
could be easily induced by the varying model resolutions since the RH resolutions of10

the involved modules change about 186 times (i.e. from 1.1◦ (latitude) ×1.1◦ (longi-
tude) to 10◦×22.5◦). Of course, the complexity of an aerosol physical and chemical
system makes a conclusion more difficult. One way to improve the performance of a
system is to better understand each process. The key conclusion of this paper is that
increasing RH resolution increases the simulated AOT (and DRE). In other words, a15

high resolution model should have a larger, yet close to reality, AOT simulation than a
low resolution model, and vise versa. If not (very likely due to the complexity of the
system), then further investigation is required. In the AeroCom comparison, we need
to bear this in mind.

The objective of this paper was to investigate the potential AOT and aerosol DRE bias20

resulting from the use of different model resolutions in model intercomparisons. The
study of the three RH fields, representing current commonly used model resolutions,
serves as a first step toward this goal. Nevertheless, the magnitude of the AOT vari-
ation associated with the RH resolution is subject to several limitations in the model’s
ability to resolve aerosol microphysical processes in the real atmosphere (Haywood25

et al., 1997, 1998; Ghan and Easter, 1998). Exploration of the activation of aerosol
particles in cloudy regions is beyond the scope of this study.

The variation of AOT with RH field is a broad issue. In addition to MEE uncertainty
(as well as AOT) due to the sub-grid RH variation as we discussed in this paper, the
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aerosol MEE could also vary significantly even at a given RH. For example, measure-
ments during recent field campaigns indicated that, compared to the value of dry (RH
≤ 40%) sulfate particles, the sulfate MEE at RH 85% was enhanced by about 3.5 times
for ACEAsia, 3.0 for ICARTT, and 2.0 for INDOEX (Quinn et al., 2005). The value
was 3.3 in our model. Part of the reason for such a large MEE uncertainty at RH5

85% may be the different aerosol heritages in the different environments. Currently,
most global/regional models parameterize aerosol size distribution and refractive in-
dex, which determine MEE through the Mie-theory, to be an empirical function of RH
based on limited observations (Köpke et al., 1997; Chin et al., 2002). Clearly, this
approach implies uncertainties in the growth calculation because10

1. the fitting curve was frequently obtained from observational data that has a wide
range;

2. the sampled observations may not fully represent the complexity of atmospheric
processes due to different aerosol composition and the heritage of the particles
(i.e. deliquescence and crystallization) (Jordanov and Zellner, 2006; Pant et al.,15

2006; Chan et al., 2006; Semeniuk et al., 2007).
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Table 1. Spatial and temporal resolutions of RH used in the three experimentsa.

experiments spatial resolutionb averaged over (h)
(latitude×longitude)

BASE 2◦×2.5◦c 3
CTRH 1◦×1.25◦ 3
CTRT 2◦×2.5◦ 6

a All experiments use GMI aerosol mass with spatial resolution 2◦×2.5◦.
b All experiments have 42 vertical layers to top lit at 0.01 mb.
c RH averaged from 1◦×1.25◦.
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Table 2. The aerosol TOA DREs of the three experiments and the percentage changes of the
aerosol DREs between the controlled and base cases.

Ocean Land Global
BASE CTRH CTRT BASE CTRH CTRT BASE CTRH CTRT

clear sky DRE (W/m2) −4.4 −4.8 −4.2 −8.4 −9.1 −8.3 −5.6 −6.1 −5.4
dDRE∗ (%) 8.9 3.5 8.0 2.1 8.4 2.9

whole sky DRE (W/m2) −3.3 −3.6 −3.2 −6.9 −7.4 −6.8 −4.4 −4.8 −4.3
dDRE (%) 9.3 3.1 7.7 1.9 8.5 2.6

∗ dDRE(CTRH)=[AOT(CTRH)–AOT(BASE)]/AOT(BASE)
dDRE(CTRT)=[AOT(BASE)–AOT(CTRT)]/AOT(CTRT)
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Fig. 1. Mass extinction efficiencies (at λ=550 nm) of sea salt particles (left) and fossil fuel
particles (right) as a function of relative humidity. Two color lines in the left are corresponding to
fine and coarse modes of sea salt particles. Fossil fuel aerosol contains internal mixed sulfate,
black carbon, and organic carbon. Four color lines in the right are associated with four different
aerosol compositions indicated by different weighted BC. MEEs are calculated by Mie-theory
with the basic information of aerosol size distribution and refractive index.
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Fig. 2. Aerosol Optical Thickness (AOT) at 550 nm in April 2001 from GMI base case simulation
(upper panel) and satellite measurements of MODIS (middle panel) and MISR (lower-panel).
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Fig. 3. Comparison of AOT (550 nm) in April 2001 between GMI simulation and AERONET
measurement (upper panel) over AERONET sites (lower panel). The R and B are the correla-
tion and relative bias between model and measurement respectively.
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Fig. 4. Absolute (upper-panel) and relative (lower-panel) monthly mean AOT differences in
April 2001 when use RH horizontal resolution of 1◦(latitude)×1.25◦(longitude) vs. 2◦×2.5◦.
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Fig. 5. Zonal mean AOT absolute (upper panel) and relative (lower panel) changes in every 10◦

latitudes caused by the change of RH horizontal resolutions. Blue squares are annual averaged
values. The vertical bars represent the seasonal variations. In the most right are regional data
for eastern America (A), Western Europe (E), and eastern China (C).
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Fig. 6. Similar to Fig. 4, but with RH averaged over 3-h intervals vs. 6-h intervals (note scale
difference with Fig. 4).
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Fig. 7. Similar to Fig. 5, but for the change of RH temporal resolutions.
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RH at 20° S

Fig. 8. Global RH field for April 2001 at the vertical layer of 930 mb (upper panel). The detail RH
change over four locations (white circles) will show in Fig. 9. The lower panel shows vertical-
longitude RH (2×2.5 3h) distribution at latitude 20◦S for April 2001. Andes Mountain is located
around longitude 60◦−70◦ W as indicated by an open black circle.
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Fig. 9. RH at two land sites (upper panel) and two ocean sites (lower panel). The locations
of the four sites (A (110◦ E, 28◦ N); E (30◦ E, 56◦ N); I (90◦ E, 30◦ S); and S (30◦ E, 60◦ S)) are
shown in Fig. 8 (white circles). The solid lines represent daily mean and dot lines are for 3-h
average.
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