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Decadal changes in cloud geographical distributions 

 
 

  
The latitudinal width of the tropics has increased during the last 25 years. The 

latitudinal width of cirrus geographic distributions has likely also increased as the 
latitudinal extent of the tropopause has increased. We propose to use AURA HIRDLS 
observations of cloud distributions and CALIPSO lidar cloud observations to determine 
the latitudinal extent of cirrus in the upper troposphere, and compare these 2005-2010 
tropical widths to those using SAGE, HALOE, ISAMS, and CLAES observations during 
1985-2005.  

The expansion of the Hadley circulation implies a poleward expansion of the band 
of subtropical subsidence leading to mid-latitude warming and a poleward shift in the 
subtropical dry zone, and less high clouds. We will prepare latitude-longitude maps of 
cirrus frequency of occurrence at selected pressure levels during 1985 - 2010 in the sub-
tropics. Comparisons of these maps will indicate if cirrus frequency of occurrence has 
changed in the sub-tropics.  

Since the experiments observe at different wavelengths, we will determine the 
best way to inter-compare the extinction data sets. This task will be approached from an 
empirical viewpoint (i.e. co-located extinction observations will be compared) and 
theoretical viewpoint (i.e. cirrus extinction versus cirrus radii curves at all observation 
wavelengths will be calculated and inter-compared). 

Analyses of the Level 2 data fields from the various experiments will produce 
time and spatially averaged data products (i.e. longitude-latitude maps at specific 
pressure levels), over a 25 year period of time, that will be made available to the research 
community. These maps will serve as useful constraints upon the multi-decadal cloud 
distributions generated by chemical-transport-microphysical and climate models. 
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 1

1. Introduction 
 
Clouds are recognized as an important uncertainty in the prediction of future climate 

change, and in general have an important impact upon the radiation budget of the atmosphere 
[Trenberth, Fasullo, and Kiehl, 2009]. Clouds are also involved in the microphysical-
transport processes that transfer water vapor from the upper troposphere into the stratosphere 
[Jensen and Pfister, 2004]. Changes in tropospheric temperatures and cirrus likely will lead 
to changes in the water vapor mixing ratio in the stratosphere, which has important 
implications for stratospheric ozone chemistry. Changes in cloud frequency of occurrence 
and the geographical distribution of cirrus are therefore linked to climate change in both the 
stratosphere and troposphere. 

The geographical distribution of cirrus is likely changing, since the latitudinal width 
of the tropics has increased by 2 to 8 during the last 25 years [Seidel et al., 2008]. Figure 1, 
from Seidel et al. [2008], illustrates that various studies consistently indicate that the width of 
the tropics has increased since 1979. Seidel and Randel [2007] report an expansion of 5 to 8 
in the latitudinal extent of the tropopause during 1979-2005 (i.e. an expansion of 1.9 to 3.1 
per decade, considering both hemispheres). Hu and Fu [2007] report a 2 to 4.5 expansion of 
the tropics during 1979-2005, based upon an analysis of three outgoing longwave radiation 
(OLR) data sets and the streamfunction fields from three reanalysis data sets. Fu et al. [2006] 
used satellite-based microwave observations of atmospheric temperature to calculate a mid-
latitude tropospheric warming and a 2 net widening of the tropics during 1979-2005. 
Hudson et al. [2006] demonstrated that 1979 – 2003 trends in ozone columns are in part due 
to an expansion of the tropics at a rate of 2.5  per 25 years for the Northern hemisphere. The 
observed widening appears to have occurred faster than climate models have predicted 
[Johanson and Fu, 2009]. 

 

 
Figure 1. Changes in the width of the tropics since 1979 as determined by several studies that 
utilize different field variables, as presented in Seidel et al. [2008]. 
 

Our proposal focuses upon using AURA, other A-train, and previous satellite data, 
with a focus on altitude-resolved cloud extinction data, to quantify how cloud geographical 
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distributions have changed during the last 25 years. Changes of interest include the width of 
the tropics, and changes in cloud frequencies of occurrence in the tropics and subtropics.  
Analyses of the Level 2 data fields from the various experiments will produce new time and 
spatially averaged data products (i.e. longitude-latitude maps at specific pressure levels), over 
a 25 year period of time, that will be made available to the research community. These maps 
will serve as useful constraints upon multi-decadal cloud fields generated by chemical-
transport-microphysical and climate models.  

The latitudinal width of cirrus has likely increased as the latitudinal extent of the 
tropical tropopause (i.e. the latitudinal extent of cold temperatures) has increased. We 
propose to use AURA observations of HIRDLS cloud distributions in the troposphere in 
conjunction with CALIPSO lidar cloud observations to determine the current latitudinal 
extent of cirrus in the tropics, and compare these 2005-2010 widths to those using SAGE, 
HALOE, ISAMS, and CLAES observations during 1985-2005. (See Table 1 on page 3 for an 
explanation of the Acronyms). 

As discussed by Hu and Fu [2007], an expansion of the Hadley circulation implies a 
poleward expansion of the band of subtropical subsidence leading to mid-latitude warming, a 
poleward shift in the subtropical dry zone, and less high clouds. We will prepare latitude-
longitude maps of cirrus frequency of occurrence at selected pressure levels throughout 1985 
- 2010 in the sub-tropics (with details discussed below in section 3.3). Comparisons of these 
maps will indicate if cirrus frequency of occurrence has changed in the sub-tropics.  

For the pre-Aura time frame we will analyze SAGE, HALOE, ISAMS, and CLAES 
experiments which measured altitude dependent cloud extinction profiles. The HALOE, 
ISAMS, and CLAES experiments on the Upper Atmosphere Research Satellite (UARS) 
measured cirrus extinction from 1991 to 2005 (see Table 2 below for specifics). The 
following paragraphs briefly discuss these data sets, discuss our rationale, and place our 
proposed analyses in relation to previous studies.  

Longitude-latitude seasonal maps of SAGE 1.02 m opaque and subvisual (i.e. 
optically thick and thin) cirrus in the troposphere, averaged for 1985 – 1990, are presented in 
Wang et al. [1996] at various tropospheric altitudes. Wang et al. [2002] used SAGE 1.02 m 
opaque cloud data to infer that mean cloud opacity decreased in the upper troposphere during 
1985 – 1998 in the tropics. This finding needs to be confirmed from an analysis of HALOE 
data. Trends in SAGE and HALOE subvisual cirrus in the upper troposphere in the tropics 
and subtropics have not yet been quantified. 

We will subset our data processing and analyses into three categories: all clouds, 
opaque, and subvisual cirrus, since the physical origins of opaque and subvisual cirrus are 
different. Opaque cirrus most likely is directly related to deep convection. Massie et al. 
[2002] used HALOE cirrus extinction data to determine that 50% of the subvisual cirrus is 
related to in-situ processes (i.e. the uplift of humid layers which are not related to deep 
convection), 

Massie et al. [2000] used HALOE extinction data to quantify that El Nińo related 
longitudinal shifts in deep convection produce longitudinal shifts in upper troposphere cirrus. 
Cirrus geographical distributions are therefore dependent upon where large relative humidity 
is located, time dependent patterns of deep tropical convection, and sea surface temperature 
patterns that are modulated by El Nińo / La Nińa cycles. Our analysis will calculate tropical 
widths with and without specific years in which El Nińo events are present. 
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Since the experiments observe at different wavelengths, we will determine the best 
way to inter-compare the extinction data sets and determine how to put the various extinction 
data sets onto a common footing. This task will be approached from an empirical viewpoint 
(i.e. co-located extinction observations will be compared) and theoretical viewpoint (i.e. 
cirrus extinction versus cirrus radii curves at all observation wavelengths will be calculated 
and inter-compared). The way in which the extinction data sets from the different 
experiments will be inter-compared is discussed below in section 3.2. Previous research has 
not analyzed the extinction data in a unified manner. 

One benefit in using the altitude dependent data is that it provides an independent 
calculation of high level cirrus cloud trends. There are differences in trends in high level 
clouds calculated from nadir view radiometer data. Wylie et al. [2005] note that HIRS data 
from 1979 to 2001 show a small but statistically significant increase in high level clouds in 
the tropics and northern hemisphere (i.e. 2% per decade in the mid-latitudes), while ISCCP 
data indicates little change in high clouds. Since the CALIPSO experiment and the five limb-
view experiments are sensitive to high level cirrus, our analyses of cirrus trends will help 
resolve this discrepancy. 

We will also use MSU (channel 2) radiance and HIRS 6.3 m (channel 12) radiance 
data, to prepare latitude-longitude maps of (T2 – T12) brightness temperature differences in a 
manner similar to the cirrus maps. As discussed below in section 3.1, changes in (T2 – T12) 
are associated with changes in upper troposphere humidity. We will determine if there are 
coherent geospatial patterns and trends that indicate a consistent picture (e.g. whether 
changes in cloud frequency of occurrence in the tropics and subtropics are correlated with 
changes in relative humidity).  

The following sections discuss our objectives, the data that we will process, and the 
calculations that we will perform in order to determine how cirrus has changed during the 
last 25 years.  
 
2. Objectives 
 

Our objectives are to: 
 

A) Use radiative transfer cirrus calculations and co-located extinction datasets at different 
wavelengths to determine how to inter-compare cirrus data from the different satellite 
experiments. 
 
B) Determine if the latitudinal distributions of opaque and subvisual cirrus in the troposphere 
have changed during the last 25 years in the tropics and subtropics.  
 
C) Determine if changes in the cirrus distributions in the tropics and subtropics are associated 
with changes in relative humidity in the upper troposphere. 
 
D) Produce time and spatially averaged data products (i.e. longitude-latitude maps at specific 
pressure levels), from the experiments discussed above, that will be made available to the 
research community. These new data products will place useful constraints on cloud field 
simulations by 3d chemical-transport-microphysical and climate models.  
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3. Technical Approach and Methodology 
 
 This section of the proposal discusses our technical approach to meet the objectives 
outlined above. Section 3.1 discusses the data sets we will use in our analyses, Section 3.2 
discusses how the inter-satellite comparisons will be accomplished, and Section 3.3 discusses 
our proposed observational analyses. 
 
3.1 Observations 
 

Since our proposal focuses upon analyses of many satellite data sets, we start with an 
acronym list, followed by a tabulation of the extinction fields that will be analyzed. 
 
Table 1.  Acronyms 
Acronym   
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 
CLAES  Cryogenic Limb Array Etalon Spectrometer 
HALOE  Halogen Occultation Experiment 
HIRDLS  High Resolution Dynamics Limb Sounder 
HIRS   High Resolution Infrared Radiometer Sounder 
ISAMS  Improved Stratospheric and Mesospheric Sounder 
ISCCP   International Satellite Cloud Climatology Project 
MSU   Microwave Sounding Unit 
RL-GEOPROF Radar-Lidar Geometrical Profile Product 
SAGE   Stratospheric Aerosol and Gas Experiment 
UARS   Upper Atmosphere Research Satellite 
 
Table 2. Listing of extinction and cloud layer data sets. 
Experiment  Observation Years  Observation Wavelengths 
SAGE   1985 – 1999   1.02, 0.525, 0.452, 0.386 m 
UARS HALOE 1991 – 2005   5.26, 3.46, 3.40, 2.45 
UARS CLAES 1991 – 1993   12.8, 12.6, 11.9, 11.4, 10.8, 7.9, 6.2 
UARS ISAMS  1991 – 1992   12.1, 6.2 
AURA HIRDLS 2005 – 2007   12.1 
CALIPSO  2006 – present   1.064, 0.532 
RL-GEOPROF 2006 – present   1.064, 0.532, and 94 GHz 
 
Table 3. Long term data. 
Experiment    Observation Years 
MSU radiances (channels 2 and 4)  1985-present      
HIRS radiances  (6.3 m)  1985-present  
 

Table 2 emphasizes that the AURA HIRDLS and UARS CLAES and ISAMS 
experiments all measure extinction at 12 m. Gas optical depths in the infrared are the lowest 
possible at 12 m, and this “window region” is very sensitive to the presence of aerosol and 
clouds. Many of the experiments also measure extinction at other wavelengths.  
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SAGE and HALOE solar occultation experiments have vertical fields of view of 0.5 
and 1.6 km, respectively. The solar occultation technique is “self calibrating” since signal 
counts at high and lower altitudes are used to derive very accurate atmospheric transmissions. 
Validation of SAGE and HALOE extinctions (with accuracies on the order of 20 and 30 %, 
respectively) are discussed by Hervig and Deshler [2002]. CLAES and ISAMS are limb-
view emission experiments with vertical resolutions of 2.5 and 2.4 km, respectively. 
Validation of CLAES and ISAMS extinctions (with accuracies on the order of 33 and 25 %, 
respectively) are discussed by Massie et al. [1996] and Lambert et al. [1996], respectively.  

The HIRDLS experiment on the AURA platform is also a limb-view emission 
experiment. HIRDLS suffered a serious problem during launch when instrument insulation 
came loose and covered, depending upon the particular spectral channel, 80% to 98% of the 
scan mirror. The HIRDLS team, however, has been able to correct the observed radiances for 
the obscuration signal for many of the 21 HIRDLS channels, archiving temperature, O3, 
CFC11, CFC12, HNO3, and 12 m extinction profiles [Khosravi et al., 2009]. Validation of 
the HIRDLS cloud products is discussed by Massie et al. [2007]. HIRDLS has a vertical 
resolution of 1 km, making a complete set of measurements every 10 seconds.  

The CALIPSO nadir-viewing lidar in the NASA A-train observes at 0.532 and 1.064 
m [Winker et al. 2007] and has high vertical resolution (~100 m). We use CLay (i.e. cloud 
layer) data files, and average the data into vertical altitude bins of 1 km. These files specify 
the tops and bottoms of all detected cloud layers for each 5 km ground-track horizontal 
length, from which cloud frequency of occurrence can be calculated.  

 
Figure 2.  Cloud frequency of occurrence from HIRDLS and CALIPSO observations in June 
of 2007 at 161 hPa and 13 km, respectively, and MLS RHI at 177 hPa [Massie et al. 2010]. 
The vertical resolutions are ~ 1km for the HIRDLS and CALIPSO maps, while the MLS RHI 
data has a 4 km vertical field of view. 
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We also will analyze the RL-GEOPROF data product [Mace et al. 2009], which 
specifies the upper and lower altitudes of cloud layers as observed jointly by the CloudSat 
and CALIPSO experiments. The CloudSat 94 GHz radar and CALIPSO lidar are separated 
by 10 seconds in the A-train, and together measure cloud structure throughout the 
troposphere. The CloudSat and CALIPSO experiments are sensitive to optically thick clouds 
in the lower troposphere and optically thin clouds in the upper troposphere, respectively. 

The cloud maps produced by HIRDLS agree very well with those produced by the 
CALIPSO experiment. Figure 2 presents cloud frequency of occurrence maps for a single 
month (June 2007) at 161 hPa (for HIRDLS) and 13 km (for CALIPSO). The HIRDLS map  
was produced by using extinction in the 9.0 x 10-4 to 1.0 x 10-2 km-1 range.  The 9.0 x 10-4 
km-1 12 m cirrus threshold was determined by Mergenthaler et al. [1999] based upon an 
analysis of CLAES 12 m extinction data. The CALIPSO map was produced from analysis 
of CALIPSO CLay files.  It is apparent that the geospatial features from the two experiments 
are very similar.  

Figure 2 indicates that sampling is sufficient for the HIRDLS and CALIPSO 
experiments to calculate monthly longitude-latitude maps at specific pressure levels with a 
vertical resolution of ~ 1 km. These monthly maps, for 2005 – present, have many fine 
geospatial details, and will serve as stringent tests of the accuracy of the cloud fields 
generated by chemical-transport-microphysical and climate models. 
 We will also relate the cirrus cloud fields to proxy relative humidity data to determine 
if moisture is increasing or decreasing during the last 25 years for the tropics and sub-tropics 
(i.e. determine if changes in cirrus frequency of occurrence are correlated with changes in 
upper tropospheric humidity). Long-term data sets of relative humidity, however, are of 
various degrees of suitability. Soden et al. [2005] discuss the difficulties in using weather 
balloon, global reanalysis, and other datasets to quantify changes in relative humidity.  Soden 
et al. [2005] use HIRS 6.3 m water vapor band radiances and MSU channel 2 radiances in 
their study of upper tropospheric moistening. HIRS channel 12 radiances (i.e. T12 brightness 
temperatures) are sensitive to water vapor in the upper troposphere from 200 to 500 hPa, 
while the MSU channel 2 radiances (i.e. T2 brightness temperatures) are sensitive to 
temperature from 200 to 800 hPa. Changes in (T2 – T12) brightness temperature differences 
are related to changes in atmospheric moisture. Soden et al. [2005] report an increase in (T2 
– T12) during 1984 – 2004, indicating a moistening of the upper troposphere. We slightly 
modify the Soden methodology by using MSU channel 4 brightness temperatures to remove 
the stratospheric contribution to T2 (i.e. see equation 1 of Fu et al., 2004), calculating a 
modified T2 brightness temperature T2*. We will determine if changes in (T2* – T12) are 
correlated with changes in cirrus frequency of occurrence. Drs. Fu and Johanson have direct 
experience with these data sets [Fu et al., 2004; Fu et al., 2006; Hu and Fu, 2007]. 
 
3.2 Inter-satellite comparisons 
 

Since the various experiments observe at different wavelengths (), it is important to 
determine the best way to inter-compare the extinction data sets. We essentially need to 
know for subvisual cirrus of radii between r1 and r2, and opaque cirrus of radii between r3 and 
r4, the extinction ranges [(, r1), (, r2)] and [(, r3), (, r4)], and scaling curves [(12 
m, r) / (, r)], for each wavelength for each experiment. This knowledge will allow us to 
put the different extinction data sets on a common footing. The extinction ranges will be used 
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to calculate cloud frequencies of occurrence, while the scaling curves will allow us to 
calculate “12 m scaled” extinctions. 

We approach this task from both empirical and theoretical viewpoints.  
 

a) Theoretical calculations 
From the theoretical point of view, we will calculate (, rm) for representative cirrus 

size distributions, with rm standing for the mean radius of the size distributions. This allows 
us to calculate extinction ranges [(, r1), (, r4)], [(, r1), (, r2)], and [(, r3),(, r4)] 
for the three cloud cases (all clouds, subvisual cirrus, and opaque cloud cases), as well as the 
scaling curves [(12 m, r) / (, r)]. This task requires knowledge of the particle radii (r) 
ranges of the opaque and subvisual cirrus, particle size distributions, the most likely habits 
(shapes) of these particles, the wavelength dependence of the indices of refraction of ice, and 
the optical properties of the cirrus (e.g. Qext (r, ) extinction efficiencies). 

 Many of these specifications are fairly well known. Previous work has adopted 
reasonable ranges of extinction for opaque and subvisual cirrus. Figure 1 of Wang et al. 
[1996] specifies that SAGE subvisual and opaque cloud 1.02 m extinction ranges 
correspond to the 2.5 x 10-4 to 3.0 x 10-2 km-1 range, and extinctions greater than 2.5 x 10-2 
km-1, respectively. Previous work also has determined that subvisual cirrus corresponds to 
radii between 0.5 and 25 m [Lynch and Sassen, 2002]. Yang et al. [2005] tabulate Qext, 

particle volume, area, scattering albedo, asymmetry parameter, and phase functions for six 
crystal habits for single particles ranging in size from 2 to 9950 m at 49 wavelengths from 
3.08 to 100 m. Bi et al. [2009] discusses extinction ratios for realistic cirrus particles at the 
CALIPSO wavelengths of 0.532 and 1.064 m. The indices of refraction of ice [Warren and 
Brandt, 2008] are well established. We will also consult with Dr. Andrew Heymsfield of 
NCAR as to which cloud radii, shape, and cloud particle size distributions are most 
appropriate for our opaque and subvisual cirrus radiative transfer calculations. 
 
b) Empirical scaling curves 

From Table 2 it is apparent that there is temporal and spatial overlap between many 
of the experiments. For example, SAGE observes for many years (1991-1999) that overlap 
with those of HALOE, and with CLAES for a smaller number of years (1991-1993).  We 
propose to calculate CLAES versus HALOE, CLAES versus SAGE, and SAGE versus 
HALOE etc, scatter graphs of co-located extinction to determine empirically the extinction 
scaling curves.  

The second empirical set of calculations will involve taking ratios of extinction, e.g. 
the ratio of 6 and 12 m ISAMS or CLAES extinction. 6 m is the peak of the infrared 
extinction spectrum of sulfate aerosol. The ratio (6 m) / (12 m) is different from unity 
for sulfate aerosol, and asymptotes towards unity as cirrus particle size increases (since the 
Qext efficiency coefficient approaches a value of 2 for “large” particles at both wavelengths). 
Graphs of (6 m) / (12 m) versus (12 m) will indicate the lower extinction threshold 
of cirrus detection at 12 m.  
 
c) Radii analyses 

We will analyze multi-wavelength extinction from HALOE observations to estimate 
cirrus radii (i.e. calculate probability distribution functions of cirrus rm values). The 
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wavelength dependence of the HALOE cirrus extinction spectrum is dependent upon cloud 
particle size. For large particles the extinction efficiency asymptotes to a value of 2, and the 
HALOE extinction spectra is flat. Analysis of HALOE extinction data will provide useful 
estimates of subvisual cirrus radii which can be used to confirm the calculations in step (a). 

Figure 3A displays observed HALOE extinction ratios form 30 S to 30 N from 1998 
through 2005 for pressures between 171 and 100 hPa. As discussed in Massie et al [2002], 

HALOE 3.46 m extinctions greater than 4 x 10-4 km-1 are most likely cirrus. The ratios in 
Figure 3A change in a systematic manner as extinction increases. The utilization of ratios is 
useful since the number density of the cirrus size distribution cancels out in the numerator 
and denominator of the ratio of the extinction integrals. The 5.26 to 3.46 m extinction ratios 
are ~1.07 on average. Column shapes are more likely than hexagonal plates, since the 3.40 to 
3.46 m extinction ratio is greater than unity.  The data in Figure 3 are consistent with 
column-shaped cirrus with radii near 8.5 m. 
 

 
 
Figure 3. A) HALOE extinction ratios expressed as a function of 3.46 m extinction. The 
5.26 to 3.46 m extinction ratio is ~1.07. B)  Extinction ratios for hexagonal plates and solid 
columns are calculated using the Yang et al. [2005] scattering database. The solid column 
curves suggest a maximum diameter near 17 m, marked by the “O” in panel B. 
 

We anticipate that there will be a consistent story indicated by the calculations of 
steps a), b), and c). Based upon our synthesis of the calculations, we will produce scaling 
curves [(12 m, r) / (, r)], and extinction ranges for all three cloud types (all clouds, 
opaque clouds, and the subvisual cirrus), for all wavelengths at which the different 
instruments measure extinction. 
 
3.3 Observational analyses 
 

Since solar occultation experiments observe only ~30 occultations per hemisphere per 
day, while limb-view emission experiments observe more often, sampling statistics are an 
important consideration. We propose to prepare latitude-longitude maps at various pressure 
levels and spatial and temporal scales in order to perform a trend analysis of cloud extinction 
and frequency of occurrence with adequate sampling statistics. 
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We will first prepare latitude-longitude maps of cirrus frequency of occurrence for 
each experiment at selected pressure levels, for each available month at a resolution of 2.5 
in latitude by 10 in longitude. The frequency of occurrence will be calculated using the 
extinction ranges for the three cloud types. Maps also will be prepared for the original 
extinctions and scaled extinctions (based on the scaling curves). These maps will then be 
averaged both in time and space (to lower horizontal resolutions) for each month, season 
(DJF, MAM, JJA, SON), and year, and also averaged in 5 year time bins from 1985 through 
2010.  

Using these maps, zonal averages for the tropics (20 S – 20 N) and northern 
subtropics (20 N – 40 N), and southern subtropics (40 S – 20 S) will be calculated. Time 
series of the zonal averages will be graphed, and least squares fitting will determine if there 
is a meaningful trend in the averages. Trend analysis will be done individually for each 
separate extinction data set. The trend analysis will also be performed for a subset of 
longitudes, e.g. over the Maritime continent (Indonesia). If the time trends are positive for the 
tropics and negative for the subtropics, then this result will be consistent with the general 
concept of changes in the Hadley circulation that are discussed above in the Introduction. 
 

 
 
Figure 4. Preliminary normalized distributions of cirrus frequency of occurrence as measured 
by the SAGE experiment in 1985 – 1990 for 14.5 – 16 km and the HIRDLS experiment in 
2006 for 100 - 121 hPa for 60 E to 180 E. The full-width half-max difference in the tropical 
widths is 6.7 (i.e. 3.5 per decade expansion of the tropics). 
 

Zonal mean cloud frequency of occurrence will also be calculated in 2.5  bins of 
latitude for 30 S to 30 N at various pressure levels in the upper troposphere for each of the 5 
year time periods. Full-width half-max (FWHM) widths of the tropics will be calculated for 
each of the data curves individually for each experiment. Figure 4 presents a preliminary set 
of SAGE and HIRDLS curves, normalized to unity for each curve. An extinction ratio 
technique, using (1.02 m) / (0.525 m) ratios, was applied to the SAGE data [Massie et 
al., 2003], and a cirrus extinction threshold of 9.0 x 10-4 km-1 was used for the HIRDLS data. 
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The solid line at a normalized value of 0.5 indicates that the SAGE tropical width (37.5) is 
less than that of the HIRDLS tropical width (44.2). The FWHM difference in the tropical 
widths of the two experiments is 6.7 (i.e. 3.5 per decade expansion in the tropics). The 
curves illustrate that the SAGE and HIRDLS data can be used to calculate tropical widths.  
 It is known that several issues need to be considered in our analysis. It is well known 
that the Mt. Pinatubo eruption perturbed the stratospheric aerosol field. The time bin for 
1990-1994 may be anomalous. El Nińo conditions are known to shift the longitudinal 
distribution of cirrus [Massie et al., 2000], and 1997 was a year of a significant El Nińo. 
Calculations need to be carried out with and without 1997 for the 1995-1999 time bin.  

We will use MSU (channels 2 and 4) radiances and HIRS 6.3 m (channel 12) 
radiance data, to prepare latitude-longitude maps of (T2* – T12) brightness temperature 
differences in a manner similar to the cirrus maps. (The last paragraph of section 3.1 
discusses the modified T2 brightness temperature T2*.)  We will determine if there are 
coherent geospatial longitude-latitude patterns and trends that indicate a consistent picture 
(e.g. changes in cloud frequency of occurrence in the tropics and subtropics are correlated 
with changes in relative humidity). Of particular interest is to see if there are decreases in 
cirrus in the upper troposphere in the sub-tropics that are related to decreases in relative 
humidity.  
 
5. Expected Significance 
 

If trends in the geographical distributions (i.e. frequency of occurrence) of cirrus in 
the tropics and subtropics are detected, they will provide important constraints on the cloud 
fields predicted by 3D transport-chemistry-microphysical and climate models that will be 
used to predict future changes in the troposphere and stratosphere.  

By determining how one can inter-relate the multi-wavelength extinction data sets, 
the usefulness of the individual data sets will be enhanced. 
 
6. Relevance to NASA objectives 
 

Section A.15 of the NASA ROSES AO lists research topics and objectives of 
particular importance to the Aura Science Team program. Our work is aligned with the 
following NASA science objectives: 
 
A) Combine AURA data with data from other sensors within the A-train and/or other 
satellites to study relevant scientific questions. 
 
B) Determine the impacts of trace gases on climate. 
 
C) Develop new data products not supported by the Aura core data analysis budget. 
 
We assume in B) that changes in the Hadley circulation are due to global warming (i.e. 
increases in CO2). 
 
With these objectives in mind, we: 
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A)  Analyze data from AURA (HIRDLS), A-train (CALIPSO, CloudSat), and other 20th 
century experiments (SAGE, HALOE, ISAMS, CLAES, MSU, HIRS). 
 
B)  Determine if the latitudinal width of cirrus has increased during the last 25 years. This 
will add to the consistent evidence from other studies that the Hadley circulation is changing. 
  
C)  Develop data products (i.e. longitude-latitude maps of cloud frequency of occurrence and 
extinction at various spatial and temporal resolutions for 1985 - 2010) that are based upon 
analyses of Level 2 data from multiple satellite experiments. These derived data products will 
be made available to the research community. 
 
7. General Plan of Work and Management Approach  
 

Qiang Fu is author on several papers on the theme of decadal changes of several 
important climate variables including tropospheric temperature, tropical widths, the Hadley 
circulation, and the Brewer-Dobson circulation. He is also an expert on the radiative 
properties of cirrus clouds. He will supervise postdoc Dr. Celeste Johanson who will work 
one month per year on this project. Steven Massie has worked directly with many of the 
extinction datasets discussed in this proposal, in validation and application studies. Rashid 
Khosravi has direct experience with the HIRDLS retrieval. Massie and Khosravi are 
members of the HIRDLS science team. They will work 37% per year on this project. Massie, 
Khosravi, Fu, and Johanson are responsible for the definition of tasks and the organization of 
the satellite data file processing. The data file processing tasks are primarily shared by 
Massie and Khosravi. Interpretation of the results is a shared activity by all four 
investigators. 
 
Year 1 
 
a) Process the original satellite data into files at specific pressure levels and various spatial 
(longitude-latitude) and temporal scales (from monthly to 5 year averages). 
 
b) Determine the extinction ranges for three cases (i.e. all clouds, opaque clouds, subvisual 
cirrus), prepare wavelength dependent scaling curves, and produce frequency of occurrence, 
unscaled extinction, and scaled extinction maps. 
 
Year 2 
 
a) Calculate trends in frequency of occurrence and extinction during 1985-2010 for the 
tropics and subtropics. 
 
b) Calculate tropical cloud distribution widths and trends. 
 
Year 3 
 
a) Refine the calculations, updating observations not available in the first two years of the 
study. 
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b) Investigate questions that invariably arise from the research conducted in the first two 
years of the project. 
 
c) Make available to NASA and the research community the spatial and temporally averaged 
data files (e.g. longitude-latitude maps). 
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BUDGET JUSTIFICATION – NARRATIVE 
STEVEN MASSIE, PI 
 
1. Table of Proposed Work Effort 
 

PERSONNEL Role Person-Months 

Dr. Steven Massie 
Senior Scientist 

PI 4.4 

Dr. Rashid Khosravi 
Project Scientist II 

Co-I 4.4 

Dr. Qiang Fu 
Professor 

Co-I 0.5 

Dr. Celeste Johanson 
Postdoctoral Fellow 

Postdoctoral 
Fellow 

1.0 

 
• Steven Massie is the PI of this proposal and will be responsible for the overall management 

of this project. Dr. Massie has worked directly with many of the extinction datasets 
discussed in this proposal, in validation and application studies. 

• Rashid Khosravi has direct experience with the HIRDLS retrieval.  

• Qiang Fu is the author on several papers on the theme of decadal changes of several 
important climate variables including tropospheric temperature, tropical widths, the Hadley 
circulation, and the Brewer-Dobson circulation. He is also an expert on the radiative 
properties of cirrus clouds. He will supervise postdoc Celeste Johanson. 

Massie, Khosravi, Fu, and Johanson are responsible for the definition of tasks and the 
organization of the satellite data file processing. The data file processing tasks are primarily 
shared by Massie and Khosravi. Interpretation of the results is a shared activity by all four 
investigators. 

2. Description of Facilities and Equipment 

The Atmospheric Chemistry Division (ACD) provides computational support for staff and visitors’ 
ranging from desktop systems to small clusters running Linux, Mac OSX, or Microsoft Windows 
operating systems.  Additional resources to facilitate research include several computational, 
graphical, and productivity software packages, printers, and high speed network access. 
 
 As a part of UCAR and NCAR, ACD has access to high-end computational and mass storage 
resources, a visualization laboratory, and the extensive technical expertise provided by the 
Computational and Information Systems Laboratory.  State of the art networks provide wide 
area connections which include a gigabit path to the Front Range Gigapop with high bandwidth 
connections to National Lambda Rail, Internet 2, and the commodity Internet.  The core 
computer room, networking closets, and network equipment are supported by uninterrupted 
power supplies and emergency power generation facilities.  These systems and networks are 
monitored around the clock by a dedicated operations staff who are prepared to resolve 
problems or escalate to expert staff should the need arise. 

3. Rationale and Basis of Estimate for all Components, Including Procurements, Travel, 
Publications Costs and all Sub awards 

Travel:  The budget includes travel funding for one person to attend the American Geophysical 
Union (AGU) fall meeting held each year in San Francisco, California in December for five days 
each year.  Cost estimates are based on the average travel expenses for such meetings in the 
past. 



Materials and Supplies: The budget includes funds for miscellaneous supplies as needs, such 
as computer upgrades and peripherals.  

Subaward: A subaward is requested for Dr. Qiang Fu, who is a uniquely qualified co-investigator 
working from the University of Washington. The request for Dr. Fu would support one half of one 
month salary each year for him and one month salary each year for his postdoctoral fellow, as 
wells as costs for travel to NCAR for collaboration on the proposed research. 

4. Award Instrument 

Should this proposal be selected for award we request that a grant be awarded to the University 
Corporation of Atmospheric Research (UCAR). 



 

BUDGET JUSTIFICATION – DETAILS 
STEVEN MASSIE, PI 

 
1. Direct Labor 

For this effort, the PI is budgeted at 37% time each year. Dr. Rashid Khosravi, Project 
Scientist II, is also budgeted at 37% effort each year.  Dr. Qiang Fu, Professor at the 
University of Washington (UW), is budgeted at 4.2% effort each year through a subaward  to 
UW. Dr. Celeste Johanson, Postdoctoral Fellow, is budgeted at 8.3% effort each year 
through the same subaward. 
 
Salaries are calculated at 86% for worked-time only.  Salary is budgeted with an increase of 
4% each fiscal year for inflation and merit raises.  Benefits are calculated at 51% of salary 
for fiscal year 2011. (Vacation, holidays, sick time, and other non-worked time are paid from 
the UCAR benefits pool). 

 
2. Other Direct Costs 

Subawards: See the attached statement of work, budget and budget justification of the 
University of Washington. 
 
The budget includes funds for miscellaneous materials and supplies necessary to perform 
the proposed work. These costs include but are not limited to software upgrades and other 
computer peripheral needs. The cost is based on past purchases and numerous web 
searches. These items will be used solely for this activity, for the direct research as well as 
for the presentations of the results.  
 
Travel: This budget includes costs for travel to cover meetings and related travel expenses 
as follows: 
 

Domestic Travel, all years 
One traveler, 5 days 

AGU Travel Cost  
Airfare $450 
Per Diem 550 
Lodging  800 
Registration 500 
Transportation: shuttle, local mileage, etc. 200 
Total Estimated Cost $2,500 

 
3. Facilities and Administrative Costs 

Indirect Costs are calculated at 49.8% for FY2011. The effective period of the rate is 
October 1, 2010 to September 30, 2011. Indirect Costs are applied to all modified total direct 
costs (MTDC). Items excluded from MTDC are equipment costing $5,000 or more, 
participant costs, and individual subcontract amounts in excess of $25,000 per fiscal year. 
 
The UCAR management fee is a fixed fee, calculated at 3% of MTDC and NCAR applied 
indirect costs. 
 
Computing Service Center (CSC) expenses are a method of distributing the cost of 
computer support personnel fairly among many different projects.  The CSC rate for FY11 is 
$4.80 per work hour of support.  The CSC rates are established each year within the 
framework of “Specialized Service Centers’ in OMB Circular A-122. 
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NCAR Proposal #
Period of Performance: 2/1/11 -
Date: 7/22/10
Initials: YEAR 1 YEAR 2 YEAR 3 TOTAL

NASA NASA NASA NASA
SALARIES & BENEFITS

Regular Salaries Participant Name Annual Salary CSC Rate
PI Steven Massie 110,167         37% ACD $4.80 35,521 36,942 38,420 110,883
Proj Scientist II Rashid Khosravi 92,255           37% ACD $4.80 29,746 30,936 32,173 92,855
TOTAL Salaries 65,267 67,878 70,593 203,738

Regular Benefits @ 0.51 33,286 34,618 36,002 103,906

MATERIALS & SUPPLIES
Misc 1,000 1,000 1,000 3,000
SUBTOTAL 1,000 1,000 1,000 3,000

PURCHASED SERVICES
Subaward Univ of Washington 21,483 22,267 23,083 66,833
SUBTOTAL 21,483 22,267 23,083 66,833

TRAVEL
Domestic 2,500 2,500 2,500 7,500
SUBTOTAL 2,500 2,500 2,500 7,500

SUBTOTAL Modified Total Direct Costs (MTDC) 123,536 128,263 133,178 384,977

NCAR INDIRECT COSTS (IC) @ 0.498 61,521 63,875 66,323 191,719

MTDC Items that include IC
COMPUTING SERVICE CENTER $4.80 6,354 6,354 6,354 19,062

TOTAL MTDC + Applied IC 191,411 198,492 205,855 595,758

UCAR Management Fee
(Applied to MTDC + IC) 0.03 5,742 5,955 6,176 17,873

TOTAL Funding to UCAR 197,153 204,447 212,031 613,631
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Decadal Changes in Cloud Geographical Distributions 
University of Washington 
Dr. Qiang Fu 

 
Statement of work: 
 
 Dr. Qiang Fu of the University of Washington will be a co-Investigator in Dr. Steven 
Massie’s (NCAR-ACD) proposal entitled “Decadal changes in cloud geographical 
distributions” to be submitted to the NASA Research Announcement ROSES 2010 
NNH10ZDA001N-AURA. He will conduct tasks for the project as specified in the 
following: 
 

1) Define the specific data file analysis tasks in collaboration with Massie and 
Khosravi. 

 
2) Define the data analyses in collaboration with Massie and Khosravi. 

 
3) Oversee the task comparing the width of tropics using various indices. 

 
4) Participate in the interpretation of the data analyses. 

 
5) Co-author scientific papers that document research findings from the above tasks. 

 
6) Report the findings of the studies at scientific meetings. 

 

 



BUDGET 

Name  Annual salary    Effort  Y1   Y2  Y3 

Q. Fu (co-I) $135,831    4.2% (0.5 month) $5,660  $5,886  $6,121 

C. Johanson  $52,000    8.3% (0ne month) $4,333  $4,507  $4,687 
(postdoc) 

 

Benefits (25.8%)     $2,578  $2,681  $2,788 

 

Travel       $1,200  $1,200  $1,200 

 

Total direct cost     $13,771 $14,274 $14,797 

 

Indirect cost (56%)     $7,712  $7,993  $8,286 

 

Totals       $21,483 $22,267 $23,083 

 

JUSTIFICATION 

• Qiang Fu, Professor at the University of Washington (P.I., 0.5 month summer 
salary/year). He will conduct tasks by defining the data analyses in collaboration with 
Massie and Khosravi, and participating in the interpretation of the data analyses, and 
write and report the research funding.  

• Celeste Johanson, Postdoc at the University of Washington.  Funding is requested to 
support Dr. Johanson for one month per year to perform work comparing the cloud 
fields as the index for the width of the tropics with other indices. 

• Benefits: The University of Washington pays benefits (Social Security, Health 
Insurance, Retirement, etc.) for employees, and these benefits are considered direct 
costs for personnel on this project.   

• Travels: $1,200 is budgeted per year for Qiang Fu/Celeste Johanson to visit 
Massie/Khosravi at NCAR for three days for the collaboration on the project. 

• Indirect Cost: Indirect costs are requested for all expenses, excluding equipment and 
graduate student tuition.  Rates are based on the most recent HHS/UW agreement. 
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Standard Information: 
 

1. The National Center for Atmospheric Research (NCAR) is operated by the University Corporation for Atmospheric 
Research (UCAR), DUNS# 078339587, under the sponsorship of the National Science Foundation (NSF). NSF, our 
cognizant audit agency, approves UCAR rates annually. Out year rates are estimated based on current rates and are 
subject to change. During certain time periods, budgets may include proposed rates, which are subject to review and 
approval of NSF. 
 

2. The salary budget includes direct labor charges only for time worked. The employee benefit rate includes direct charges 
for non-work time of vacation, sick leave, holidays and other paid leave, as well as standard staff benefits. The casual 
benefit rate applies to casual employees who do not receive the full benefit package.   
 

3. Indirect Costs are applied to all modified total direct costs (MTDC). Items excluded from MTDC are equipment costing 
$5,000 or more, participant costs, and individual subcontract amounts in excess of $25,000 per fiscal year.   
 

4. The UCAR management fee is a fixed fee, calculated as a % of proposed MTDC and NCAR applied indirect costs.    
 

5. The budget may include a charge for scientific computing and networking support in accordance with OMB circulars 
and NCAR management policy allocating the costs of scientific computing system infrastructure.   
 

6. NSF Co-sponsorship is defined as the value of resources funded by NSF to NCAR through the UCAR cooperative 
agreement that contribute to the performance of research sponsored by another organization.  NSF Co-sponsorship should 
not be viewed as cost sharing, as defined in OMB Circular A-110, as it is borne by the Federal Government. 
 

7. Non-NSF and NSF Grant research at NCAR is monitored by our sponsor, the National Science Foundation, in 
accordance with criteria and guidelines approved by NSF/Division of Atmospheric Sciences.   
 

8. For Federal Interagency Agreement Fund Transfers, NSF Administrative Cost recovery is applied at the current rate to 
total transfers. As a condition of NSF's entering into an interagency agreement or fund transfer, other Federal agencies 
must agree to the following conditions: 
 

• NSF will implement the agreement by awarding a Cooperative Support Agreement (CSA), or by amendment to an 
existing, applicable CSA issued to the University Corporation for Atmospheric Research under Cooperative 
Agreement No. ATM-0753581, or any successor agreement.   

 

• All fund transfers will be accepted and work performed under the terms and conditions of the Cooperative 
Agreement. NSF will not, itself, be directly responsible for the provision of the goods or services contemplated 
under NCAR's proposal to the other Federal Agency. 

 

• NSF assumes no liability for any costs above the funds obligated against the Cooperative Support Agreement. . 
 

• It is NCAR’s responsibility to provide the necessary financial and technical reports to the sponsoring agency in 
accordance with the terms and conditions of the sponsoring agency’s agreement. 

 

• In accordance with NSF policy, a portion of the fund transfer will be set aside to recover costs that NSF incurs in 
the management, administration and oversight of the funded activities at a rate determined by NSF.  

______________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

For funds provided by federal interagency agreement or fund transfer with NSF, the contact is, Ms. Kristin Spencer, Grant 
and Agreement Specialist, Division of Acquisition and Cooperative Support, National Science Foundation, 4201 Wilson 
Boulevard, Room 475 S, Arlington, VA  22230. Phone (703) 292-4585, Fax (703) 292-9141. If a proposal was written 
with the expectation of being funded by interagency transfer, the total funds requested include funds to cover NSF's 
administrative costs, based on NSF's current rate, related to undertaking this activity. The following language should be 
included in the interagency transfer documentation: “This agreement includes funds to cover NSF's administrative costs 
related to undertaking this activity.” Please refer to NCAR’s proposal number on all correspondence with NSF. 
 

For funds provided by direct agreement with UCAR, contractual arrangements should be made with Ms. Virginia 
Taberski, Manager of Sponsored Agreements, UCAR Sponsored Agreements, 1850 Table Mesa Drive, Boulder, CO  
80305, Phone (303) 497-2132, Fax (303) 497-8501. Please refer to NCAR’s proposal number on all correspondence with 
UCAR. 
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