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Abstract

[1] During the Tropical Composition, Clouds, and Climate Coupling (TC4) experiment in July-
August 2007, the NASA WB-57F and ER-2 aircraft made coordinated flights through a
tropopause subvisible cirrus (SVC) layer off the Pacific Coast of Central America. The ER-2
aircraft was equipped with a remote sensing payload that included the cloud physics lidar
(CPL). The WB-57F payload included cloud microphysical and trace gas measurements, and
the aircraft made four vertical profiles through the SVC layer shortly after the ER-2 flew over.
The in situ and remotely sensed data are used to quantify the meteorological and
microphysical properties of the SVC layer, and these data are compared to the limited set of
SVC measurements that have previously been made. It is found that the layer encountered
was particularly tenuous, with optical depths (1) between about 107 and 1073. From the in
situ and other meteorological data, radiative heating rate perturbations of ~0.05-0.1 K day™
are calculated. These heating rates are smaller than previous estimates for tropopause SVC,
consistent with the smaller rin the present study. Coverage statistics based on CPL data
from other TC4 flights indicate that this cloud was not an outlier among the sampled
population. SVC with properties similar to the one presented here are below the detection
limit of space-based lidars such as CALIPSO, and a comparison with the TC4 statistics
suggests that a majority (>50%) of tropopause SVC (with r < 0.01) could be unaccounted for
in studies using CALIPSO data.

1. Introduction

[2] Cirrus clouds play an important role in Earth's radiative energy balance, and may contribute
either a positive or negative radiative effect depending on their microphysical properties [e.g.,
Fu and Liou, 1993; Stephens et al., 1990]. Within the broader category of cirrus clouds,
subvisible cirrus clouds (SVC) with optical depths (1) less than ~0.03 have been found to have a
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net positive radiative effect on the top-of-atmosphere energy budget due to their infrared
“greenhouse” effect outweighing their solar “albedo” effect [Comstock et al., 2002; Fu and Liou,
1993; McFarquhar et al., 2000]. Similarly, thin cirrus (r < 0.3), which include SVC, have been
estimated to make a significant contribution to the global top-of-atmosphere (TOA) radiation
budget through their reduction of outgoing longwave radiation (OLR) [Haladay and Stephens,
2009].

[3] In this paper, we discuss aircraft measurements of a distinct class of SVC that have recently
been referred to as ultrathin tropical tropopause clouds (UTTCs) [Luo et al., 2003a, 2003b; Peter
et al., 2003]. We use tropopause SVC (or simply SVC) here as a label for laminar clouds that
have presumably formed in situ near the tropical tropopause, as opposed to cirrus clouds that
are associated with recent outflow from convection [Comstock et al., 2002; Pfister et al., 2001].
Note that most of these clouds will qualify as being subvisual based on their optical depth (7 <

0.03) [Sassen et al., 1989], but clouds with larger optical depths are not excluded from this
analysis.

[4] In addition to their radiative importance, tropopause SVC are likely involved in dehydration
and radiative heating of air as it ascends through the tropical uppermost troposphere into the
stratosphere [Corti et al., 2006; Jensen et al., 1996a; Luo et al., 2003a], thereby affecting the
rates of transport of chemical constituents from convective detrainment levels up to the
stratosphere. SVC may also impact tropical tropopause temperatures and play a role in
regulating the humidity of air entering the stratosphere [Rosenfield et al., 1998], which in turn
affects the radiative budget [Forster and Shine, 2002] and stratospheric ozone chemistry
[Dvortsov and Solomon, 2001].

[5] Compared to other cloud types, very few in situ measurements have been made of SVCin
part because of their high altitudes (>15 km) that necessitate the use of specialized high-
altitude research aircraft. As such, the microphysical and radiative properties of these clouds
are not well constrained. The only known in situ SVC measurements at the time of writing are
from the tropical Western Pacific in December 1973 [Heymsfield and Jahnsen, 1974; Heymsfield,
1986; McFarquhar et al., 2000], the Indian Ocean during APE-THESEQO in February and March
1999 [Luo et al., 2003a; Thomas et al., 2002], tropical West Africa during the AMMA campaign,
and the tropical Eastern Pacific during CR-AVE in 2006 [Lawson et al., 2008]. The SVC
measurements presented below were taken in the same region as those from CR-AVE, except
that these measurements were taken in July and August when the tropopause was relatively
warm (~200 K), as opposed to January and February for CR-AVE when the tropopause was very
cold (~190 K).

[6] Overall, the previous in situ measurements of SVC indicate relatively consistent
microphysical properties, with thicknesses ~100-1 km, ice concentrations ~10-100 L™, particle
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effective radii ~10-20 um, extinctions ~1074-1073 km™', and ice water content (IWC) 1074-1073 g
m~3 (~0.1-1 ppmv). However, there have been some notable differences in SVC microphysical
properties among the limited set of in situ measurements. For example, Lawson et al. [2008]
found during CR-AVE that SVC in the Eastern Pacific were comprised of significantly different ice
crystal habits than the Western Pacific SVC observed in 1973. The CR-AVE ice crystals were
primarily quasi-spherical, whereas the W. Pacific SVC contained mostly columnar and trigonal
plates. Furthermore, the Eastern Pacific SVC were also found to contain crystals larger than 50
pm, which did not exist in the W. Pacific data set. Although differences due to measurement
technique can not be ruled out, the differences in crystal habit between the CR-AVE and
previous SVC measurements bring up the possibility that geographic, seasonal, and/or long-
term (i.e., climate change-related) differences in the microphysical properties of SVC exist
[Lawson et al., 2008]. Also, the presence of relatively large ice crystals calls into question some

of the formation mechanisms needed for these clouds [Jensen et al., 2008].

[7] In this paper, we present a case study involving coordinated in situ and remote-sensing SVC
measurements from the NASA ER-2 and WB-57F aircraft taken during the Tropical Composition,
Clouds, and Climate Coupling (TC4) experiment in August 2007. The subvisible cirrus data
presented in this paper represent a unique set of measurements that allow us to assess the
microphysical and radiative properties of this cloud. In the next section, we present the in situ
and remote sensing data from this SVC cloud encounter. The in situ microphysical data are
compared to previous in situ measurements in tropical tropopause SVC. Then, radiative heating
rate and cloud radiative forcing calculations are presented. Finally, aircraft-based lidar data are
used to provide regional coverage statistics for SVC in the equatorial Eastern Pacific during the
TC4 campaign, and these data are compared with other aircraft and satellite-based
climatologies.

2. SVC Observations From 6 August 2007 TC4 Flights

[8] The Tropical Composition, Clouds and Climate Coupling (TC4) experiment was based out of
San Jose, Costa Rica during July and August 2007 [Toon et al., 2010]. Three NASA research
aircraft took part in this mission: the NASA DC-8 (low- to mid-troposphere), the WB-57F (TTL
region), and the ER-2 (lower stratosphere). The DC-8 and WB-57F were equipped with in situ
and remote sensing measurements, whereas the ER-2 contained a remote sensing payload that
included the “A-train” simulator instruments such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) airborne simulator (MAS) and the Cloud Physics Lidar (CPL) [McGill
et al., 2002].

[9] Throughout TC4, various combinations of these aircraft flew along coordinated tracks for
the purposes of providing a complete set of measurements of the chemical, microphysical, and
radiative environment. This paper focuses on one such flight from 6 August in which the three
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aircraft flew along a NE-SW flight leg from San Jose, Costa Rica towards the Galapagos Islands
(see Figure 1).
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(top) The WB-57F and ER-2 flight tracks on 6 August 2007. Both planes flew along segment AB
during their outbound legs, with the WB-57F lagging about 45 minutes behind the ER-2. Along
segment BC, the WB-57F porpoised and sampled clear air near the tropopause. (bottom) ER-2
flight tracks for all 11 TC-4 flights based out of San Jose, Costa Rica, along with a box around the

region from which the histograms in Figure 9 are based.
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[10] On this day, the ER-2 flew outbound from San Jose, Costa Rica, and a tropopause SVC layer
was observed at ~16.5 km from ~12:45-13:15 UT in the preliminary CPL data that was
transmitted to the mission operations facility in real time. This allowed the mission scientists to
direct the WB-57F to the SVC layer approximately 45 minutes afterwards, where it performed
several up-and-down “porpoise” maneuvers, ultimately making four passes through the SVC
layer.

[11] Measurements used in this study that were made from the WB-57F include water vapor,
cloud microphysical, and meteorological data. Water vapor data used here are from the JPL
Laser Hygrometer (JLH), which has a stated accuracy of £+10% (10) [May, 1998] and Harvard
Lyman-a photofragment fluorescence hygrometer (HW), which has a stated accuracy of +5%
(10) [Hintsa et al., 1999; Weinstock et al., 1994, 2009]. Pressure and temperature measurements
with an accuracy of £+0.25 hPa and +0.25 K, respectively, are provided by the meteorological
measurement system (MMS) [Scott et al., 1990].

[12] Cloud microphysical data are from the Cloud Particle Imager (CPI) [Lawson et al., 2001] and
2D-S [Lawson et al., 2006]. Here, we use the CPI to provide ice crystal habit information based
on images of particles larger than 10 yum (2.3 um pixel resolution). Ice crystal size distributions
from 10 um-8 mm are provided by the 2D-S, which images particles with 10 um resolution. The
2D-S image data are processed as in the work of Lawson et al. [2008] using the Korolev
algorithm for resizing out-of-focus images [Korolev, 2007].

[13] Using the total projected particle area (Ac) from the 2D-S, visible extinction coefficients
(Bext) are calculated under the geometric optics assumption (i.e., 2mr/A > 1 and Qext = 2). TO
estimate IWC, the mass as a function of area relationship from Baker and Lawson [2006] is used
for particles larger than ~50 um, whereas spherical particles are assumed for sizes smaller than
50 um. Effective radii (re) are then calculated using IWC and A¢ as in the work of Fu [1996,
equation 3.11].

[14] There are several sources of both random and bias error that are likely to affect the cloud
microphysical values calculated from 2D-S data, but no quantitative estimates exist for the 2D-S
size distributions or quantities derived from them. Potential sources of uncertainty include
counting statistics, sample volume uncertainties, image resizing, the particle mass-dimensional
relationships (i.e., IWC(A.)), and ice crystal shattering on aircraft and instrument surfaces. For
the SVC data presented here, the IWC values are 13% less, on average, than IWC calculated
assuming spherical particles. The values of ro presented here are also correspondingly lower
than if they had been calculated with an IWC based on the spherical particle assumption. In
general, shattered ice crystals have the potential to contaminate size distributions and derived
quantities from particle probe measurements, but the geometry of the 2D-S probe arms, the
application of time-of-arrival filtering, the low concentrations of large ice crystals (<~1074 L™
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with length >100 ym) in this case, and previous analysis [Jensen et al., 2009, 2010; Lawson et al.,
2008] indicate that it is very unlikely that the SVC data presented here are contaminated by ice

crystal shattering.

[15] An overview time series plot of the ER-2 CPL and WB-57F microphysical and meteorological
measurements is shown in Figure 2. Figures 2a and 2b show the ER-2 CPL lidar 532 nm
attenuated backscatter and extinction retrieval data along the flight segment AB identified in
Figure 1, with the WB-57F altitude overplotted (red) at the closest (lat/lon) location to the ER-2.

Figures 2c-2g show the in situ data from the WB-57F taken along the same segment

approximately an hour after the ER-2.
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Time series plots of subvisible cirrus measurements taken during the 6 August 2007 TC4 ER-2
and WB-57F flights, plotted along the segment AB shown in Figure 1. Data are the (a and b) ER-2
CPL attenuated backscatter (ABS) and extinction at 532 nm (Bs3,), (¢) in situ temperature and
altitude from the WB-57F MMS (altitude color-coded by 2D-S IWC), (d and e) water vapor and RH;
from the JLH and Harvard instruments on the WB-57F, and (f and g) visible optical extinction and

ice water content from the 2D-S on the WB-57F.

[16] As shown in Figure 2, the SVC layer is present in the CPL backscatter data from ~12:40-
13:15 UT, which corresponds to a horizontal distance of 440 km. The ER-2 CPL data and WB-57F
in situ measurements indicate that the SVC layer was extremely tenuous, with mean values of 2
L™" (2D-S number concentration, N;), 0.001 km™" (2D-S Bext), 0.00064 (CPL 1), 14 um (2D-S re), and
5.6 x 107 g m~3 (2D-S IWC). For comparison, the mean values from CR-AVE reported by Lawson
et al. [2008] are 66 L™ (N;), 0.009 km™" (Bey), 0.068 (1), 8.8 um (re) and 5.5 x 107> g m~3 (IWCQ).

[17] As shown in Figure 2, the in-cloud water vapor values are in the range of 6-10 ppmv, with
relative humidity with respect to ice (RH;) ~ 80-130%, depending on the instrument used. For
the four passes through the SVC layer, the mean JLH RH; is 98%, whereas the mean HW value is
120%. For each instrument, the in-cloud water vapor values span a range of slightly more than
2 ppmy, and the mean offset between the two instruments (HW-JLH) is 1.3 ppmv. At sub-10
ppmv WV mixing ratios, similar offsets have been noted between HW and other WV
measurements, and these offsets are well outside of the combined instrumental uncertainties
[e.g., Gensch et al., 2008; Kley et al., 2000; Vémel et al., 2007; Weinstock et al., 2009].
Nevertheless, neither instrument observed large RH; (i.e., >~160%) in these SVC, in contrast
with the CR-AVE measurements where supersaturations of ~200% were noted inside SVC by
the HW and the Harvard ICOS instruments [Gensch et al., 2008; Jensen et al., 2008; Lawson et
al., 2008]. This difference may reflect the fact that the TC4 SVC were warmer than during CR-
AVE (193-198 K as opposed to <190 K for CR-AVE), and there is a well-documented increase in
the frequency of observed supersaturation as temperature decreases for temperatures below
200 K [Gao et al., 2004; Krdmer et al., 2009].

[18] Figure 3 shows in situ vertical profiles of the four passes through the SVC layer, as well as
the range of values for four additional porpoises made by the WB-57F through clear air
immediately following the SVC sampling. The temperature, IWC, and Bey; profiles show that the
top of the SVC layer lies immediately below the cold-point tropopause (within ~0-200 m), with
the cold-point tropopause defined here as the level of minimum temperature in a vertical
profile. That SVC reside near the cold-point has been recognized by previous studies, but their
proximity to the cold-point has not been illustrated as clearly as in the case presented here.
This property is relevant to the dehydration potential of these types of clouds, and suggests
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that if irreversible dehydration is occurring in these clouds, it is likely the last occurrence before
the air ascends into the stratosphere.
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Vertical profiles taken from the four passes made through the subvisible cirrus layer on 6 August
2007 by the WB-57F, and CPL data from the ER-2. Thick solid lines are in-cloud data, and dotted
lines are clear-air data. All profiles are color-coded by the pass number through the SVC layer,
except for the CPL data from the ER-2, which are presented as a 2D probability distribution

function.

[19] The vertical profiles also illustrate several salient features of the SVC. First, they are clearly
associated with a region of the atmosphere that is high in relative humidity and of limited
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vertical extent. In Figure 3, both the JLH and HW instruments indicate that the SVC reside in a
region of the atmosphere that is at or above supersaturation, with subsaturated regions below
cloud and a limited region of saturation just above cloud. The vertical thickness of the SVC layer
ranges from ~300-800 m, with an average of 500 m for the four passes. Another interesting
feature in Figure 3 is that there is an overall decrease with height of effective radius, although
pass #3 is the only individual leg that clearly shows this relationship. This behavior is expected
when the time scale for gravitational size sorting is less than the cloud lifetime. Also, both
Figures 2 and 3 illustrate that there is considerable horizontal heterogeneity of the SVC layer,
with peak extinctions and r for the various passes spanning almost an order of magnitude.

[20] There are also interesting differences in Figure 3 between the clear-air data and the in-
cloud data. Individually, each WV instrument indicates very similar values of mixing ratio in

cloudy and clear air. However, the temperature is lower in cloud than in clear air, and this
explains the higher relative humidity in cloud.

[21] Finally, CPl imagery from the SVC encounters is shown in Figure 4. These images are
almost entirely quasi-spherical, similar to the CR-AVE CPI data [Lawson et al., 2008], but
different from the complex columnar and trigonal shapes observed in the Western Pacific by
Heymsfield [1986].
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All CPl imagery taken during the four SVC passes made by the WB-57F on 6 August 2007.

[22] Because very few particle size distribution measurements have been made in SVC, the
shapes of the size distributions are not well characterized by in situ measurements. In Figure 5,
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time-averaged size distributions from the 6 August 2007 TC4 SVC are shown along with
previous in situ measurements in tropopause SVC. The previous measurements are from near
the Marshall Islands in the Western Pacific in December 1973 (ASSP, 1DC, and 1DP data
[McFarquhar et al., 2000]), the Indian Ocean during APE-THESEO in 1999 (FSSP-300 [Thomas et
al., 2002]), Eastern Pacific during CR-AVE in 2006 [2D-S, Lawson et al., 2008], and tropical West
Africa during AMMA in 2006 (FSSP-100 and CIP). Data from imaging probes are in terms of their
maximum dimension, whereas those from optical scattering probes assume spherical particles
in their sizing. For a consistent comparison, all effective radii are calculated using the mean
distributions shown in Figure 5 and assuming spherical particles for IWC and A.. Using the
more appropriate IWC (with Baker and Lawson IWC(A,) relationship) and measured A, for 2D-S
in this case changes the r by less than 1 ym.
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Plot of mean size distributions from tropical tropopause subvisible cirrus from various field

campaigns.

[23] These distributions are generally similar in shape and have r within a factor of two, which
is somewhat surprising given the wide range of geographical locations, seasons, and
instruments from which they were taken. The TC4 size distribution appears shifted downwards
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compared to the others as a result of the relatively low ice crystal number concentrations
present in the SVC layer sampled during TC4.

3. SVC Radiative Impact

[24] In this section, a radiative transfer model is used to calculate the perturbation of the
tropopause radiative heating rate and impact on top-of-atmosphere radiation due to the
presence of the SVC layer. Results presented here are from the Rapid Radiative Transfer Model
(RRTM) [Mlawer and Clough, 1997; Mlawer et al., 1997], although nearly identical values were
also found from Libradtran [Mayer and Kylling, 2005] and the Fu-Liou radiative transfer models
[Fu and Liou, 1993]. RRTM uses a correlated-k method for gaseous absorption, the CKD 2.4
water vapor continuum model [Clough et al., 1989], and cloud ice parameterizations based on
an effective size and water content [Fu et al., 1998; Fu, 1996]. The key model input parameters
relevant to this study are the vertical profiles of atmospheric temperature, ozone, water vapor,
and cloud microphysical properties including the ice water path and ice effective radius (re).

[25] The vertical profiles input into RRTM are shown as dashed lines in Figure 6 (top). Because
no single measurement spans the whole altitude range required for input to the model,
multiple measurements are combined as described below. For temperature, we use the vertical
profile from a Vaisala RS-92 radiosonde launched at 12 UT on 6 August from the Juan
Santamaria Airport in Alajuela, Costa Rica. The vertical temperature profile agrees very well
with the MMS temperature measurements aboard the WB-57F (within 2 K from the surface to
the peak WB-57F altitude, and within 0.4 K from 100-130 hPa), but is used because it extends
up to ~10 hPa. Above this level until 1 hPa, the Microwave Limb Sounder (MLS) temperature
profile from the nearest Aura overpass (within 500 km) at 7 UT is used. Ozone data are
provided by an ECC ozonesonde launched from Alajuela on 7 August 2007 at 6 UT. As with the
temperature profile, MLS data are used above ~10 hPa.
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Meteorological, trace gas, and SVC microphysical values from the 6 August 2007 TC4 subvisible
cirrus and surrounding region used as input for the radiative heating rate calculations. (top)
Profiles of temperature, water vapor, and ozone from aircraft, satellite, and balloon
measurements. The nominal profile for the radiative heating rate calculation is shown as the
dashed line. (bottom left) Values of optical depth from the CPL taken over the SVC layer (12:37-
13:25 UT), along with the 2D-S computed optical depth calculated from each of the four passes
through the SVC. (bottom right) Values of the 2D-S effective radius from the four SVC passes
made by the WB-57F. The lines denote the mean +1 standard deviation of the data.
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[26] Water vapor measurements are provided by the JLH from 300 hPa to the peak WB-57F
altitude (70 hPa). Below 300 hPa, cryogenic frost-point hygrometer (CFH) [Vomel et al., 2007]
data are used from the same payload as the ozonesonde. MLS water vapor data from the
nearest overpass are used for altitudes above the WB-57F because CFH data were unavailable
on this day above 90 hPa. The JLH data are chosen rather than HW because they are in good
agreement with the MLS near the peak WB-57F altitude (within ~0.5 ppmv near 100 hPa). As
noted previously, the mean difference between HW and JLH is 1.3 ppmv near 100 hPa. This
offset is used below for testing the sensitivity of the SVC heating rate results to potential errors
associated with the input parameters.

[27] The cloud microphysical input for the cloudy-sky radiative heating rate (Zouay) calculations
come from the CPL lidar and 2D-S data. The cloud microphysical properties input into the
model are IWP (i.e., vertically integrated IWC over the cloud layer) and r, for each vertical layer,
which are related to the visible optical depth (r,;s) by

IWP = %pice TeTuis ( 1)

where IWP is in units g m™2, re is in um, and pice is the bulk density of ice (~0.93 g cm™3). For
input into the model, we use r. from the 2D-S and rjs from the CPL, and combine these values
using (1) to get IWP for input to the model.

[28] The cloud microphysical inputs are shown in Figure 6 (bottom). Figure 6 (bottom left)
shows a histogram of the CPL rjs from the SVC layer (i.e., along AB in Figure 1), along with the
four 2D-S 1js values calculated from the vertical extinction profiles shown in Figure 3. Figure 6
(bottom right) shows a histogram of the 2D-S r, taken during the SVC passes. The vertical lines
in Figure 6 (bottom) show the mean + 10 range of the CPL 1,5 (0.00064 + 0.00033) and 2D-S re
values (13.7 £ 4.5 um).

[29] The radiative heating rate results are shown in Figure 7. Figure 7a shows the clear-sky
longwave (LW, 10-3250 cm™!, ~3-1000 pm), shortwave (SW, 3250-50,000 cm™', ~0.2-3 ym), and
net (LW+SW) radiative heating rates. The clear-sky values illustrate that the SVC layer resides in
a region of low clear-sky net radiative heating (<1 K day™). In Figure 7b, the LW, SW, and net
heating rate differences relative to clear-sky (Zsyc = Zcioudy ~ Zclear) are shown for the mean r;s
and re values given above. This plot illustrates that the SVC layer produces a net positive
(warming) radiative heating rate (~0.05 K day™" total), due primarily to LW heating. Despite a
small cooling component due to reflection at visible wavelengths, Zsyc sw is slightly positive
because the SW wavelength range extends to ~3 yum. These heating rate values are significantly
smaller than the values presented by Bucholtz et al. [2010], McFarquhar et al. [2000] and
Comstock et al. [2002], who calculated perturbations of ~0.5-2 K day™! for SVC. However, the

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2009JD013093 13/31
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primary reason for the difference is that the ;s considered in the previous studies were
significantly higher (~0.004-0.02) than those observed during this TC4 flight.
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Heating rate results and sensitivity to SVC microphysical input. (a) LW, SW, and total (LW+SW)
clear-sky heating rates. (b) The heating rate perturbation (relative to clear-sky) due to the
presence of SVC (Zsyc). (c) Sensitivity of the Zsyc to the input r and r. used for the calculation. The
horizontal and vertical error bars denote the 10 range of observed values of re and 7,

respectively, from Figure 6.

[30] To test the sensitivity of the heating rate results to the input vertical profiles of WV, O3, and
temperature, tests were performed in which the profile was perturbed from it's nominal state.
For each variable, a series of tests were run in which either bias or (10) random errors were
applied to the profile, with the perturbation values representing approximate measurement
uncertainties (1.3 ppmv for WV, 10% for Oz, and 1 K for temperature). Zjear can be significantly
altered by these perturbations (up to 0.1 K day™! near 100 hPa), but the difference in Zsyc
between the perturbed and nominal input cases is negligible (<0.002 K day™") because Zsyc are
referenced to the clear-sky value (i.e., Zsyc = Zcioudy =~ Zclear)-

[31]1 While Zsyc are not sensitive to realistic uncertainties in WV, O3, and temperature, they are
somewhat sensitive to the range of 1,5 and re values illustrated in Figure 7c. Figure 7c shows a
contour plot of the heating rate calculated for s in the range 10™4-1073, and r. in the range 7-
20 ym. The horizontal and vertical bars in Figure 7c represent the mean * 1o of the CPL 1, and
2D-S re values shown in Figure 6. As can be seen in Figure 7c, Zsyc are more sensitive to ryis
than to r. over the 10 range of values measured by the CPL and 2D-S. For example, the range
of Zsyc corresponding to only varying re (by +10) is 0.058-0.066 K day™', whereas the range
corresponding to varying 7is is 0.031-0.095 K day™". The range of Zsyc encompassed by the 1o
ellipse in Figure 7c is the same as for r;s.

[32] Finally, the net TOA cloud radiative effect (CRE), defined here as the clear minus cloudy sky
difference in total (SW+LW) upward flux, is calculated. The CRE from the nominal SVC case is
0.013 W m™2, with a 0.092 W m~2 LW effect that is mostly compensated for by a -0.079 W m™2
SW effect. Considering the range of r,js and ro shown in Figures 6 and 7, the range of CRE is
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0.001-0.03 W m™2. These results are much smaller than previous estimates for SVC [Comstock
et al., 2002; McFarquhar et al., 2000], which were ~1 W m™2. However, our results are merely
reflective of the thinness of this particular SVC, and should not be construed as being in
disagreement with previous work. The RRTM model gives similar values for cloud radiative
effects if one inputs optical depths similar to these previous studies.

4. Lidar-Based SVC Observations During TC4

[33] In this section, aircraft and satellite-based lidar observations of tropopause SVC are
analyzed in order to place into context the extremely thin SVC layer observed during the 6
August 2007 TC4 flight. One of the main goals of this effort is to understand whether properties
of the 6 August cloud are anomalous for this geographic region and season based on CPL
observations during the other TC4 flights. Also, we address the issue of how the TC4 CPL data
compares to previous aircraft lidar data, and how they compare to satellite-based lidar
observations from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite in the TC4 region (identified in Figure 1).

[34] The ER-2 flew 11 flights based out of San Jose, Costa Rica between July 17 and August 8,
2007. During these flights, the CPL obtained 51 hours of data in the tropics (see Figure 1),
corresponding to approximately 37,000 km of distance. The CPL data used here have been
analyzed using a layer detection algorithm that detects up to 10 layers of aerosol and/or cloud
(D. Hlavka et al., Vertical cloud climatology during TC4 derived from high-altitude aircraft
merged lidar and radar profiles, submitted to Journal of Geophysical Research, 2010). The
statistics presented here are for cases where the cloud base of the uppermost layer detected
by the CPL or CALIPSO is above 15 km (i.e., the same definition used by McFarquhar et al.
[2000]). Also, the data used are from the CALIPSO comparison region shown in Figure 1 (90-78
W, 4-14 N), as this region was more evenly-sampled by the ER-2 during TC4, and makes for a
more valid comparison with CALIPSO.

[35] Many of the TC4 ER-2 flights were coordinated with the DC-8 as it sampled clouds lower in
the atmosphere, so in general the ER-2 CPL data in the mid-troposphere are biased towards
cloudy conditions at DC-8 altitudes around 10-12 km (Hlavka et al., submitted manuscript,
2010). However, despite the bias towards cloudy conditions at lower levels, it is unlikely that the
CPL data at the tropopause level (~17 km) are biased in terms of their sampling of SVC vs. SVC-
free air. One reason for this lack of bias is that SVC, as defined here with cloud base height >15
km, are more likely formed by local cooling rather than direct detrainment from deep
convection (mean convective cloud-top height from CPL was 12.4 km during TC4 (Hlavka et al.,
submitted manuscript, 2010)). Also, the waves that provide the local cooling for in situ SVC
formation are not necessarily linked to local convection [Boehm and Verlinde, 2000], SVC have a
long lifetime (~days), and can be advected over large distances [Jensen et al., 1996a, 1996b; Luo
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et al., 2003a; Peter et al., 2003; Pfister et al., 2001]. Taken together, these aspects of SVC
suggest that the CPL SVC occurrence statistics and microphysical properties should be
reasonably representative of conditions in the Eastern Pacific region for this time of year, with
the main caveat being the limited amount of data collected by the ER-2.

[36] Figure 8 shows 2D histograms of the relationships between height and physical properties
for clouds with base heights >15 km observed by CPL during TC4, and by CALIPSO during July-
August 2007 within the box shown in Figure 1. In general, both r and cloud thickness decrease
with increasing cloud height. However, because a decrease in thickness would lead to a
decrease in 7 for a given B, it is possible that merely a thinning of the cloud layers with
increasing height could explain the trend in 7. But as shown in Figure 8, the cloud-layer mean 8
(defined as 1/Az) also decreases with height. Thus, the decrease with height of 7is due to both
decreases in cloud thickness as well as decreases in extinction. This is not a surprising result
due to the lack of available water for condensation at these temperatures, and has been
qualitatively seen in other studies (e.g., in cirrus IWC [Schiller et al., 2008]).
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2D histograms of SVC (with z,,,: > 15 km) properties observed by the CPL and CALIPSO during
TC4: (left) CPL data from TC4 and (right) CALIPSO data over the comparison region shown in
Figure 1.
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[37] Histograms of SVC relative frequency (number of SVC observations with a given r divided

by the total number of SVC observations) and occurrence frequency (number of SVC
observations with a given r divided by the total number of observations) are shown in Figure 9.
Figure 9a shows the relative frequency of SVC observations (relative to the total number of SVC

observations during TC4) for the 6 August flight, other TC4 flights, and all TC4 flights. As can be
seen from Figure 9, most of the SVC observations from the 6 August flight had r< 0.002, but

In situ and lidar observations of tropopause subvisible cirrus clouds during TC4 - Davis - 2010 - Journal of Geophysical Research: Atmos...

many cloud layers with similar optical depth were measured during other flights. This indicates

that the thinness of the SVC layer observed on 6 August was not an outlier among the overall

distribution of CPL SVC data.
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SVC (with zpo: > 15 km) frequency histograms. Relative frequency refers to the number of SVC
observations that occur within a given r bin relative to the total number of SVC observations.
Occurrence frequency refers to the number of SVC that occur within a given 1 bin, relative to the
total number of observations (i.e., both SVC and clear-sky). (a) The relative frequency of SVC
during TC4 (numbers are relative to the total number of CPL SVC observations during all flights).
The 6 August case is shown separately to highlight its contribution to the overall distribution. (b)
Occurrence frequency of SVC from CALIPSO over the TC4 geographic region defined in Figure 1
during July-August, 2007. Data broken down by day vs. night show slightly larger occurrence
frequencies at night, probably due to enhanced sensitivity by the lidar. (c) Relative frequency of
SVC seen by aircraft lidar during CEPEX [McFarquhar et al., 2000, Figure 9], and by aircraft (CPL)
and satellite (CALIPSO) lidar during TC4. (d) Same as (c), but for SVC occurrence frequency. Note
that CEPEX occurrence frequency data have been scaled to match the total value of 29%

provided by McFarquhar et al. [2000].

[38] Also shown in Figure 9 are CALIPSO data taken in July-August 2007 in the geographic
region marked in Figure 1. Figure 9b shows the diurnal variation of SVC occurrence frequency
as a function of ;s from CALIPSO, using the retrieval described in Yang et al. [2010]. CALIPSO
sees a slight increase in the occurrence of the thinnest SVC at night, probably due to its better
nighttime sensitivity. However, there is no increase in the minimum r of SVC detected by
CALIPSO at night in this region.

[39] Figure 9c shows a histogram of SVC relative occurrence frequency from CEPEX and TC4.
Overall, the CEPEX distribution is quite similar to the TC4 distribution, but there are significant
differences between the CPL and CALIPSO distributions in Figure 9c. CALIPSO does not observe
any clouds with 1< 0.006, whereas a significant fraction of both TC4 CPL SVC data and CEPEX
data have 7 < 0.006 (63% for all TC4 flights, 59% for flights other than 6 August, and ~50% for
CEPEX).

[40] The differences among the distributions in Figure 9c are also presented in terms of the
SVC occurrence frequency in Figure 9d. For SVC with zpot > 15 km and within the TC4 region
defined above, occurrence frequencies from CPL were 38% for the 6 August flight, 13% for all
other flights, and 14% for the whole TC4 mission. For CALIPSO, the occurrence frequency
(day+night combined) is 10% for the TC4 region. Occurrence frequency values in the TC4
geographic region for July-August 2006 and 2008 (not shown) are similar to that for 2007. It is
interesting to note that the overall occurrence frequencies are fairly similar between CPL and
CALIPSO (14% vs. 10%, respectively), even though CALIPSO does not observe any clouds with 1<
0.006 and observes more thicker clouds (with 7> 0.006) than CPL. It is possible that some of the
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difference is caused by the limited and potentially biased spatial sampling of the region by the
ER-2.

[41] Both the CPL and CALIPSO SVC occurrence frequency values during TC4 are significantly
lower than the CEPEX value of 29% provided by McFarquhar et al. [2000]. Differences between
the TC4 and CEPEX SVC frequencies are not necessarily surprising given the seasonal and
geographical differences previously indicated by satellite measurements [Winker and Trepte,
1998; Yang et al., 2010]. The differences could be due to the greater incidence of convection
that is likely present during the Central Pacific winter (CEPEX) versus Eastern Pacific summer
(TCA4).

[42] It is worth noting that several other studies have obtained estimates of ~50% occurrence
frequency for optically thin tropical cirrus [Nee et al., 1998; Prabhakara et al., 1988; Wang et al.,
1994], but these values are not directly comparable to the TC4 CPL data presented here
because the studies did not specifically consider SVC near the tropopause. These estimates are
actually quite similar to the upper tropospheric cloud occurrence frequency from the CPL
during TC4, which was 42% (Hlavka et al., submitted manuscript, 2010).

[43] The mean(median) + one standard deviation (10) of CPL rvalues for clouds with zp,: > 15
km is 0.043(0.0030) + 0.32, and the CALIPSO values are 0.035(0.020) + 0.056. Excluding clouds
with 7> 0.1, which was effectively the value chosen by McFarquhar et al. [2000] in their analysis
of tropopause cirrus, the CPL and CALIPSO values are 0.0082(0.0029) + 0.013 and 0.025(0.019) +
0.021, compared to the CEPEX value of 0.0045 + 0.014 (mean + 10). As evidenced by the
differences between the mean and median values above and the histograms in Figure 9, the
distributions of SVC are highly skewed, so caution should be taken when interpreting the
radiative implications of these results.

5. Conclusions

[44] On the 6 August 2007 flight of the TC4 field campaign, the CPL aboard the NASA ER-2
aircraft indicated an extensive and extremely optically thin (r ~ 0.0006) layer of laminar
subvisible cirrus near the tropopause (~400 km long and ~500 m thick). Using this information,
the WB-57F aircraft was directed to porpoise through the layer, making in situ measurements
along the same track flown by the ER-2 approximately an hour earlier. From these maneuvers,
vertical profiles of temperature, water vapor, and cloud microphysical properties were made
from aboard the WB-57F. These data add to the relatively sparse set of in situ measurements
collected in tropical tropopause SVC, and were shown to be qualitatively similar to previous
studies. The measurements support previous observations indicating that SVC exist within a
relatively narrow saturated layer just below the tropical cold-point tropopause.
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[45] In this paper, we calculated the radiative heating rates and cloud radiative effect for the
SVC layer sampled on the 6 August 2007 TC4 flight. Using the range of optical depths (~1074-
1073) and effective sizes (~9-18 ym) provided by the in situ and remote sensing measurements,
we found heating rates in the range 0.03-0.1 K day™" for this layer, and cloud radiative forcing
values ~0.001-0.03 W m™2. These values are significantly lower than previous estimates of
~0.5-2 Kday™" and ~1 W m™2, due to the relative thinness of the SVC reported here.

[46] Given their location just below the cold-point tropopause and positive net radiative
heating, it has been previously suggested that tropopause SVC serve as the final step in the
dehydration of air as it enters the stratosphere [Luo et al., 2003a]. If irreversible dehydration
was occurring in the SVC sampled by the WB-57F during TC4 as it ascended through the cold-
point into the warmer stratosphere, then an upper-bound estimate of this final dehydration is
given by the IWC of the cloud, which is at most 0.5 ppmv.

[47] However, while it is possible that irreversible dehydration of air was occurring in this cloud,
the presence of SVC as a climatological feature could also act to increase the entry value of
stratospheric water vapor through their warming influence on tropical tropopause
temperatures [Rosenfield et al., 1998]. Rosenfield et al. [1998] showed with a 2D model that
including tropopause SVC with (zonally-averaged) heating rates ~0.1-0.2 K day™" led to a 1
ppmv increase in stratospheric water vapor. Although the heating rates presented here are also
~0.1 Kday™, the global and seasonal distributions of these clouds would need to be known in
order to even begin to make a comparison to the model results. The data presented here are
insufficient to estimate the net effect of tropopause SVC on the stratospheric water budget, but
the magnitude of the IWC and heating rate values support the idea that even the thinnest of
these ultrathin clouds play a non-negligible role in determining the entry value of stratospheric
water vapor.

[48] Finally, the TC4 in situ and CPL SVC data highlight the fact that estimates of the occurrence
frequency of thin tropopause cirrus from satellite-borne instruments such as CALIPSO are likely
to miss a significant fraction of subvisible cirrus clouds. As an example, in the tropics (30 S-30
N), ~20% (~0.008%) of tropopause clouds (with zpttom > 15 km) detected by CALIPSO have 7 <
0.01 (r<0.001), whereas in the TC4 CPL data set the number is 73% (24%). Even excluding the
anomalously thin SVC from the 6 August flight, the percentage of CPL data with r<0.01 (7 <
0.001) is 70% (18%), and for CEPEX the value is ~70% (~6%). As an illustration, taking the most
conservative aircraft-based estimate for the fraction of SVC with 7 <0.01 (70%), this would imply
that CALIPSO would be missing ~2/3 of these clouds.

[49] Ideally, extensive and truly random sampling of tropopause SVC by airborne lidars is
needed in order to facilitate a detailed intercomparison of cirrus statistics with CALIPSO and
help quantify the fraction of ultrathin clouds missed by CALIPSO. At this point, it is not possible
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to know accurately how widespread clouds that fall below the detection limit of CALIPSO are,
and further study is needed to address whether or not they could contribute significantly to the
radiation and water vapor budget of the TTL region.
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