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The dependence of cloud optical depth on cloud top tem-
perature has been explored using ISCCP satellite data by 
Tselioudis et al 1992 that cloud optical depth increases 
with cold temperatures and decreases with warm tem-
peratures.   There is a growing interest of using this rela-
tionship to evaluate global climate modeling results and 
study long-term cloud feedback on climate change 
(Gordon and Klein 2012).   However there is a lack of sys-
tematic investigation of this relationship based on 
ground-based observations.  To extend the approach in 
Del Genio and Wolf (2000) on using ARM observation, we 
revisit this relationship using most updated long-term 
quality-controlled data to 1) provide a more accurate 
quantification of this relationship and 2) explore physical 
mechanisms that determine the relationship.  

Tselioudis et al 1992 based on ISCCP satellite data
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content (LWC) that is assumed to increase with tem-
perature at either the adiabatic rate, a fraction thereof,
or at a rate determined by the saturation humidity of
water vapor, an even more extreme behavior (Phillips
1994). However, GCMs with prognostic cloud water
budget approaches to parameterization produce a wide
variety of optical thickness feedbacks for several rea-
sons. Senior and Mitchell (1993) predict a negative op-
tical thickness feedback in the U.K. Met. Office GCM,
their results being dominated by the approximately adi-
abatic temperature dependence of liquid water content
their model simulates. However, increasing cloud water
affects both the albedo and emissivity of clouds. In an
early version of the ECHAM GCM (Roeckner 1988),
the positive feedback due to the increased greenhouse
effect of high clouds in a warmer climate outweighs the
negative feedback due to increased albedo of all clouds,
giving an overall small positive optical thickness feed-
back despite approximately adiabatic liquid water be-
havior in their model. Furthermore, climate changes in
sinks of cloud liquid water can sometimes outweigh
changes in the condensation source. Li and LeTreut
(1992), for example, simulate a strong positive optical
thickness feedback in the LMD GCM because, beyond
a threshold liquid water content value, water is lost via
precipitation, and this happens more readily in the
warmer climate. Finally, it must be remembered that
liquid water content is only one contributing factor to
optical thickness feedback. In general we can write the
visible cloud optical thickness � as

� � 1.5���z/(�wre),

where � is the liquid water content, �z the cloud phys-
ical thickness, �w the density of liquid water, re the ef-
fective radius of the droplet size distribution, and � a
scaling parameter that takes into account the radiative
effects of subgrid-scale liquid water inhomogeneity. Cli-
mate changes in any of these other parameters might
conceivably alter the feedback due to liquid water con-
tent changes alone.
Available observational evidence suggests that the

behavior of the optical properties of clouds is indeed
more complex than the simple behavior of adiabatic
liquid water content. The basis for Somerville and Re-
mer’s original calculation of negative cloud optics feed-
back was a compilation of aircraft liquid water estimates
made over the former Soviet Union by Feigelson (1978);
these showed generally increasing liquid water content
with temperature, except for a slight downturn at T �
10�C. On the other hand, satellite microwave observa-
tions of the North Atlantic by Curry et al. (1990) showed
no tendency for vertically integrated liquid water paths
to increase with temperature. Tselioudis et al. (1992)
and Tselioudis and Rossow (1994) performed a global
survey of the temperature dependence of the optical
thickness of low clouds in the International Satellite
Cloud Climatology Project (ISCCP) dataset. They found
that � increases with temperature (T) at cold tempera-

tures, especially over land (consistent with Feigelson’s
liquid water content data), but it decreases with increas-
ing temperature at warm temperatures, especially over
the oceans. Greenwald et al. (1995) observed similar
behavior in their analysis of Special Sensor Microwave
Imager (SSM/I) oceanic cloud liquid water paths.
These results appear to have significant implications

for GCM estimates of cloud feedback in a climate
change. Tselioudis et al. (1998) show that the Goddard
Institute for Space Studies (GISS) GCM at least qual-
itatively reproduces the latitudinal variation of low
cloud d� /dT in the current climate (from positive at high
latitudes to negative at lower latitudes) and that this
behavior is diagnostic of the low cloud optics feedback
in a CO2 doubling simulation. The net effect is that low
cloud optics feedback decreases the polar amplification
of climate warming predicted by all GCMs. Yao and
Del Genio (1999) showed that the net global cloud op-
tics feedback in the GCM was slightly positive, because
the generally positive feedback from low clouds was
largely offset by the negative feedback due to thickening
of high cumulus anvil clouds. They pointed out that,
given the observational evidence for the temperature
dependence of � globally, the Intergovernmental Panel
on Climate Change (IPCC, Houghton et al. 1996) es-
timate of the low end of the range of possible climate
sensitivities (unchanged from the original 1.5�C) should
be increased by at least half a degree.
Satellite data by themselves cannot reveal the phys-

ical mechanisms responsible for this peculiar aspect of
low cloud behavior. In the GISS GCM, the latitudinal
variation in the sign of d� /dT occurs for three different
reasons: 1) at high latitudes, the behavior is close to
that inferred from the temperature dependence of adi-
abatic liquid water content; 2) in the subtropics, there
is a weak tendency for clouds to thin with warming due
to decreasing cloud physical thickness associated with
decreasing relative humidity and/or increasing stability;
3) in the tropics, drizzle and entrainment depletion of
liquid water tend to make low clouds less opaque with
warming. Although plausible, these mechanisms have
not been verified as the explanation of the satellite re-
sults. One potential source of insights is the climatol-
ogies of cloud and atmospheric parameters being ac-
quired by the Department of Energy (DOE) Atmospher-
ic Radiation Measurement Program (ARM) Cloud and
Radiation Testbed (CART) sites at three locations, one
each in the midlatitudes, Tropics, and polar regions. The
midlatitude southern Great Plains (SGP) CART site has
been in operation long enough for a climatologically
significant dataset to have been processed. In the ISCCP
data, land areas at the latitude of the SGP (36.6�N)
exhibit low cloud d� /dT � 0 in winter and d� /dT � 0
in summer (see Fig. 2a of Tselioudis and Rossow 1994),
so the ARM dataset may provide insights into the causes
of the transition from negative to positive cloud optics
feedback. In the next section, we describe the data and
analysis techniques employed. Section 3 discusses the

US Department of Energy Atmospheric Radiation Measure-
ment (ARM) program Climate Research Facilities at US 
Southern Great Plains (SGP) and North Slope of Alaska 
(NSA) provide a long-term measurement of atmospheric 
state and cloud‛s radiative, microphysical and macrophysi-
cal properties.  We 
1. Select single-layer near-overcast (fraction > 90%) low-
clouds (< 5km) based on hourly-mean ARSCL cloud fraction. 
2. Make use of independent measurement and retrievals of 
cloud properties to tackle the factors that may contribute 
to the dependence of cloud optical depth on temperature.     

Data Used
ARM Best Estimate (ARMBE)
ARM Cloud Retrieval Ensemble Data (ACRED)
MFRSR cloud optical depth by Q. Min
Atmospheric temperature by balloon soundings (LSSONDE)
Cloud base by Ceilometer or Micropause Lidar (MPL)
Cloud top by Millimeter Cloud Radar (MMCR)
ARM archived ISCCP cloud product at SGP and NSA site
Surface Meteorological Observation System (SMOS)
VISST Cloud products from P. Minnis‛ group at SGP site
IPCC CMIP3 model output data

d             ,the logarithmic derivative of cloud optical depth 
with temperature, is plotted against the cloud-top tem-
perature, which illustrate how the cloud optical depth-
temperature relation varies with temperature changes.  
At least 30 samples are used for calculation in each 15 K 
interval bin. Vertical bar denotes confidence interval of 
95%.

At SGP site, retrievals of liquid (ice) water content and 
liquid (ice) effective radius by Mace‛s algorithm (e.g. 
Mace et al 2002) are used for calculation; at NSA site, 
retrievals based on Shupe-Turner‛s algorithm (e.g. 
Turner et al 2007; Shupe et al 2005) are used for cal-
culation.  There are some differences if based on other 
retrieval algorithms (not shown here).  

ARM data are used to quantify the dependence of cloud 
optical depth on temperature and to explore major compo-
nents that contribute to this relationship.  We find the 
dependence of liquid water path and liquid water content 
on temperature likely to play a dominating role, however 
further investigation on the water/ice partition and re-
trievals on particle size is necessary.  There is uncertain-
ties  if different retrieval algorithms are used.   ARM 
data are also used to evaluate CMIP3/CFMIP model re-
sults and majority of the models capture this relation well. 
However inconsistency exists in the dependence of cloud 
physical thickness and cloud liquid water content on the 
cloud temperature.  Recent satellite data such as ISCCP 
and VISST are also used for comparison.
  
Next, we plan to 
1. Further examination of the difference between re-
trieval algorithms
2. Include other independent measurement of cloud optical 
depth, such as retrievals from AERONET or MPL (Chiu et 
al 2010) to quantify the uncertainties in the measurement 
of cloud optical depth
3. CFMIP model output at ARM sites will be used for more 
accurate model evaluation instead of latitudal band data
4. Further analysis on different environmental conditions 
such as coupled or decoupled sub-cloud layers


